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Summary 

 

 

Summary 
 

The transcriptional co-regulator peroxisome proliferator-activated receptor gamma co-

activator 1 alpha (PGC1α) was shown to exert a tumor suppressive role in prostate cancer (PCa) 

by means of regulating the balance between anabolism and catabolism. This anti-tumoral activity 

happened to be dependent on its partner oestrogen-related receptor alpha (ERRα). Classically, 

the roles attributed to PGC1α under physiological and pathological conditions were linked to the 

regulation of metabolic processes. Yet, in the present work we have deciphered that the 

transcriptional reprogramming induced by PGC1α in PCa epithelial cells extends to novel 

functions. We show that the anti-tumoral effects of PGC1α seem to be driven by cell-intrinsic and 

cell-extrinsic phenomena that include the regulation of cell cycle, interferon response and the 

secretome composition. Indeed, secretome fractionation into extracellular vesicles (EVs) and 

soluble factors (SFs) revealed a differential protein composition upon expression of PGC1α. This 

secretome fractionation also drove us to conclude that despite EVs produced by PGC1α-

expressing and non-expressing cells showed no distinct biological roles, they could be used as 

non-invasive bystanders of PCa progression. We also show that PGC1α-driven SFs seem to 

promote metastasis formation in vivo. On the other hand, PGC1α- ERRα-regulated SFs were 

shown to suppress proliferation capacity of PCa cells in vitro. Overall, data further suggests that 

PGC1α-regulated SFs (probably involving IFN-β secretion) activate autocrine and paracrine 

tumor-suppressive mechanisms in PCa cells. 

Hence, due to the tumor suppressive role and stratification potential of PGC1α, we 

believe that understanding its contribution on the regulation of the cell secretome could allow us 

to decipher the cell communication networks established between PCa epithelial cells and the 

stromal compartment. This could open new avenues for the identification of non-invasive 

biomarkers of PCa progression as well as the development of novel therapeutic strategies to treat 

aggressive PCa. 
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I Cancer 
 

The term ``cancer´´ derives from the Greek word ``karkinoma´´, which means crab and 

was first used by the Greek physician Hippocrates (460-370 BC) to describe crab-like projections 

he observed in what happened to be breast tumors. It was later that roman physician Celsus (25-

50 BC) translated the Greek word into the Latin term of crab, ̀ `cancer´´. We now know that cancer 

is a heterogeneous family of diseases that can be originated from almost any cell type of the 

body, being a sole tissue able to give rise to several cancer types with unique features. Cancer 

cells proliferate in an uncontrolled manner to form an abnormal cellular mass known as tumor.  

To progress, tumors need to go through a series of genetic and epigenetic changes that will grant 

malignant cells with novel adaptative features (Weinberg R 1996; Hanahan and Weinberg 2011). 

These traits make cancer study, diagnosis, and treatment all the more challenging.  

 

According to the World Health Organization (WHO, with data obtained from the 

International Agency for Research in Cancer, IARC on the Globocan 2020), over 19 million new 

cancer cases were diagnosed in 2020 worldwide (FigI 1).  Among the most diagnosed types of 

cancers, breast (11.7%), lung (11.4%), colorectal (10%), prostate (7.3%), stomach (5.6%), liver 

(4.7%) and cervix (3.1%) were included (gco.iarc.fr).  
 

Figure I 1. Total number of cancer cases diagnosed in 2020 worldwide. Both sexes and all ages are 

included. Data source: Globocan 2020. Graph production: Global Cancer Observatory (http://gco.iarc.fr). 

 

Despite some cancers have experienced reduced mortality due to the early diagnosis 

and availability of more efficient therapies identified through the extensive research (Arnold et al. 

2019), it is estimated that by year 2040, cancer deaths worldwide will be close to 30.2 million. A 

distribution of certain types of cancers can be observed based on the socio-economic 

development of the countries, thus evidencing the impact of environmental and lifestyle factors 

on promoting the disease (Bray et al. 2018). Overall, numbers reflect the urge of fostering cancer 

research and prevention programs to limit cancer increasing morbidity and mortality. 

http://gco.iarc.fr/
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Tumor progression and hallmarks of cancer 

Cancer is accompanied by changes in the genome (Vogelstein and Kinzler 2004). In the 

last decades a great number of genes involved in tumor progression have been identified to be 

altered in different types of cancer. Tumor formation can take decades and it is usually originated 

with the retention of genetic alterations that endow cells with proliferation advantages compared 

to rest of the cells within the tissue (FigI 2). After years, these cells may continue to expand due 

to the accumulation of additional alterations that lead to the formation of pre-malignant lesions 

such as hyperplasia and dysplasia. Cells may become more abnormal in growth and appearance 

due to the accumulation of genetic alterations, becoming a tumor mass. If this tumor does not 

break through the basal membrane and remains in the tissue of origin, it is called in-situ cancer. 

However, some cells within the mass may acquire specific traits that endow them with the capacity 

of invading adjacent tissues and reaching the blood or lymphatic systems. Among them, some 

may be even capable of surviving and progressing in distant organs, constituting what is known 

as metastatic tumors (Weinberg R 1996). It is important to highlight that no sole genetic alteration 

is responsible for the origin of cancer, but rather the accumulation of various genetic or epigenetic 

defects, which are usually greater in more advanced or highly metastatic cancers (Yokota Jun 

2000). In this regard, three types of genes have been described as relevant in tumorigenesis: 

oncogenes, tumor-suppressor genes, and genome stability genes. Gain of function of oncogenes 

and loss of function alterations of tumor suppressor genes are both related to an exacerbated cell 

growth that drives tumorigenesis. On the other hand, stability genes (also known as caretakers) 

are responsible for DNA repairing processes within the cells and therefore, when inactivated, 

mutation rates in other types of genes dramatically increase (Vogelstein and Kinzler 2004).  

Figure I 2. Overview of the tumor progression cascade.  

 

With the aim of shaping the complex body of knowledge generated in the field of cancer 

research, Douglas Hanahan and Robert A. Weinberg proposed key features that cells must gain 

in order to sustain malignant growth and that were proposed to be shared in most of the existing 

cancer types: 1) self-sufficiency in growth signals, 2) insensitivity to anti-growth signals, 3) evasion 

of programmed cell death, 4) limitless replicative potential, 5) sustained angiogenesis, 6) tissue 

invasion and metastasis 7) evasion of immune destruction and 8) reprogramming of energy 
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metabolism, 9) unlocking phenotypic metabolism, and 10) senescent cells (Hanahan and 

Weinberg 2000) (Hanahan and Weinberg 2011; Hanahan 2022) (FigI 3). In addition, four enabling 

features crucial for the acquisition of the hallmark capabilities were identified: genome instability 

which, concomitantly leads to higher mutation rates, inflammation, nonmutational epigenetic 

reprogramming and polymorphic microbiomes (Hanahan and Weinberg 2011; Hanahan 2022). 

Already in 1863, pathologist Rudolf Virchow described the presence of leukocytes in 

neoplastic samples, thus establishing a link between inflammation and cancer (Balkwilll and 

Mantovani 2000). Research in the past years has supported the hypothesis of Virchow, and we 

do know now that tumor-associated inflammatory responses promote cancer through different 

mechanisms that include the production of pro-survival factors, ECM-modifying enzymes and 

reactive oxygen species that induced DNA damage in proliferating cells (Hanahan and Weinberg 

2011). Inflammation responses can be triggered by cell-extrinsic events, via exposure to 

environmental factors, pathogens, and diet, (Bald et al. 2014; Ernst and Gold 2000; Zitvogel, 

Pietrocola, and Kroemer 2017) and by cell-intrinsic factors, such as oncogenic mutations that 

orchestrate inflammatory programs essential for the tumor progression (Soucek et al. 2007).  

 

 
Figure I 3. Revised hallmarks of cancer proposed by Hanahan and Weinberg. Hanahan D. Cancer 

Discovery (2022). 

 

Yet, beyond the malignant cell itself, interactions established between cancer cells and 

with their environment evidence that both cell-autonomous and non-cell autonomous signaling 

circuits govern progression of tumors (Hanahan and Weinberg 2011; Hanahan 2022). The cancer 

cell secretome is involved in the recruitment of stromal cells, in promoting ECM remodeling and 

cell growth, among other processes, hence showing to be pivotal during the different stages of 

tumor progression (Bafico et al. 2005; Cox and Erler 2011; Cerezo-Wallis et al. 2020). These 

concepts will be further addressed in coming sections of the present thesis work. 

 



Introduction
 

 

46 
 

Tumor progression to metastasis 

Cancer progression towards metastasis is accompanied by a series of steps that 

malignant cells need to overcome and that culminate with the successful settlement and 

progression of primary tumor cells in a new organ (Valastyan and Weinberg 2011). These steps 

include (FigI 4): 1) local invasion, by which primary tumor cells penetrate the basal membrane 

and invade adjacent tissues, 2) intravasation to the blood or lymphatic vessels, 3) survival in 

circulation, 4) arrest at distant organ sites, 5) extravasation into the recipient tissue, 6) survival 

and formation of micrometastasis at foreign organs and 7) metastatic colonization.  

Each step of the metastatic cascade is inefficient and under the influence of the 

microenvironment, which may contribute or suppress metastatic progression. In addition, 

metastatic tumor cells need to acquire traits that allow them to survive and progress in the new 

environments they enter (Joyce and Pollard 2009). 

Figure I 4. The metastatic cascade.  

 

II Prostate cancer 

II.1 Human prostate anatomy  
 

The prostate gland is part of the male reproductive system, and it is the largest male 

accessory gland. The normal prostate weights close to 20 grams, is located beneath the bladder 

and due to its morphology, it has classically been described as ``walnut-shaped´´ (FigI 5A). The 

gland encircles the proximal urethra as it exists from the urinary bladder and it secretes a thin and 

slightly alkaline fluid that constitutes part of the seminal plasma, which ensures sperm viability 

through its way from the male urogenital tract into the female reproductive tract (C. H. Lee, Akin-

Olugbade, and Kirschenbaum 2011; Bromfield 2014).  

Four histological regions can be distinguished in the human prostate gland (FigI 5B): the 

central zone (located in the base of the prostate, and that accounts for the 25% of the glandular 

tissue), transition zone (composed of two small lobules surrounding the proximal urethra and 

accounts 5% of the total glandular mass), peripheral zone (that surrounds the distal urethra and 
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comprises 70% of the glandular tissue) and finally, the fibromuscular stroma, which forms a 

pseudo-capsule that surrounds the gland (Bhavsar and Verma 2014; Ittmann 2018).   

The prostate glandular epithelium is composed of acini (glands) and ducts, where three 

types of epithelial cells can be distinguished: luminal, basal, and neuroendocrine cells (FigI 5C).  

Figure I 5. Anatomy and histology of the human reproductive systems. A-B. Localization of the prostate 

gland (A) and its detailed anatomy (B). C. Histological section of the prostate duct and surrounding stroma 

displaying the different cellular types that compose the gland. AFS: anterior fibromuscular stroma, SV: 

seminal vesicles, ED: ejaculatory ducts. Images adapted from (in panel order A and B): National Cancer 

Institute (NIH). Bhavsar, A. & Verma, S. Biomed Research International (2014).  

 

Column-shaped luminal cells are in the luminal side of the glands and have secretory functions, 

contributing to the formation of the seminal fluid. Interestingly, these are the only type of cells in 

the prostate that express and secrete prostate-specific antigen (PSA). On the other hand, basal 

cells are located close to the basal membrane and together with the luminal cells, they constitute 

the major cell types in the prostate epithelium. In a minor proportion (close to 1%), neuroendocrine 

cells can be found scattered among basal and luminal cells. Finally, the stromal compartment of 

the prostate is highly fibrous and abundant in smooth muscle cells, fibroblasts, blood vessels and 

nerves (Ittmann 2018; Y. H. Huang, Zhang, and Huang 2019).  

 

A B

C
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II.2 Prostate cancer epidemiology and risk factors 
 

According to the GLOBOCAN 2020 data, prostate cancer (PCa) is the second most 

frequent cancer diagnosed in men after lung cancer. In 2020, more than 1.4 million men were 

diagnosed with PCa worldwide, and it caused 375,304 fatalities, thus making it the fifth leading 

cause of cancer-related deaths among men. 

PCa aetiology is unknown, but incidence is intimately associated with ageing: 1 in 350 

men under 50 years are diagnosed with PCa, and it increases to up to 1 in 52 men for ages 

comprised 50 to 59 years and close to 1 in 2 men for ages over 65. Asides from advanced age, 

other factors are known to contribute to the disease appearance, including ethnicity, family history, 

diet, obesity, physical inactivity, inflammation, infections, and exposure to chemicals among 

others (Rawla 2019). With no doubt, prevention programs such as PSA testing together with the 

increasing therapy possibilities have reduced the number of PCa fatalities, however, still no cure 

exists for men suffering from more advanced disease (Catalona 2018).  

 

II.3 Prostate cancer diagnosis, pathology, and treatment 

II.3.1 Prostate cancer diagnosis and pathology 
 

PCa is a highly heterogeneous disease in what it comes to symptomatology and 

progression; it ranges from low-grade asymptomatic patients (that are often diagnosed through 

PSA screening prevention programs) to highly aggressive metastatic tumors. Diagnosis and 

staging are fundamental for designing clinical and care strategies for patients, and it has 

classically been done by digital rectal examination (DRE) and measurement of PSA blood levels. 

DRE method has its limitations; it often happens that PCa patients have a normal DRE but present 

elevated PSA levels that lead to the disease suspicion and diagnosis. PSA is a glycoprotein with 

serine proteinase enzymatic activity that is abundantly secreted by the epithelial compartment of 

the prostate gland, making it one of the three most abundant secreted proteins that compose the 

semen (Christersson, Thulin, and Siegbahn 2017). Levels of PSA in serum usually increase with 

age, due to architectural distortions of the gland that allow PSA release into the bloodstream. 

Elevated PSA levels can be due to benign conditions such as prostatitis and benign prostatic 

hyperplasia (BPH), as well as to malignant ones, such as PCa. Therefore, PSA cannot be 

considered as a PCa-specific marker; indeed, there is still no consensus in the field on where to 

establish a cut-off threshold that allows distinguishing between benign and malignant prostate 

conditions. Traditionally, PSA cut-off value has been set in 4.0 ng/ml, although men with lower 

PSA values seem to have 12-23% probability of being diagnosed with PCa. Men with PSA levels 

ranging 4.1-10.0 ng/ml are in the ‘’grey zone’’, and usually a biopsy of the prostate needs to be 

done for confirming the presence or absence of malignant lesions. Close to 30-35% of these men 

are diagnosed with PCa, thus evidencing the need of finding specific biomarkers for diagnosis 

and for avoiding unnecessary biopsies. Finally, close to 67% of the men with PSA values greater 
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than 10 ng/ml present PCa. Hence, the probability of being diagnosed with PCa increases with 

increasing PSA serum levels (Pienta 2009; R. Lee et al. 2006; Catalona 2018). 

Yet, for a definitive PCa diagnosis a transrectal ultrasound (TRUS) guided biopsy is 

performed (Descotes 2019). Biopsies are histopathologically evaluated and classified by two 

methods: Gleason Score and the TNM (tumor, node, metastasis) system (Shen and Abate-Shen 

2010). However, according to the International Society of Urological Pathology (ISUP) before 

performing a biopsy, a multiparametric magnetic resonance imaging (MRI) should be done to 

locate suspicious lesions that could be of clinical relevance (Rouvière et al. 2019).  

Gleason scoring is analyzed by H&E staining of the prostate tissue and based on the 

histological arrangement pattern of carcinoma cells, a score is given. Five basic grade patterns 

are used to generate a histologic score that ranges 2-10 and which is calculated by adding the 

two most common patterns found in the tissue section. If only one grade pattern is found, it is 

multiplied by two to obtain the score (Gleason and Mellinger 1974; Humphrey 2004). Despite the 

Gleason grading system was established around the 1970’s, it continues to be a powerful 

diagnosis tool for PCa (FigI 6). 

 
Figure I 6. Diagram of the original Gleason Grading system by Dr. Donald Gleason 

 

 In the last years, Gleason Score system has undergone revisions that have made grading 

simpler. Among these changes, Gleason pattern 1 was removed and high-grade components 

present in any quantity, should be included as it indicates a high probability of finding high-grade 

tumor in the prostate. In addition, low-grade patterns that occupy less than 5% of the tumoral 

mass should not be reported. These points are key for producing Gleason scores from needle 
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biopsies (N. Chen and Zhou 2016). The updated Gleason Score includes five grade groups that 

can be found in FigI 7.  

Most of the PCa diagnosed are acinar adenocarcinomas, although other variants exist, 

including ductal adenocarcinomas, adenosquamous and squamous carcinoma, mucinous 

carcinoma signet ring carcinoma, neuroendocrine carcinoma, basaloid and adenoid carcinomas, 

sarcomatoid carcinoma, lymphoepithelioma-like and urothelial carcinomas (Grignon 2004). 

Once PCa has been diagnosed, it is crucial to find out if cancer cells have spread to other 

organs or if they remain in the gland. For that, TNM system of classification is applied considering 

the following points: if it is organ-confined (T1-T4), if carcinoma cells have spread to the lymph 

nodes (N0-N1) and if there is presence of distant metastasis (M0-M1a-c) (Ohori et al., n.d.; Shen 

and Abate-Shen 2010). 

 

Figure I 7. Revised Gleason grading for diagnosis of PCa. Chen and Zhou. Chinese Journal of Cancer 

Research (2016). 

 

II.3.2 Prostate cancer treatment 
 

Based on the TNM system, Gleason score, PSA levels and DRE, tumor stage is 

determined, and this is fundamental for choosing the most suitable therapeutic option. Due to the 

prevention programs, PCa diagnosis most often occurs at early stages, when the disease is latent 

or indolent. Low-grade Gleason carcinomas are considered of low risk and usually do not require 

treatment; therefore, they can be managed through active surveillance. But a fraction of these 

cancers does progress, and thus, therapy options ought to be considered based on the tumor 

stage (Table I 1). 
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Table I 1. Stage-matched therapeutic strategies for PCa. 223Ra, radium-223; M0 CRPC, non-metastatic 

castration-resistant prostate cancer; RT, radiotherapy. Parker et al. Annals of Oncology (2020). 

 
 PCa therapy options include radical prostatectomy (RP, surgical removal of the 

prostate), radiotherapy, brachytherapy (by which, radioactive material is set close to the tumor 

mass, allowing a higher radiation dose specifically in the tumor zone), chemotherapy and 

androgen deprivation therapies (ADT) (Shen and Abate-Shen 2010) (C. Parker et al. 2020). ADT 

is based on the discovery made 80 years ago that showed PCa tumors reliance on androgens 

(Huggins and Hodges 1941). ADT can be achieved by surgical removal of the testes 

(orchiectomy) or using luteinizing hormone releasing hormone (LHRH) agonists and antagonists 

that interfere with the hypothalamus-pituitary-gonadal axis and block the production of androgens. 

Localised disease

Low risk

Active surveillance
Brachytherapy
RP
Radical RT

Intermediate risk

RP
Radical RT ± neoadjuvant ADT
Brachytherapy
Active surveillance

High risk
Long-term ADT + radical RT
± neoadjuvant docetaxel
RP + pelvic lymphadenectomy

Locally advanced disease

Neoadjuvant ADT + radical RT + 
adjuvant ADT
± neoadjuvant docetaxel
RP + pelvic lymphadenectomy

M0 CRPC High risk
ADT + apalutamide
ADT + darolutamide
ADT + enzalutamide

Metastatic disease

Hormone-naive

ADT + abiraterone
ADT + docetaxel
ADT + enzalutamide
ADT + apalutamide
RT for low volume
ADT alone for frail patients who 
cannot tolerate the above 
treatments
Bone health agent

Castration-resistant (first line)

Abiraterone
Docetaxel
Enzalutamide
223Ra for patients unfit for 
above treatments (and bone-
only metastases)

Second line or post-docetaxel

Abiraterone
Cabazitaxel
Enzalutamide
223Ra
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In addition, inhibition of enzymes involved in the biosynthesis of testosterone or the use of anti-

androgen molecules that prevent the binding of androgens to AR are other mechanisms for PCa 

hormonal treatments (Crawford et al. 2019). PCa tumors are highly dependent on androgens at 

initial and more advanced stages; therefore, ADT usually leads to tumor regression. Nonetheless, 

most of these tumors become resistant to ADT and start growing again, developing castration 

resistant prostate cancer (CRPC) (Imamura and Sadar 2016). Although new drugs have improved 

the therapeutic landscape for CRPC, still none of them has overcome resistance mechanisms 

developed by tumors, thus remaining an incurable form of PCa disease (Imamura and Sadar 

2016).   

Overall, one of the major challenges up to date in the field of PCa is the need of finding 

novel markers that can identify and stratify patients with low and high-risk of developing a more 

aggressive type of disease. This is a critical step for achieving a better clinical management of 

PCa patients.  

 

II.4 Prostate cancer progression 
 

Most of the tumors rising in the prostate are adenocarcinomas, and together with chronic 

prostatitis and post-inflammatory atrophy, they commonly rise in the peripheral zone of the gland.  

On the other hand, the transition zone of the prostate is typically enlarged in men with benign 

prostatic hyperplasia (BPH). Indeed, it is not unusual to find variable degrees of BPH in the 

prostates removed for the treatment of PCa (Ittmann 2018). 

Genetic alterations in prostate epithelial cells drive the origin of PCa, and these 

accumulations lead to what is known as prostatic intraepithelial neoplasia (PIN). This condition is 

defined by the neoplastic growth of epithelial cells within the prostatic ducts or acini (Brawer 

2005). Due to additional genetic errors, PIN can progress to high-grade prostatic 

intraepithelialneoplasia (HGPIN), a condition that is of clinical significance as it is accepted to be 

a precursor of prostate adenocarcinoma (Brawer 2005). Epithelial cells may acquire more 

aggressive features due to the accumulation of further genetic insults, and thus become able to 

disrupt the basal membrane and invade the surrounding stroma, establishing a local invasive 

carcinoma (Nardella et al. 2010). Carcinoma cells may remain confined in the prostate gland or 

spread to other organs, generating a metastatic tumor (FigI 8). 

 

 
Figure I 8. Schematic representation of PCa progression. 
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Men suffering from localized PCa have a five-year survival rate close to 100%, however, 

around 17% of these patients develop advanced metastatic PCa, which dramatically sinks the 

five-year survival rate to 29.3%. The main sites of metastasis include bones, lymph nodes, lungs, 

liver, pleura, and adrenal glands, although bone remains the major target (90%) compared to 

other organs (Cui et al. 2020; Bubendorf et al. 2000; Damodaran, Kyriakopoulos, and Jarrard 

2017). Within the bone structure, cancer cells are more prone to metastasize in trabecular bone, 

which can be found in ribs, pelvis, vertebrae, and the skull. For succeeding in the colonization, 

metastatic cells need first to arrest in vascular beds and bind to endothelial cells. The vascular 

structure in the trabecular bones is sinusoidal and with a reduced flow rate, thus enabling the 

process of cell attachment. Despite the clinical importance of bone metastasis, still not much is 

known about the molecular mechanisms driving it, although it seems that the bone 

microenvironment plays a crucial role (Edlund, Sung, and Chung 2004).  

 

II.5 Molecular drivers of prostate cancer 
 

In the last years, different molecular drivers involved in PCa progression have been 

identified. Androgens like testosterone, which are important for the sustenance of prostate cells 

are mainly synthetized by Leydig cells in the testes. Their synthesis is under the regulation of 

luteinizing hormone (LH) that is released by the pituitary gland, and which is regulated by 

gonadotropin-releasing hormone (GnRH). Circulating testosterone enters the prostate cells and 

is converted into 5α-dihydrotestosterone (DHT), which binds to androgen receptor (AR) and are 

both translocated into the cell nucleus. Once in the nucleus, AR dimers bind to the androgen 

response elements (AREs) found in the promoter regions of AR-target genes (Tan et al. 2015). 

AR-target genes are important for the survival and growth of prostate cells under physiological 

and pathological conditions. Upregulation of AR happens in up to 85% of advanced PCa patients 

and reactivation of AR signaling pathway occurs through diverse mechanisms including the 

androgen-independent activation of AR, AR amplification or overexpression, AR posttranslational 

modifications, AR splicing variants and gain of function mutations in AR ligand-binding domain 

(Crawford et al. 2019; González del Alba et al. 2021). Finally, the conversion of adrenal androgens 

into testosterone and DHT can also be an alternative ligand source for sustaining AR signaling in 

hormone-deprived tumors (Stanbrough et al. 2006).  

The epigenetic regulator enhancer of zeste homolog-2 (EZH2), a histone lysine 

methyltransferase catalytic subunit of the polycomb repressive complex 2 is frequently 

upregulated in PCa and contributes to all PCa phases, including PIN lesions and metastasis (Koh 

et al. 2010; Varambally et al. 2002). EZH2 expression was shown to be stimulated by oncogene 

MYC (Koh et al. 2011). Indeed, MYC is highly expressed in PCa (close to 90% of primary PCa 

lesions), and this over-activity, which is mostly due to amplifications, can be evident in PIN lesions 

(Koh et al. 2010). Disrupted WNT signaling has also been reported in different stages of PCa 

(Robinson, 2015). Indeed, 22% of CRPC patients harbor genetic alterations in APC and CTNNB1, 

involved in the canonical WNT signaling activation (Murillo-Garzón and Kypta 2017). 
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Tumor suppressor genes retinoblastoma (RB) and tumor protein P53 (TP53) are altered 

in 21% and 40-50%, respectively of metastatic PCas (D. Robinson et al. 2015a). Indeed, 

combined loss of RB and TP53, is linked with a more aggressive type of neuroendocrine PCa 

(González del Alba et al. 2021). It is also not unusual to find alterations in DNA damage repair 

genes BRCA1, BRCA2, ATM, CDK12 and PALB2, which appear mutated in close to 23% of 

metastatic PCas (González del Alba et al. 2021; Castro et al. 2013).  

The tumor suppressor phosphatase and tensin homolog (PTEN) and PI3K signaling axis 

are one of the most altered pathways in primary PCas (Jamaspishvili et al. 2018). Malignant 

activation of PI3K-AKT-mTOR signaling pathway enables tumor formation, progression and 

promotes resistance to therapy, especially in CRPC (Bitting and Armstrong 2013). Indeed, 

deregulation of this pathway happens in 42% of localized PCa and 100% of advanced PCa (Taylor 

et al. 2010a). PTEN opposes PI3K-dependent signaling by means of dephosphorylating 3’ 

position of secondary messenger phosphatidylinositol 3, 4, 5 triphosphate (PIP3) (Carracedo, 

Alimonti, and Pandolfi 2011). PIP2 conversion to PIP3 results in downstream activation of serine-

threonine kinase AKT and mammalian target of rapamycin (mTOR) signaling cascades that 

further drive the activation or inhibition of a series of enzymes and transcription factors involved 

in the regulation of a large number of biological processes (FigI 9) (Shorning et al. 2020; Manning 

and Cantley 2007).  

 

 

Figure I 9. Cellular functions activated upon phosphorylation of AKT. FOXO: Forkhead Box O family 

of transcription factors, BAD: BCL2 associated agonist of cell death, Casp9: caspase 9, AS160: Akt substrate 

of 160 kDa, eNOS: endothelial nitric oxide, synthase, TSC2: tuberous sclerosis complex 2, PRAS40: proline-

rich AKT1 substrate 1, MDM2: mouse double minute 2, GSK3: glycogen synthase kinase 3.  B. D. Manning, 

et al., Cell, 2007. 

 

AR and PI3K are the most commonly deregulated pathways in PCa, and it seems that 

interactions between both pathways could be a mechanism contributing to therapy resistance 

(Crumbaker, Khoja, and Joshua 2017). 

Besides its phosphatase activity, PTEN exerts other functions, including the regulation of 

genomic stability, cell cycle progression, differentiation, and gene expression (Carracedo, 
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Alimonti, and Pandolfi 2011). PTEN inactivation in PCa most frequently occurs due to biallelic 

deletions, although other mechanisms such as genomic rearrangements and epigenetic 

modifications have also been described (Jamaspishvili et al. 2018). PTEN is gradually lost 

throughout PCa progression, and it is associated to poor survival of patients. PTEN deletions or 

mutations account for 20% of primary PCa tumors, and 40-50% of CRPCs (Ferraldeschi et al. 

2015; Jamaspishvili et al. 2018). 

Using a genetically engineered mouse model (GEMM) with specific deletion of Pten in 

the prostate epithelium, it was shown that complete loss of the tumor suppressor leads to PIN 

lesions at three months of age. These mice develop invasive cancer at six months of age, but 

never undergo metastasis (Z. Chen et al. 2005). A PCa GEMMs in which Pten deletion was 

combined with SMAD4 developed distal metastases, although not in the bone. Opposite to that, 

combined deletion of Pten and p53 showed no metastasis. (Ding et al. 2011). Still, another GEMM 

in which Pten deficiency was combined with deletion of p53 via surgical delivery of viral 

transgenes into the prostate, reported metastasis to the lung (Cho et al. 2014). (Ding et al. 2011; 

Cho et al. 2014). Altogether, these data further suggest that other mechanisms beyond PTEN 

loss might be involved on the progression to metastatic PCa. Based on this idea, and using data 

mining analyses of PCa datasets, cellular systems and GEMMs, the transcriptional coregulator 

peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC1α) was identified as 

a PCa tumor and metastasis suppressor (Torrano, Valcarcel-Jimenez, et al. 2016). In this work, 

our group generated a GEMM with complete loss of Pten and Pgc1α in the prostate epithelium. 

These mice develop invasive carcinoma at three months of age (data not published), further 

developing clinical metastasis to the lymph nodes and disseminated cells to the bone at later time 

points (FigI 10). PGC1α exerts its tumor suppressive activity by means of rewiring the cell 

metabolism from an anabolic towards a catabolic state. This metabolic rewiring driven by PGC1α 

is dependent on its transcriptional partner estrogen-related receptor alpha (ERRα). Importantly, 

in patients PGC1A gene expression levels are progressively decreased from normal towards 

primary and metastatic tissues, and these levels were shown to correlate with Gleason score.  

This endows the transcriptional coregulator PGC1α with prognostic and stratification potential of 

patients. In addition to this study, the group contributed to further understand the tumor-

suppressive role the PGC1α-ERRα transcriptional axis by means of blunting the acquisition of 

invasive properties of PCa cells. This was shown to happen through inhibition of c-MYC and 

subsequent cytoskeletal rearrangements and downregulation of adhesion molecules (Valcarcel-

Jimenez et al. 2019). Almost at the same time, another study by Kaminski and colleagues 

reported a PGC1α-ERRα-mediated inhibitory role of polyamines metabolism via c-MYC and 

enzyme ornithine decarboxylase 1 (ODC1) repression, thus demonstrating how PCa cells 

aggressiveness is sustained by polyamines (Kaminski et al. 2019). In the last years, other studies 

have contributed to set light on the role of PGC1α along PCa progression. Shiota and collages 

reported that in androgen dependent PCa cells, the interaction of PGC1α with AR enhances the 

transcriptional activity of AR target genes, promoting PCa cells growth. Opposite to this, silencing 

of PGC1α induced cell cycle arrest at G1 phase (Shiota et al. 2010). On the other hand, activation 
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of AMPK in response to androgens was shown to increase PGC1α levels, conferring growth 

advantages to PCa cells through the metabolic rewiring and induction of mitochondrial biogenesis 

(Tennakoon et al. 2014).  

 
Figure I 10. Prostate-specific deletion of Pten and Pgc1α in the mouse epithelium. Genotypes 

according to evolution of PCa disease are represented. pc: prostate specific, -/-: two copy loss.  

 

Hence, the studies herein presented show how PCa progression can be driven by 

changes in cell metabolism, which indeed is a cancer hallmark that endows malignant cells with 

adaptation capacities to sustain their growth (Hanahan and Weinberg 2011; Pavlova and 

Thompson 2016). Within tumors, metabolic phenotypes are diverse and flexible, and can be 

triggered by cell-intrinsic events such as mutations in oncogenes as well as epigenetic alterations, 

and through cell-extrinsic phenomena that is usually conditioned by the tumor microenvironment 

(Jiyeon Kim and DeBerardinis 2019) (Hanahan 2022). 

 

 

II.6 PGC1 family of coregulators 
 

PGC1 is a small family of transcriptional coregulators that include three members: 

PGC1α, PGC1β and PGC1-related coactivator (PRC) (Martínez-Redondo, Pettersson, and Ruas 

2015b). Transcriptional coregulators modulate (enhance or repress) gene expression based on 

their interaction with diverse partner transcription factors, which makes them important mediators 

of different physiological processes. Compared to other transcriptional coregulators, the PGC1 

family lacks enzymatic activity, exerting their function as an anchorage platform that allows the 

assemblance of the transcriptional machinery (Bost and Kaminski 2019). While PRC shows little 

homology, PGC1β and PGC1α share close homology with extensive amino acid sequence 

identity clustered in an N-terminal activation domain, a central regulatory domain, and a C-

terminal RNA binding domain (FigI 11) (J. Lin et al. 2005).  

PGC1 coactivators have no DNA binding domain; they interact with a wide range of 

transcription factors and nuclear receptors that drive the activation of diverse biological programs 
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in disparate tissues. Most of these interactions occur in the central region, between the N-terminal 

and the C-terminal domains (J. Lin et al. 2005). All three PGC1 members have binding spots at 

their N-terminal regions, where several histone acetyltransferases (HAT)-containing proteins can 

bind. These proteins include p300, CBP and SRC1, and drive chromatin structure remodeling 

processes, allowing the access of transcription factors to induce gene expression. The C-terminal 

domain has a serine-arginine-rich domain, an RNA binding domain that can couple pre-mRNA 

splicing with transcription, and a nuclear localization signal that maintains PGC1 in the nucleus. 

This domain is absent in some PGC1α variants found in cytosol and mitochondria (J. Lin et al. 

2005; de Vitto, Bode, and Dong 2019).  

Regarding the different PGC1 family members, PGC1β is ubiquitously expressed in the 

body, and it mainly regulates energy expenditure. On the other hand, PRC expression is 

predominant in endothelial cells and vascular smooth muscle cells (Tyagi et al. 2011). The third 

member of the family, PGC1α, was first identified as a PPARγ interactor in the context of cold-

induced thermogenesis in the brown adipose tissue (P Puigserver et al. 1998). The gene encoding 

for PGC1α (PPARGC1A) is transcribed from two different promoters, and together with alternative 

splicing events and post-translational modifications (PTMs), it gives rise to co-activator variants 

with different transcript and protein structure that display distinct regulation and tissue distribution, 

allowing cellular adaptation to diverse environmental conditions (Martínez-Redondo, Pettersson, 

and Ruas 2015a; C. F. Cheng, Ku, and Lin 2018). 

 
Figure I 11. Sequence homology and domains found in PGC1α, PGC1β, and PRC members of PGC1 
family of coactivators. Adapted from J. Lin et al., Cell Metabolism. (2005). 

II.6.1 PGC1α  
 

PGC1α is a master regulator of cell metabolism (Liang and Ward 2006). In mammals, 

PGC1α is mostly expressed in tissues with high energy demands including the brain, kidneys, 

liver, cardiac and skeletal muscle, and brown adipose tissue, where the expression of the co-

activator is induced through different stimuli that include physical activity, fasting, exposure to 

cold, and hypoxia (C. F. Cheng, Ku, and Lin 2018; Thom et al. 2014). Therefore, PGC1α activity 

needs to be tightly regulated through different mechanisms that, indeed, vary among tissues. In 

the brown adipose tissue, expression of PGC1α is triggered through the cAMP signaling pathway 

and PKA activation. In the muscle, PGC1α activation is known to happen via direct 

phosphorylation of two threonine and serine residues by direct binding of AMPK (Jäger et al. 

2007). PGC1α was also shown to be induced after exercise via activation of Ca2+/ calmodulin-

N-terminal 
domain

Central 
domain

C-terminal 
domain
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dependent protein kinase IV and calcineurin. Another activation mechanism in the muscle occurs 

via p38 mitogen activated protein kinase (p38 MAPK) activation leading to phosphorylation of 

myocyte enhancer factor-2 (MEF2) and activating-transcription factor 2 (ATF2) transcription 

factors. In the liver, PGC1α expression is increased upon secretion of pancreatic hormone 

glucagon during fasting periods, and it involves further activation of cAMP and transcription factor 

CREB (Bost and Kaminski 2019). Finally, PGC1α is also under the control of epigenetic 

mechanisms (Krämer and Handschin 2019). Methylation levels of PGC1α promoter are 

decreased by exercise, thus leading to increase levels of the coactivator (Barrès et al. 2012). In 

addition, several post-translational modifications including phosphorylation, acetylation, 

methylation, and ubiquitination modulate the activity of PGC1α. These modifications affect the 

capacity of PGC1α for recruiting chromatin remodeling complexes and determine its interaction 

with transcription factors (Bost and Kaminski 2019) 

Activation of PGC1α further triggers pathways that are mostly linked to metabolism and 

are essential for energy supply, including mitochondrial biogenesis, oxidative phosphorylation 

(OXPHOS), fatty acid oxidation, gluconeogenesis, thermogenesis, detoxification of reactive 

oxygen species (ROS), cardiac health and angiogenesis (Herzig et al. 2001; Vega, Huss, and 

Kelly 2000; Wu et al. 1999; Yoon et al. 2001; Lehman et al. 2000; R. Lin and Kerkelä 2020). 

Importantly, these pleiotropic functions are enabled by the presence of specific leucine-rich motifs 

(LXXLL) in the N-terminal domain, where different nuclear receptors, transcription factors and 

other transcriptional co-activators can bind, including NRF1/2, PPARs, ERRs, HNF4α, FXR, LXR, 

Sox9, MEF-2, FOXO1 and SRC-1/p300 complex (Kressler et al. 2002; Wu et al. 1999; Yoon et 

al. 2001; Huss et al. 2004; Kamei et al. 2003; Vega, Huss, and Kelly 2000; Kawakami et al. 2005; 

Pere Puigserver and Spiegelman 2003; Oberkofler et al. 2003; Wallberg et al. 2003). An overview 

of the mechanisms of PGC1α gene expression regulation, activity and interaction with 

transcription factors and biological roles can be found in FigI 12. 

Following the previous data we have in the laboratory, regarding how the dysregulation 

of the PGC1α-ERRα transcriptional axis impacts on PCa, we will focus on explaining PGC1α 

transcriptional control through its interaction with ERRα.  

The nuclear receptor ERRα is a member of the ERR family of orphan nuclear receptors 

composed of three members: ERRα (NR3B1), ERRβ (NR3B2) and ERRγ (NR3B3). These three 

members share sequence homology with estrogen receptor, but do not require hormones for 

activating their transcriptional activity and can bind to coregulators. Structurally, ERRs have a N-

terminal region that contains a DNA binding domain and a ligand-independent transcriptional 

activation function. The DNA binding domain presents an element responsive sequence (ERRE) 

that specifically allows binding of other ERRs (Tripathi, Yen, and Singh 2020). On the other hand, 

the C-terminal region presents a ligand binding domain that is required for the interaction with co-

activator and co-repressor proteins, including PGC1α. Among the three ERRs, ERRα regulates 

lipid catabolism as well as mitochondrial activity and biogenesis, and like PGC1α, it is highly 

expressed in metabolically active tissues that utilize fatty acids as fuel, including brown fat, heart, 

muscle, and kidney (Tripathi, Yen, and Singh 2020). ERRα interaction with nuclear receptor co-
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repressor 1 (NCOR1) and receptor interaction protein 140 (RIP140), reduces its transcriptional 

activity. Opposite to that, PGC1α positively regulates ERRα, transforming it in a potent 

transcription factor. Indeed, binding of PGC1α-ERRα dimers to ESRRA response elements 

present in the ERRA gene promoter induces its gene expression in a feedback-loop manner 

(Tripathi, Yen, and Singh 2020). Interestingly, PGC1α usually interacts with nuclear receptors 

through LXXLL motif at amino acid position 142-146. Yet, it seems that the interaction between 

PGC1α and ERRα is unique and occurs at leucin-rich motifs positioned at amino acids 209-213 

(Huss, Kopp, and Kelly 2002).  

 
Figure I 12. Regulation of PGC1α gene expression, activity and main biological functions triggered 
upon interaction with different transcription factors. Bost & Kaminski, American Journal of Cancer 

Research (2019). 

 

PGC1α regulates a great number of biological responses in an ERRα-dependent manner. 

In response to exercise, PGC1α together with ERRα induce vascular endothelial growth factor 

(VEGF), promoting angiogenesis (Chinsomboon et al. 2009). Indeed, VEGF expression levels in 

the muscle are increased in response to hypoxic conditions through a PGC1α-ERRα-dependent 

mechanism. This again, leads to the promotion of angiogenesis (Thom et al. 2014). Under 

physiological conditions, PGC1α together with ERRα controls the expression of OXPHOS genes 

and mitochondrial biogenesis (Schreiber et al. 2004). The PGC1α-ERRα transcriptional axis also 

regulates cardiac and skeletal muscle lipid metabolism (Huss, Kopp, and Kelly 2002).  

Finally, it was proposed that transcriptional regulators could function as direct sensors of 

the metabolic state of cells, and for it to happen, signals need to be transduced into the cell 

nucleus (Yujiang Shi and Shi 2004) (Atrice Desvergne, Michalik, and Wahli 2006). The concept 

of metabolic sensors and transcriptional regulation is predominantly attributed to nuclear 

receptors, which, are characterized by being activated upon binding to specific ligands followed 

by their association to response elements located close to the promoter region of the target genes 
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(Atrice Desvergne, Michalik, and Wahli 2006). Transcriptional control of cell metabolism can be 

also mediated by transcriptional coregulators, which contribute to the fine-tuned regulation of 

transcription through different mechanisms that include chromatin remodeling processes through 

the activity of HATs, and proteins such as TRAP/DRIP/Mediator/ARC complex that are involved 

on the recruitment of RNA polymerase II. Finally, ATP-dependent chromatin remodeling 

complexes such as SWI/SNF, IMO80, and ISWI also regulate transcriptional activity (Stallcup and 

Poulard 2020; Spiegelman and Heinrich 2004). Asides from PGC1α, hundreds of coregulators 

have been reported up to date among them, steroid receptor coactivator 1 (SRC-1) and class III 

histone deacetylase sirtuin 1 (SIRT1), which have shown to be effective metabolic sensors and 

transcriptional effectors, hence providing metabolic plasticity to the cells (Mouchiroud et al. 2014). 

A list of the main coregulators involved in the regulation of metabolism can be found in FigI 13. 

 

 
Figure I 13. Families of metabolic coregulators. Mouchiroud et al. Cell Metabolism (2014).  

 

II.6.2 Role of PGC1α in other types of cancer 
 

As mentioned before, the PGC1 family of coregulators is highly reactive to environmental 

stimuli, including physical activity and changes in temperature and nutritional status. PGC1 

coregulators respond to these environmental fluctuations by means of regulating cell metabolism, 

thus allowing organisms to adapt to their environment. This family of transcriptional coactivators 
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are involved in the regulation of glucose, lipid, and energy metabolism, and therefore 

dysregulation of PGC1 proteins is behind the development of different pathologies, including 

cardiomyopathies, insulin resistance, liver fibrosis and neurodegenerative diseases (J. Lin, 

Handschin, and Spiegelman 2005; Besse-Patin et al. 2017). 

In a cancer context, the expression levels (FigI 14) and functions attributed to PGC1α 

are ample; both, tumor suppressive and pro-tumorigenic roles have been related to this 

transcriptional coregulator.  

ERBB2+ BCa cells were shown to have advantages in growth due to the activation of 

genes involved in glutamine metabolism via PGC1α-ERRα transcriptional axis. In addition, BCa 

patients harboring high levels of PGC1α were shown to have reduced survival (McGuirk et al. 

2013). Another work demonstrated how BCa invasion and metastasis is sustained through the 

PGC1α-mediated increase of mitochondrial biogenesis that endows cells with higher ATP 

production capacity (Lebleu et al. 2014). This data is in line with another more recent study that 

also provided evidence on the role of PGC1α on sustaining BCa metastasis and drug resistance 

by conferring tumor cells increased bioenergetic capacity (Andrzejewski et al. 2017).  Opposite to 

these works, activation of the PGC1α-ERRα was shown to suppress folate cycle and purine 

metabolism in BCa cells, sensitizing malignant cells to anti-folate therapy (Audet-Walsh et al. 

2016). 

Pancreatic cancer stem cells (CSCs) and non-CSCs metabolism are regulated by the 

balance of c-MYC- PGC1α levels. Pancreatic CSCs were shown to express low c-MYC and high 

PGC1α levels making them highly dependent on mitochondrial OXPHOS. On the other hand, 

non-CSCs are highly reliant on glycolysis due to their high c-MYC and low PGC1α status. 

Resistance to metformin treatment can be avoided through the suppression of c-MYC and 

subsequent increase of PGC1α due to the limited metabolic plasticity of CSC (Sancho et al. 2015).  

Melanoma shows heterogeneity regarding PGC1α expression levels. Microphthalmia-

associated transcription factor (MITF) is known to drive the expression of PGC1α in melanoma 

cells (Haq et al. 2013; Vazquez et al. 2013), and this further contributes to define two cell 

subpopulations: ones with high PGC1α levels and others with low PGC1α levels. These 

subpopulations are characterized by displaying disparate metabolic profiles that confer them 

different survival strategies; PGC1α-high melanoma cells have increased mitochondrial oxidative 

metabolism and high ability of ROS detoxification, which makes them resistant to oxidative stress. 

On the other hand, PGC1α-low cells are linked to a more glycolytic metabolism and are less 

resistant to oxidative stress. These data clearly evidence the metabolic plasticity that is defined 

by PGC1α, which could also be exploited for therapeutic strategies (Vazquez et al. 2013). In the 

context of melanoma metastasis, PGC1α was also shown to play an active role through the 

regulation of ID2 and TCF4, both involved in the downregulation of invasion and metastasis-

related genes (Luo et al. 2016). Overall, melanoma is a heterogeneous type of cancer where 

changes between proliferative and invasive cell phenotypes are found. High levels of PGC1α 

promote cell survival whereas low PGC1α status plays a key role on metastasis sustenance.   
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PGC1α was found to act as a tumor suppressor in the formation and progression of 

hepatocellular carcinoma (HCC) (R. Liu et al. 2017). In ovarian cancer tissues, PGC1α was shown 

to be decreased compared to non-malignant adjacent tissue (Y. Zhang et al. 2007). On the other 

hand, PGC1α expression is increased in ovarian cancer cisplatin resistant cells, where it seems 

to inhibit apoptosis (Yanqing Li et al. 2021).  

In colorectal cancer (CRC) PGC1α displays decreased levels compared to non-malignant 

tissues (Feilchenfeldt et al. 2004). In agreement with this data, the work performed by D’Errico 

and colleagues also demonstrated the tumor suppressive role of PGC1α in CRPC, where it 

promotes mitochondrial-mediated apoptosis via accumulation of ROS (D’Errico et al. 2011). 

PGC1α also exerts a protective role in clear renal cell carcinomas, in the context of VHL loss that 

leads to HIF1α stabilization and switch to glycolytic metabolism. PGC1α restores mitochondrial 

function leading to decreased tumor growth and increased sensitivity to therapy (LaGory et al. 

2015). Following the same trend, a recent in vivo study reported that decreased levels of PGC1α 

in renal cell carcinoma were linked to disease progression via increased expression of collagens 

that drive the activation of discoidin domain receptor signaling. This further leads to SNAIL 

stabilization and promotion of EMT processes (Nam et al. 2020). In lung cancer, p53 wild type 

cells express higher levels of PGC1α compared to cells with p53 loss and mutations. High-PGC1α 

expressing cells have higher proliferation rates (Taguchi et al. 2014). Of note, another work 

suggests that p53 induces PGC1α stability, which further triggers cisplatin resistance in non-small 

cell lung carcinoma (NSCLC) (Deng et al. 2020). Finally, in contrast to the work by Kaminski  

(Kaminski et al. 2019) and to the data provided by our group (Torrano, Valcarcel-Jimenez, et al. 

2016; Valcarcel-Jimenez et al. 2019), where decreased expression of PGC1α was linked to a 

more aggressive PCa, Tennakoon and colleagues reported a subset of PCa patients (5%) where 

PGC1α was overexpressed. These patients, that in average were young, had an early onset of 

the disease. In this study, PGC1α was shown to promote in vitro malignant outgrowth through the 

metabolic rewiring and induction of mitochondrial biogenesis (Tennakoon et al. 2014).  

 
Figure I 14. PGC1α expression levels vary within the same and different cancer types. The green 

arrow contains the cancer types where expression of PGC1α was reported to be low, and the yellow arrow 

lists cancers where PGC1α was shown to be expressed at high levels. The area shared by both arrows 

includes cancers where low and high PGC1α levels were reported. 
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III Cell communication 
 

From the simplest to the most complex of the living organisms, life cannot be conceived 

without communication. Communication between cells probably exists since the first unicellular 

organisms inhabited Earth (about 3.5 billion years ago) and is an essential feature of evolution. 

Indeed, it was suggested that evolution can be reduced to communication between 1) unicellular 

organisms and their environment, 2) the cell communication that constitutes the basis for 

multicellularity and 3) communication of genetic material from one generation to other (Torday 

and Rehan 2015).  

Communication allows cooperation, which further brings survival advantages (King 2004; 

Christensen et al. 1997). Millions of years ago, unicellular organisms started cooperating, 

culminating in phenomena such as biofilm formation and quorum sensing. Perhaps, this event 

constituted a selective pressure for eukaryotes to start cooperating too, hence developing cell-

cell communication mechanisms that, via secreted factors, mediate plenty of biological processes 

such as homeostasis maintenance, reproduction, or regeneration (Torday and Rehan 2015). The 

path towards multicellularity also involved the formation of cellular clusters that was accompanied 

by the loss of autonomy due to cell differentiation (Libby and Ratcliff 2014). Differentiation renders 

cells more efficient in specific processes whilst making them reliant on other cells for survival. 

These specialized cells cope to sustain life. Therefore, communication in multicellular organisms 

seems natural, as indeed specialized cells may become part of an ever-increasing complex 

environment in which tissues conform organs that are further integrated into a sole system, the 

multicellular organism body. Cell communication networks are critical for maintaining tissue 

homeostasis and coordinating immune responses, among the ample functions that take place in 

an organism. Stimuli need therefore to be sensed and integrated. Compared to intracellular 

signaling, intercellular communication is not that well understood; mapping the interactions that 

are established between different types of cells through secreted entities is complex as each cell 

is being regulated by a complex signaling network which further influences the communication 

established with surrounding cells, which further affects other cells. Communication is key under 

physiological and pathological conditions, and in fact, altering the networks established between 

cells might be a way of changing their fate and, for example, sustain malignant growth. Nowadays 

studies are focusing on understanding the cells at the simplest of the levels, and for that, great 

efforts on performing single-cell RNA sequencing are being done. In addition, novel technologies 

are focusing on analyzing at a single-cell level chromatin, genome, methylation, and cell proteome 

(Papalexi and Satija 2018). This ‘’cell dissection’’ is allowing the classification of hundreds of 

different types of cells which, are determined by the array of regulatory factors (mainly 

transcription factors and transcriptional coregulators) with which cells are endowed. Nonetheless, 

although the study of cell-intrinsic regulation is providing great understanding on cellular biology 

and has allowed the identification of specific gene signatures involved in certain types of disease, 

it is crucial that this deconstructed information gets integrated within the environment of the cell. 

Intercellular communication mechanisms can happen through direct cell to cell interactions as 
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well as via secreted factors, which include a plethora of molecules such as proteins, small 

peptides, amino acids, fatty acids, nucleotides, gases, and extracellular vesicles (EVs). 

Regardless of the nature of the signal, the target cell will respond by means of orchestrating a 

cascade of intracellular signals that end up with the alteration of its behavior. The distances at 

which signaling molecules act can be short or large, and different secretion strategies and uptake 

mechanisms can be found within cells.  

The term ‘’secretome’’ remains ample, as different definitions regarding what composes 

it can be found throughout literature. Most of the publications define ‘’secretome’’ as secreted 

proteins (Feizi et al. 2017; Villarreal et al. 2013; Pavlou and Diamandis 2010). Yet, other studies 

extend the definition of secretome to secreted proteins, lipids, exosomes, and other small 

molecular messengers (Brady et al. 2016). Other works distinguish different fractions, including 

secreted soluble factors, secreted proteins and EVs (de Lope et al. 2018) or just the EV and a 

soluble fraction (Jung et al. 2009). Finally, the secretome was also defined as soluble factors 

(growth factors, cytokines, chemokines, and ECM components) and different populations of EVs 

(Villatoro et al. 2019). For the sake of experimental simplicity, along the present thesis work, two 

major compartments of the cell secretome were distinguished: extracellular vesicles and soluble 

factors (SFs). Bearing in mind that cells release diverse types of molecules, we have focused our 

attention on studying the protein content found in the EVs and SFs compartments of the 

secretome. Proteins are released to the extracellular milieu via different secretion pathways that 

will be explained in the coming sections.  

 

III.1 Types of intercellular communication  
 

Although different classification systems exist, classically, depending on the distance at 

which signaling molecules travel to the target cell, four main types of signaling mechanisms are 

distinguished: 1) autocrine, 2) paracrine, 3) endocrine and 4) direct signaling (Alberts et al. 2002) 

(FigI 15).  

 
                                            Figure I 15. Types of cell-cell communication. 
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1) Autocrine communication involves a cell secreting a signaling molecule that binds back to its 

own receptors. This type of signaling is typical during differentiation processes as it creates 

a ‘’community effect’’ between groups of cells.  

2) Paracrine communication occurs between cells that are proximally located and usually occurs 

through the release of a molecule that is taken up by neighboring cells or immobilized in the 

ECM. As an example, synapsis in nerve cells ends with the release of neurotransmitters within 

membrane-bound vesicles to the presynaptic space. These vesicles next bind to the 

postsynaptic membrane of the recipient nerve cell. Chemokine release by immune cells is 

another type of paracrine signaling. 

3) Endocrine communication involves long distance communication, and it is usually mediated 

by hormones, which are produced by endocrine cells located in the glands and are 

transported through the blood to the target cells.  

4) Direct or juxtacrine communication, mediated through gap junctions, are cell-cell bindings that 

connect the cytoplasm from bounded cells, without secretions to the extracellular space. 

 

It is important to highlight that, as mentioned earlier, one of the hallmark capabilities of 

malignant cells is the self-sufficiency in growth signals (Hanahan and Weinberg 2000). In this 

sense, most growth factors released by a cell seem to be directed to stimulate the growth of other 

surrounding cells (paracrine communication). Yet, it is common that cancer cells acquire the 

capacity of releasing growth factors to which they are responsive, thus generating a feedback 

loop (autocrine communication) (Ruan and Lai 2004). Indeed, receptors involved in the signal 

transduction of growth factors are often deregulated. A clear example is the overexpression of 

human epidermal growth factor receptor 2 (HER2), which sustains HER2 positive BCa tumors 

(Moasser 2007).  

 

III.1.1 Ligands and receptors 
 

Signaling molecules (ligands) include a wide range of molecules that depending on their 

solubility can be grouped in hydrophobic and hydrophilic (Alberts et al. 2002). Hydrophobic 

ligands can diffuse through the plasma membrane and interact with intracellular receptors. Steroid 

hormones such as estrogen, progesterone, and androgens as well as other lipid-soluble 

molecules like retinoic acid, oxysterols and thyroid hormones are hydrophobic ligands. Gases as 

nitric oxide (NO) are also included into this category of signaling molecules. (Sever and Glass 

2013) 

On the other hand, hydrophilic ligands include a diverse type of molecules such as 

peptides, proteins, and amino acids. Due to their nature, these ligands cannot pass through the 

cell membrane and therefore need to bind to specific receptors found in the target cell surface. In 

this manner, cell surface receptors act as signal transducers by converting extracellular signals 

into intracellular signals. Based on the transduction mechanism, three main categories of 
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receptors can be distinguished: G-protein coupled receptors (GPCRs), ion channels and enzyme-

linked receptors (Alberts et al. 2002).  

 

III.2 Extracellular vesicles (EVs) 
 

According to the guidelines established by the International Society of Extracellular 

Vesicles (ISEV), ‘’extracellular vesicles’’ stems for ‘’generic term for particles naturally released 

from the cell that are delimited by a lipid bilayer and cannot replicate’’ (Théry, Witwer, Aikawa, 

Alcaraz, et al. 2018). No consensus in marker specificity for EVs subtypes has been endorsed, 

therefore, unless a life-image of a given EV is taken in the act of release, ISEV 2018 guidelines 

encourage using the term ‘’EV’’. Importantly, a minimum data from the EVs preparations should 

be provided: 1) quantitative measure of the EVs source (volume of fluid, number of producer cells 

or tissue mass), 2) determine abundance of EVs (particle number and/or protein/lipid content), 3) 

check for presence of EV-associated markers (usually CD9, CD63 or CD81) and 4) verify no 

contamination with other cell membrane compartments such as Golgi, mitochondria, or the 

endoplasmic reticulum (ER).  

The first time ‘’extracellular vesicle’’ was used as a title for a scientific publication, was in 

1971, where electron microscopy images of EVs biogenesis from Ochromonas danica algae were 

shown (Aaronson et al. 1970). Nonetheless, this paper already referred to previous works 

published during the 1960’s describing ‘’membranous structures found extracellularly and within 

organelles of a large number of organisms’’ (Aaronson et al. 1970). Since then, EVs have been 

shown to be nano to micro-sized vesicles that are released by almost any cell type (including 

prokaryotes and eukaryotes) under physiological and pathological conditions. Due to their ability 

for transferring biologically active molecules (including lipids, nucleic acids, and proteins), they 

have emerged as important mediators of cell-cell communication in a wide range of biological 

processes that include cardio-protective roles, immunity, cancer, and neurodegenerative 

diseases among others (Ciullo et al. 2019; Mittelbrunn et al. 2011; Kalluri 2016; J. Y. Lee and Kim 

2017). Different types of interaction mechanisms of EVs with target cells have been described, 

and it includes binding to specific receptors, direct membrane fusion, as well as internalization by 

clathrin-mediated endocytosis and macropinocytosis (Segura et al. 2007; Parolini et al. 2009; T. 

Tian et al. 2014). Understanding how and under which conditions EVs are internalized by target 

cells is of special interest as it might explain pathological events, such as organ-specific 

metastases (Hoshino et al. 2015). In fact, it seems both, proteins present in EVs and in the 

recipient cells influence uptake (Escrevente et al. 2011). Finally, the proven importance of EVs 

on mediating diverse biological roles has contributed to the expansion of the field and has led to 

the generation of specific databases that comprise EV-related data (Kalra et al. 2012; D. K. Kim 

et al. 2013). 
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III.2.1 Classification of extracellular vesicles 
 

EVs are classified according to their mechanism of origin and to their size in three major 

groups that include: exosomes, microvesicles and apoptotic bodies (György et al. 2011). 

Importantly, new guidelines recommend classifying EVs in small (sEVs) and large (lEVs), where 

exosomes are considered sEVs and microvesicles and apoptotic bodies are considered lEVs 

(FigI 16) (Witwer and Théry 2019). It is also important to highlight that exosome and microvesicles 

are part of the unconventional protein secretory pathway that will be explained in section III.5. 

Still, as mentioned above, it is important to bear in mind that both types of EVs can mediate 

transport of other non-proteic molecules. 

 
Figure I 16. Classification of extracellular vesicles according to biogenesis and size. 

 

Exosomes 

Exosomes were first described in 1981 by Trams and colleagues as exfoliated vesicles 

with ecto-enzyme activity (Trams et al. 1981). They proposed these vesicles could have 

physiological functions and suggested to name them ‘’exosomes’’. This work was shortly followed 

by other studies by Harding and Pan in reticulocytes (Pan,1983) (Harding,1983), where they 

described exosomes were formed in multivesicular bodies (MVBs). For some years exosomes 

were viewed as cell debris, nonetheless in 1996 Raposo and colleagues showed B lymphocytes 

secrete MHC class II-containing exosomes, inducing antigen-specific T cell responses. This study 

therefore demonstrated that exosomes are active mediators in physiology (Raposo et al. 1996).  

Exosomes are vesicles surrounded by a phospholipid bilayer with a size comprising 50-

100 nm diameter. Biogenesis of exosomes takes place within the endosomal network. First, early 

endosomes fuse with endocytic vesicles and incorporate their content, which can be further 

destined for degradation, recycling, or exocytosis. From this point, three steps are distinguished 

(FigI 17) (Hessvik and Llorente 2018; Akers et al. 2013): 
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Figure I 17. Biogenesis of exosomes. The process can be divided in three main steps that include ILVs 

formation, transport of the MVB to the plasma membrane, followed by its fusion and release of exosomes to 

the extracellular space.  

 

1) Early endosomes go through a series of transformations to become late endosomes, where 

small vesicles known as intraluminal vesicles (ILVs) are formed by inward budding of the late 

endosome membrane (also known as MVB). This process is mediated by specific protein 

machinery, the endosomal sorting complex requited for transport (ESCRT) that comprises 

four protein complexes to which additional proteins are associated. Briefly, ESCRT-0 drives 

cargo clustering through ubiquitin-mediated processes. ESCRT-I and ESCRT-II induce 

membrane budding and ESCRT III mediates vesicle scission (Kowal, Tkach, and Théry 

2014). ESCRT activity is triggered by the binding of ESCRT-0 protein hepatocyte growth 

factor-regulated tyrosine kinase substrate (HRS), which further activates by sequential protein 

binding ESCRT-I, ESCRT-II and ESCRT-III complexes (FigI 18) (Christ et al. 2017). 

Tetraspanins (such as CD9, CD81 and CD63) also seem to be involved in the ILVs formation 

and cargo sorting (Andreu and Yáñez-Mó 2014).  

Asides from the ESCRT ILVs formation mechanism, ESCRT-independent mechanisms exist. 

One involves the formation of endosomal membrane microdomains that contain high 

concentrations of sphingolipid ceramide, which due to its cone-shaped structure promotes 

membrane budding (Trajkovic et al. 2008). The second ESCRT-independent mechanism is 

mediated by the small GTP-binding protein ADP ribosylation factor 6 (ARF6), which activates 

phospholipase D2 (PLD2) and syntenin. The latter further interacts with protein ALIX to 

produce ILVs (Ghossoub et al. 2014).  

2) MVB can either be directed to the lysosomes for degradation or transported to the plasma 

membrane for exosomes release. The cell cytoskeleton and the RAB family of GTPase 

proteins control vesicular trafficking (Stenmark 2009).  

3) The final step of exosomes biogenesis requires the fusion of the MVB membrane with the 

plasma membrane, process that is enabled by N-ethylmaleimide-sensitive fusion attachment 
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protein (SNAP) receptors (SNAREs), located in both membranes (Zylbersztejn and Galli 

2011). 

 
Figure I 18. ESCRT machinery is composed of ESCRT sub-complexes that mediate membrane 

scission and cargo sorting. L. Christ et al. Trends in Biochemical Sciences (2016). 

 

Although no consensus in EV-specific markers for distinguishing different populations of 

EVs has been set, the first exosomes proteomics studies revealed these vesicles were enriched 

in endosomal, plasma membrane and cytosolic proteins, hence confirming they derive from a 

specific cell compartment. Among the markers suggested to be enriched in exosomes, 

tetraspanins CD63, CD8 and CD81, Rab proteins, heat-shock proteins as well as ESCRT 

complex proteins TSG101 and ALIX are included (Théry et al. 2001; Moreno-Gonzalo, 

Fernandez-Delgado, and Sanchez-Madrid 2018) . It is also interesting to mention that often 

exosomes are referred as the pellet obtained after 100,000 xg ultracentrifugation step, referring 

to the methodology of isolation by serial ultracentrifugation steps. 

 

Microvesicles 

Microvesicles (MVs) were first described in 1946 by Chargaff and West as a precipitable 

factor with the potential to generate thrombin (Chargaff and West 1946). MVs are surrounded by 

a phospholipid bilayer and range 100-1,000 nm size, although the latter can vary significantly 

depending on the MV-producing cell (György et al. 2011). These vesicles are formed by the 

outward blebbing and pinching of the plasma membrane, releasing microvesicles to the 

extracellular space. The process requires reorganization of membrane phospholipids and the use 

of cytoskeleton contractile machinery. ARF6 activates phospholipase D (PLD), which recruits 

extracellular-regulated kinase (ERK) to the membrane. ERK further activates myosin light chain 

kinase (MLCK), triggering the release of the microvesicles (FigI 19) (Akers et al. 2013). Of note, 

cargo selection into the nascent microvesicles is known to be mediated by ARF6 (Tricarico, 

Clancy, and D’Souza-Schorey 2017) 
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Figure I 19. MVs formation and release through the outward budding of the plasma membrane. J. C. 

Akers at al. Journal of Neuro-Oncology (2013). 

 

MVs are mainly produced by platelets, red blood cells, endothelial cells, and leukocytes, 

and this determines the markers that can be found specifically on each type of MVs. For example, 

endothelial MVs express E-selectin (CD62E), endoglin (CD105) and endothelial adhesion 

molecule 1 (PECAM-1) among other markers. On the other hand, platelet-derived MVs usually 

express glycoprotein Ib and IIb/IIa, P-selectin and PECAM-1, among other markers (Słomka et 

al. 2018). 

MVs mediate diverse biological functions through the transfer of bioactive molecules 

(nucleic acids and proteins) that can modify the environment at proximal and distal sites (Tricarico, 

Clancy, and D’Souza-Schorey 2017). They are involved in the regulation of diverse functions, 

including feto-maternal communication, prothrombogenic and proinflammatory responses in the 

vasculature, and oncogenic transformation (Pap et al. 2008) (Leroyer, Tedgui, and Boulanger 

2008) (Antonyak et al. 2011).  

 

Apoptotic bodies 

Apoptotic bodies are the largest type of EVs, ranging 1-5 µm size and they are released 

as blebs of cells undergoing apoptosis (György et al. 2011). In the final phase of apoptotic death, 

some cell types undergo a series of changes in morphology, process that is known as apoptotic 

cell disassembly and can be divided into three steps (FigI 20) (Atkin-Smith and Poon 2017): 



Introduction
 

 

71 
 

 
Figure I 20. Apoptotic cell disassembly into apoptotic bodies. G. K. Atkin-Smith et al. Trends in Cell 

Biology (2016). 

 

1) Plasma membrane blebs are formed during the early steps of apoptosis. This involves 

hydrostatic pressures that enable the movement of fluids into the membrane blebs and 

cytoskeleton contractions. This last step process is mediated through caspase 3-mediated 

Rho-associated protein kinase 1 (ROCK1) activation which further phosphorylates myosin 

light chain (MLC) and promotes actomyosin contraction.  

2) Only certain cell types require this step, and it involves the formation of membrane protrusions 

including microtubule spikes (rigid and microtubule-rich protrusions), apoptopodia (string-like 

protrusions) or beaded apoptopodia.  

3) Once apoptotic membrane blebs and protrusions have formed, dissociation of the apoptotic 

bodies from the cell body takes place. The mechanisms by which fragmentation takes place 

is not well known, but it may involve cell-intrinsic and cell-extrinsic factors, including 

abscission-like processes and shear forces from the extracellular environment, respectively.  

Apoptotic bodies are characterized by having a variety of cellular components such as 

cytosol portions, nucleic acids, lipids, and functional organelles (L. Jiang and Poon 2019). Once 

released, apoptotic bodies are phagocytosed by macrophages within phagolysosomes, thus 

contributing to cell clearance. In fact, during apoptosis cell membrane lipids rearrange and 

phosphatidylserine (PS) is translocated to the outer leaflet.  PS is also present in the membrane 

of apoptotic bodies, and it seems to help on their recognition by phagocytes (Battistelli and Falcieri 

2020). As it happened with other types of EVs, apoptotic bodies were thought to be just ‘’garbage 

sacs’’, but lately it has been demonstrated they are also capable of transferring material, including 

oncogenes, to intact cells (Zernecke et al. 2009; Bergsmedh et al. 2001).  

It is important to highlight that the number of studies focusing on apoptotic bodies is not 

that high as up to date, more interest has been set on other type of EVs. Nonetheless, it seems 

clear that apoptotic bodies formation allows both, maintenance of tissue homeostasis through cell 

clearance and intercellular communication. 
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Overall, EVs research field has largely expanded in the last years and great advances on 

defining the different EV populations have been done. Currently EVs classification is based on 

the biogenesis as well as physical and molecular properties. Nonetheless, increasing evidence 

suggests that within these three major populations described above, different subpopulations 

exist. In fact, EVs linked to concreate diseases have been described (Willms et al. 2018). As an 

example, EVs released from brain tumor cells ranging 100-400 nm size where called 

‘’oncosomes’’ as they were carrying oncogenic form of epidermal growth factor (EGFR), 

EGFRvIII, which is specific of glioblastoma (Al-Nedawi et al. 2008). Another example of EV 

subpopulations are tissue-specific EVs, such as prostasomes, which are produced by prostate 

epithelial cells and released into the prostatic fluid. Ranging 40-500 nm size, these vesicles are 

localized in large storage vesicles and seem to be originated at Golgi apparatus, fusing directly 

with the plasma membrane (Sahlén et al. 2010). Prostasomes seem to be involved on the 

regulation of male reproduction and were shown to play a role in PCa (Aalberts, Stout, and 

Stoorvogel 2014; Ronquist and Nilsson 2004; Llorente, van Deurs, and Sandvig 2007).  

Thus, with no doubt, nowadays, EVs heterogeneity is probably the major challenge in the 

field, which might be solved with the development of novel and more sensitive devices and 

techniques that will allow a more precise characterization of the vesicles.  

 

III.3 Extracellular vesicles as active players in cancer progression 
 

EVs are active contributors of cancer progression, through the transfer and maintenance 

of cancer hallmarks and promoting resistance to therapy (Xavier et al. 2020). Communication 

between malignant cells as well as with their microenvironment can be established via EVs, and 

this contributes to the progression of cancer through different mechanisms. The work by El-Sayed 

and colleagues showed how PCa-derived EVs inhibit AR signaling in less aggressive PCa cells. 

These recipient cells turned phenotypically more mesenchymal, and enhanced their migratory, 

invasive and therapy resistance capacities (El-Sayed et al. 2017). In the same line, highly 

aggressive HCC-derived EVs were shown to promote migration of less malignant HCC cells (Qu 

et al. 2019). Oncogenic miR-424 transfer via EVs derived from an aggressive PCa context was 

shown to reprogram low tumorigenic PCa cells and normal prostate epithelial cells towards more 

aggressive phenotypes. These events were shown to further contribute to PCa recurrence and 

progression (Albino et al. 2021). 

Development of de novo vasculature is essential for tumor growth and metastasis. 

Indeed, glioma derived EVs containing a specific non-coding RNA were able to promote 

angiogenesis, inducing endothelial cells (ECs) migration and proliferation capacities and 

suppressing apoptosis. Mechanistically, it was associated to an upregulation of VEGFA, TGFβ 

and Bcl-2 and downregulation of pro-apoptotic mediators Bax and caspase 3 in EV-recipient ECs 

(Lang et al. 2017). 
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PCa-derived EVs were also related to tumor escape by means of inducing an immune-

suppressive environment. This was shown to happen through the presence of MICA/B and 

ULBP2 ligands in the EVs, which downregulate the surface receptor NKG2D in natural killer (NK) 

and CD8+ T cells (Lundholm et al. 2014). Gastric cancer EVs were also shown to induce an 

immunosuppressive environment in the lung via regulation of different immune cell populations, 

although the exact mechanism remains to be elucidated (J. Liu et al. 2020).  

Another interesting example of the role that EVs play in cancer progression concerns 

metastasis to the brain. The elegant work performed by Zhang et al, showed how metastatic cells 

lose PTEN after colonizing the brain. This loss of PTEN was triggered by astrocyte-derived EVs 

containing various PTEN-targeting microRNAs. Mechanistically, PTEN loss in the brain triggered 

the release of chemoattractant CCL2, leading to the recruitment of myeloid cells that further 

contributed to the increased proliferation and apoptosis inhibition of malignant cells (L. Zhang et 

al. 2015). In the same line, stromal-derived EVs produced by cancer-associated fibroblasts 

(CAFs) where shown to boost PCa cells growth. This happened through the transfer of 

metabolites that replenished central carbon metabolism of PCa cells under nutrient deprivation 

(Zhao et al. 2016). 

Finally, EVs role on preparing the sites of metastasis cannot be obviated. Why primary 

tumors can progress in certain tissues was long time ago proposed by Paget with his ‘’seed and 

soil’’ hypothesis, in which he claimed that metastatic cells had affinities for organs that could 

provide them with a certain milieu where to grow (Paget 1889). This hypothesis is favored by the 

concept of ‘’pre-metastatic niche’’, which suggests that tumor cells at their primary site can modify 

the sites of metastasis before their arrival. In this sense, the work by Peinado and colleagues 

demonstrated how melanoma exosomes educate bone marrow derived cells (BMDCs), which 

further boost metastasis formation in the lungs (Peinado, Alečković, et al. 2012). In addition, EVs 

produced by hypoxic PCa PC3 cells were shown to be involved on the induction of matrix 

metalloproteinases at the metastatic sites (Deep et al. 2020).  Indeed, tumor organ-tropism seems 

to be directed by the presence of specific adhesion molecules in the EVs (Hoshino et al. 2015).   

Finally, EVs have also been related to therapy resistance. CAFs where shown produce 

EVs containing whole mitochondrial DNA (mtDNA). Uptake of these EVs by BCa stem cells 

restored OXPHOS and promoted exit from dormancy. These recipient cells acquired self-renewal 

traits and resistance to therapy (Sansone et al. 2017). Other studies have shown the contribution 

of EVs to therapy in different cancer types seemingly through the transfer of lipids, ncRNAs, and 

proteins among other molecules (Soekmadji and Nelson 2015; D. Sousa et al. 2020). 

 

Overall, the impact of EVs in cancer is evident, contributing along different tumor stages 

and to the acquisition of cancer hallmarks. EVs mediate crosstalk between distinct cell 

populations, which added to the myriad of molecules they can transfer, makes the study of EVs 

role in cancer challenging (FigI 21). Still, understanding EVs ample roles in cancer opens new 

avenues for the development of therapeutic strategies, including the disruption of EVs secretion 

or EV-based drug delivery systems.  
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Figure I 21. Role of EVs along the different stages of cancer and the crosstalk established between 
different cell populations. 

 

III.4 Extracellular vesicles as non-invasive biomarkers 
 

The concept of liquid biopsy is based on the sampling of non-solid biological fluids that 

are enriched in CTCs, nucleic acids, proteins and EVs, and it shows great advantages in terms 

of avoiding invasive procedures and promoting precise medical intervention. In fact, another 

advantage is that liquid biopsies can be even obtained along short periods of time, thus allowing 

better disease monitoring.  

EVs are released by nearly any type of cell and can be found in almost any biological 

fluid at considerable concentrations (Torrano, Royo, et al. 2016). They are stable units that carry 

specific molecules protected by a lipid bilayer, making them ideal candidates as non-invasive 

biomarkers of practically any type of disease, including cancer (Torrano, Royo, et al. 2016). EVs 

have shown to be bona fide tools for early tumor detection, diagnosis, prediction, and disease 

monitoring during treatment (Zhou et al. 2020). Indeed, analysis of both, proteins and nucleic 

acids contained in EVs, has shown to be useful. It seems that EVs proteome fairly represents and 

distinguishes cancer types, independently of their stage, hence making them valuable for the 

diagnosis of tumors of unknown primary origin (Hoshino et al. 2020). On the other hand, detection 

of specific BRAF mutations in EVs isolated from lymphatic drainage of melanoma patients was 

shown to accurately reflect BRAF status in the tumor tissue and to be correlated with the risk of 

relapse (García-Silva et al. 2019). Detection of miRNAs contained in EVs has also shown to be a 

potential source for the development of novel biomarkers in a wide number of cancer types 

(Rajagopal and Harikumar 2018). The use of EVs as bystanders in PCa was also proven to be 

possible. Urinary EVs were shown to contain an altered CDH3 transcript, reflecting the altered 

status of CDH3 in the prostatic tissue of origin (Royo et al. 2016). The combination of a panel of 
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proteins found in urinary EVs also showed to be a good source for PCa detection and stratification 

(Sequeiros et al. 2017).   

With no doubt, EVs are fingerprints of their cell of origin, and this specificity makes them 

ideal bystanders of any biological scenario. Although their use in the clinics is at an early stage 

as technical aspects regarding the standardization of isolation protocols, sample specificity and 

purity need to be well established, EVs are slowly becoming a reality for disease diagnostics.  

 

III.5 Soluble factors (SFs) 
 

Soluble factors (SFs) is a generic term that includes the non-EV secretome fraction, from 

which proteins such as ECM constituents, shed receptors, cytokines, as well as angiogenic and 

growth factors seem to be the main constituents (Brady et al. 2016; Villatoro et al. 2019). 

It was estimated that a total number of 2,641 genes encode for potentially secreted 

proteins (Uhlén et al. 2019). This study only included proteins with signal peptide and lacking 

transmembrane domains. Most of the predicted actively secreted proteins seemed to be released 

to the blood with functions related to coagulation, interferon responses, cytokines, and growth 

factors.  

Eukaryotic organisms are endowed with an endomembrane system that is composed of 

independent organelles involved in the protein biogenesis, modification, and secretion to the 

extracellular milieu. Membrane bound vesicles are used for the movement of the cargo in two 

directions: from the endomembrane system to the plasma membrane and extracellular space 

(exocytosis) and from the plasma membrane towards the endomembrane system (endocytosis).  

Proteins found in the cell secretomes are secreted through three major mechanisms:  

conventional protein secretion, unconventional protein secretion and ectodomain shedding (FigI 

22) (Villarreal et al. 2013; Nickel and Rabouille 2009).   

 
Conventional protein secretory pathway 

Proteins are most secreted through the conventional secretory pathway. Proteins 

containing a short N-terminal amino acid sequence known as signal peptide (SP), are guided by 

the ribosomes and enter the lumen of the ER, where they are folded and suffer PTMs. Next, 

proteins are guided to the Golgi apparatus, where further modification reactions take place. 

Different compartments can be distinguished in this organelle: cis, medial, and trans-Golgi. Trans-

Golgi network acts as a crossroad where proteins can be either sent to the cell surface or to 

additional organelles, including lysosomes and endosomes. The transport between 

compartments is done through small vesicles that originate in the donor compartment. In fact, 

coating proteins are essential for directing the vesicles to the target compartment. In this way, 

clathrin-covered vesicles deliver proteins between trans-Golgi network, endosomes, lysosomes, 

and the plasma membrane. On the other hand, vesicles covered with COPI coatomer complex 

mediate retrograde transport between Golgi and ER. Finally, COPII-coated vesicles move 
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proteins from ER to Golgi. Of note, coating proteins asides from reflecting the origin of the vesicles 

and their target organelle, they also contribute to the vesicle formation and to the cargo selection 

(M. C. S. Lee et al. 2004). 

 

Unconventional protein secretory pathway 

Unconventional protein secretion refers to a series of ER-Golgi-independent routes, and 

in some cases involves use of EVs (microvesicles and exosomes) for secretion (Nickel and 

Rabouille 2009). Both proteins with and without signal peptide (termed leaderless), have been 

reported to follow the unconventional protein secretory pathway. Four mechanisms of 

unconventional protein secretion have been proposed and most of them are induced by cellular 

stress, including mechanical and nutrient stress, inflammation, and endoplasmic reticulum stress 

(ER stress) (Nickel and Rabouille 2009; Rabouille 2017; Rabouille, Malhotra, and Nickel 2012). 

Type I, II and III mechanisms include leaderless proteins, whereas type IV unconventional protein 

secretory pathway includes proteins with signal peptide.  

 

Ectodomain shedding 

Ectodomain shedding is another important mechanism by which proteins can be released 

to the extracellular milieu, and it consists of the proteolytic release of transmembrane proteins. 

Proteolytic cleavage is mainly triggered by metalloproteases (Reiss and Saftig 2009), and 

apparently alternative splicing events and protein PTMs occurring in the Golgi apparatus also 

influence this process (Shirakabe et al. 2017). Shedding mainly affects membrane-anchored 

proteins such as growth factors, adhesion molecules, cytokines, or scavenger receptors (Reiss 

and Saftig 2009; Hofmann et al. 2020).  
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Figure I 22. Overview of the three major mechanisms of protein secretion found in cells.  

 

III.5.1.1 Role of interferons as mediators of cell communication 
 

Among the great variety of secreted proteins, cytokines, which are small, soluble secreted 

proteins, have great impact on autocrine and paracrine cell communication (J. M. Zhang and An 

2007). Most cytokines seem to follow the conventional protein secretory pathway, although there 

are some exceptions, which follow the unconventional protein secretory pathway (Stanley and 

Lacy 2010). Cytokines include a myriad of molecules, and are classified according to their function 

into interleukins, colony-stimulating factors, interferons (IFNs), tumor necrosis factors and 

chemokines (McGraw-Hill 2005). Aligned with the results of this thesis work, focus will be set in 

IFNs. 

IFNs trigger anti-viral, anti-proliferative and immunomodulatory responses in the cells, via 

autocrine and paracrine mechanisms (Stanifer, Pervolaraki, and Boulant 2019). This family of 

cytokines is widely expressed, and based on their protein sequence, function, and binding 

receptor, three main classes can be distinguished (FigI 23) (B. S. Parker, Rautela, and Hertzog 

2016a):  
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Type I IFNs  

It includes a high number of molecules, that can be grouped in five categories among 

which, IFN-α and IFN-β are the most studied ones. Interestingly, all genes encoding for type I 

IFNs cluster in chromosome 9 (Platanias 2005).  

1) IFN-α, that is further subdivided in: IFN-α1, α2, α4, α5, α6, α7, α8, α10, α13, α14, α16, 

α17 and α21.  

2) IFN-β 

3) IFN-ε 

4) IFN-κ 

5) IFN-ω 

 

All type I IFNs bind to the same transmembrane receptor, which, is constituted of two 

subunits: IFNAR1 and IFNAR2 (Platanias 2005). Type I IFNs are transcriptionally regulated, and 

their expression is induced by the presence of pathogen-associated molecular patterns (PAMPs) 

and damage-associated molecular patterns (DAMPs), produced by microorganisms and host 

cells, respectively. PAMPs include molecules found and released by microorganisms, including 

nucleic acids. On the other hand, DAMPs are released from the intracellular or extracellular space 

under tissue stress injury, cell death and cancer. They include different types of signals such as 

changes in phospholipids on the cell surface, nucleic acids, and secreted proteins (Schaefer 

2014; Green et al. 2009). DAMPs and PAMs are recognized by pathogen recognition receptors 

(PRRs) such as toll-like receptors (TLRs), retinoic acid-inducible RIG-like receptors (RLRs), 

melanoma differentiation associated gene 5 (MDA5) and cyclic GMP-AMP synthase/ stimulator 

of interferon genes (cGAS/ STING) that can be found in extracellular and intracellular membranes 

(Murira and Lamarre 2016) (Arimoto et al. 2018). Downstream signal transduction occurs through 

the IFN regulatory factors (IRFs), a family of transcription factors comprising nine members (IRF1-

IRF9), that exert distinct transcriptional activities based on the first-lane activation of the pathway 

(Murira and Lamarre 2016). 

Once type I IFNs are produced, they are released to the extracellular space, where they 

bind to IFNAR1/IFNAR2 that are associated to tyrosine kinases JAK1 and TYK2. These kinases 

phosphorylate signal transducer and activator of transcription (STAT) STAT1 and STAT2 

proteins, which then bind to IRF9, conforming the IFN-stimulated gene factor 3 (ISGF3) complex 

that is translocated to the nucleus. Then, the ISGF3 complex binds to the IFN-stimulated response 

elements (ISREs) found in the promoter regions of IFN-stimulated genes (ISGs). Depending on 

the cellular context, type I IFNs can also activate STAT1-6 proteins and form different 

combinations of homo or heterodimers that bind to the gamma activated sequence (GAS) 

elements in ISG promoters (Stanifer, Pervolaraki, and Boulant 2019). Asides from the JAK-STAT 

signaling pathway, type I IFNs can also trigger other signaling cascades, including mitogen-

activated protein kinase (MAPK) p38, PI3K signaling pathway, and CrkL-RAP1 pathway, which 

explains the ample range of biological responses they orchestrate (Platanias 2005; Stanifer, 

Pervolaraki, and Boulant 2019). Type I IFNs are mainly produced by epithelial cells, fibroblasts, 
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and dendritic cells (DCs), and they drive innate and adaptive immune responses, affecting to 

myeloid cells, B-cells, T-cells, NK cells, DCs due to the broad expression of IFNAR1/IFNAR2 

receptors (McNab et al. 2015).   

 

Type II IFNs  

Only a type II IFN exists, IFNγ, which binds to a receptor composed of two subunits 

(IFNGR1 and IFNGR2). IFNγ is activated by mitogens and cytokines such as IL-12 and IL-18 that 

are mainly released by T-cells and NK cells. Indeed, NK cells are the main type II IFN producers 

in response to viral infections (A. J. Lee and Ashkar 2018).  

Type II receptor subunits IFNGR1 and IFNGR2 are linked to JAK1 and JAK2 kinases 

which further phosphorylate STAT proteins. Mainly STAT1 and STAT3 homo or heterodimers are 

formed, and these are translocated into the cell nucleus where they bind to GAS elements in ISG 

promoters (B. S. Parker, Rautela, and Hertzog 2016a). 

 

Type III IFNs 

Four members comprise this group, and they do all bind to the heterodimeric receptor 

IFNλ complex, which is composed of receptor chain 1 (IFN-λR1) and IL-10 receptor subunit β (IL-

10Rβ) (Wack, Terczyńska-Dyla, and Hartmann 2015).  

1) IFNλ1 (also known as interleukin-29 (IL-29) 

2) IFNλ2 (also known as IL-28A) 

3) IFNλ3 (also known as IL-28B) 

4) IFNλ4 

Like type I IFNs, activation of type III IFNs is via recognition of DAMPs and PAMs 

(Stanifer, 2019). The type III IFN receptor is associated to JAK1 and TYK2, which lead to 

phosphorylation of STAT1 and STAT2 proteins that further bind to IRF9, resulting in the ISGF3 

assembly and binding to the ISREs. Type III IFNs can also induce the formation of STAT homo 

and heterodimers that bind to GAS elements and induce the transcription of ISGs (Stanifer, 

Pervolaraki, and Boulant 2019). Thus, although type I and type III IFNs use different receptors, 

they induce the expression of similar genes. Type III IFNs are mainly produced by hematopoietic 

lineage and epithelial cells. Indeed, it seems these types of IFNs are key for protecting epithelial 

surfaces from viral infections (Wack, Terczyńska-Dyla, and Hartmann 2015) 
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Figure I 23. Type I, II and III interferon signaling transduction.  

 

IFNs exert cell-intrinsic and cell-extrinsic anti-tumor effects (FigI 24). The source, inducer, 

type, and concentration of IFN as well as the presence of cognate receptors impact on the 

outcome induced by IFNs (Parker, 2016). Upon binding to their cognate receptors, IFNs activate 

the transcription of genes involved in the regulation apoptosis (TRAIL), proliferation (CDKs), 

antiviral response (such as OAS1, MX1 and RNASEL), migration (chemokines), inflammation 

(CXCL10) and antigen-presenting molecules (MHC class I and II components) (Peteranderl and 

Herold 2017; Medrano et al. 2017a; B. S. Parker, Rautela, and Hertzog 2016b; Seliger, Ruiz-

Cabello, and Garrido 2008). IFNs do also impact on angiogenesis, osteoclastogenesis and 

immunity, orchestrating the activity of almost any immune cell type (B. S. Parker, Rautela, and 

Hertzog 2016c). They activate anti-tumor immune cells, including T cells, NK cells, DCs, and 

repress the activity of immune suppressive cells such as regulatory T cells (Treg), tumor-

associated macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs). IFNs enhance 

the interactions established between tumor and immune cells, providing the ground for the design 

of immune-based therapies to treat cancer (B. S. Parker, Rautela, and Hertzog 2016b; Arimoto 

et al. 2018). Indeed, the main objective of immunotherapy, is mastering the immune system, 

overcoming the immunosuppressive microenvironment to fight cancer (Waldman, Fritz, and 

Lenardo 2020). Yet, a major challenge for the use of IFNs for treating cancer is predicting patient 

sensitivity to the different types of IFN (B. S. Parker, Rautela, and Hertzog 2016b). Although IFN 

signaling is tied to an enhancement of the immune response, it can also induce 
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immunosuppression and promote cancer cell-intrinsic resistance mechanisms, thereby displaying 

pro-tumorigenic roles (Minn 2015; Aricò et al. 2019; B. S. Parker, Rautela, and Hertzog 2016a). 

Different strategies that aim at boosting IFN response for treating cancers are currently being 

developed, including genetically modified immune cells, recombinant vectors for delivering IFN 

and TLR-agonists (Medrano et al. 2017a). In this line, treatment of high-risk melanoma patients 

with high IFN doses as an adjuvant therapy showed increased disease-free survival and overall 

survival (Mocellin et al. 2010). Metastatic BCa patients also seem to benefit from the treatment 

with IFN in combination with tamoxifen (Recchia et al. 2009). Sipuleucek-T immunotherapy-based 

vaccine was approved for treating mCRPC, showing to be safe and to improve patients average 

overall survival in 4.1 months (Kantoff et al. 2010).  

Finally, the dysregulation of IFN production or response can lead to immune pathologies 

and therefore needs to be tightly regulated. Different mechanisms are known to negatively 

regulate IFNs targeting PRRs or downstream transcription factors. Negative regulation of IFN 

seemingly occurs via PTMs (such as ubiquitination and sumoylation), epigenetic mechanisms 

(microRNAs and chromatin remodeling processes) and transcriptional repressors that act on 

ISGs promoters. Response to IFN is also known to be modulated via regulation of the cognate 

receptors, thus blocking downstream signaling events (Ivashkiv and Donlin 2014; Arimoto et al. 

2018).  

 
Figure I 24. Cell-intrinsic and extrinsic anti-tumor roles of interferons. ILC: innate lymphoid cells. 

Parker, Rautela and Hertzog. Nature Reviews (2016). 
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III.6 Transcriptional regulation of the cell secretome 
 

The regulation of the secretome composition is crucial for maintaining the body 

physiology. It involves the cooperation and coordination of multiple intracellular organelles that 

are responsible for the formation of EVs, protein maturation and modifications, followed by the 

release to the extracellular space. Indeed, tissues are known to specifically express genes 

involved in the secretory pathway, thus influencing the diversity of secreted proteins and their 

correspondent PTMs (Feizi et al. 2017). Hypothesizing that these genes could be regulated by 

transcriptional coregulators is feasible explanation that could account for the fine-tuned and rapid 

responses that govern secretion of certain molecules in response to internal and external stimuli. 

Not much attention has been paid to this concept, finding only a few works exploring it in a cancer 

context. In this sense, the work by Brady and colleagues nicely demonstrated how the 

transcription factor Arntl2, and its partner Clock control the secretome composition. Matricellular 

protein Smoc2 contained in the Arntl2/Clock-driven secretome promoted cancer cell survival 

seemingly by enabling cancer cell interactions with the ECM. This further boosted metastatic lung 

cancer cells self-sustenance in foreign environments (Brady et al. 2016).   

The work performed by Obenauf et al revealed a secretome-mediated mechanism by 

which lung and melanoma tumors harboring BRAF or EGFR mutations or ALK translocations 

become resistant to kinase inhibitors. These malignant cells generated a therapy-induced 

secretome (TIS) that sustained survival of therapy-sensitive cells whilst promoting growth of 

therapy resistant minority clones. Interestingly, authors showed that this TIS, which was regulated 

by FRA1 transcription factor, was enriched in AKT pathway inducers, thus revealing novel 

therapeutic strategies for the treatment of BRAF, EGFR and ALK therapy-resistant tumors 

(Obenauf et al. 2015). 

The study by Ibrahim and colleagues also suggests an autocrine and paracrine role of 

secreted factors on promoting malignant cells proliferation and migration in the absence of 

growth-inducing factors. Both the secretion and responsiveness of these factors seemed to be 

dependent on the activity of transcription factor AP-1 (Abd et al. 2018). Another work suggested 

that secretion of proinflammatory cytokines IL-6 and IL-8 induced in an NFkB-EZH2-dependent 

manner, sustains triple negative BCa cells (TNBCs) growth and resistance to therapy by an 

autocrine mechanism (Hartman et al. 2013). The study performed by Lujambio et al shows the 

non-cell autonomous role of p53 on suppressing hepatocellular carcinoma (Lujambio et al. 2013). 

Under chronic liver damage conditions, p53 was shown to induce an anti-tumoral 

microenvironment that was at least partially mediated by the release of secreted factors produced 

by senescent hepatic stellate cells. p53 loss led to the ablation of the senescent program, 

triggering proliferation of premalignant cells, and stimulating macrophages polarization towards 

pro-tumorigenic class M2. The regulation of the hepatic stellate cells secretome was shown to be 

through the cooperation of p53 and NFkB. Indeed, several of the secreted factors identified are 

known targets of both p53 and NFkB.  

In line with the studies mentioned above, the transcriptional coregulator PGC1α was 

shown to control the secretome composition of different cell lines, including hepatic carcinoma 
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cells (Minsky and Roeder 2017). Furthermore, a PGC1α-dependent regulation of myokines 

secretion, was suggested to influence crosstalk between muscle and pancreatic islets, which was 

crucial for maintaining glucose homeostasis (Handschin, Chin, et al. 2007). The hormone irisdin 

was shown to be regulated by PGC1α in the muscle and further secreted to the extracellular 

milieu, where it activated adipose thermogenesis via UCP1 transcription factor activity. Indeed, 

irisdin, which is induced by exercise, increased body energy expenditure and insulin resistance, 

thus granting this hormone with therapeutic potential (Boström et al. 2012). 

Overall, these works reveal the potential of transcriptional regulators on modulating the 

cell secretome, and to our knowledge, exploring the role of PGC1α on directing the PCa 

secretome remains to be elucidated. 
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Objectives 
 

Prostate cancer (PCa) is the world second type of cancer most diagnosed among men, 

and accounts for the fifth leading cause of death in this sex worldwide, according to Globocan 

2020. Most of these deaths occur in patients with metastasis, highlighting the need of 

understanding the mechanisms that promote the aggressive form of this disease, thus, allowing 

the design of more effective and targeted therapies.  

The transcriptional coactivator PGC1α is a master regulator of cell metabolism, and its 

dysregulation has been shown to occur in different cancer types (Luo et al. 2016; Andrzejewski 

et al. 2017). In the context of PCa, PGC1α is progressively downregulated from the primary 

towards the metastatic tumor, and this is of prognostic value (Torrano, Valcarcel-Jimenez, et al. 

2016). Mechanistically, PGC1α together with the ERRα exerts a tumor and metastasis 

suppressive activity by means of controlling intrinsic biological events such as cell metabolism 

and cytoskeleton rearrangements (Torrano, Valcarcel-Jimenez, et al. 2016; Valcarcel-Jimenez et 

al. 2019). The fact that PGC1α is a key player along PCa progression is undeniable, but there are 

still open questions regarding how it exerts its tumor-suppressive activity. So far PGC1α’s major 

effects in PCa have been attributed to the regulation of cell-intrinsic phenomena, while no 

attention has been set to its role on the regulation of cell secreted entities (FigO 1).  

Hence, this thesis project aims at elucidating the impact that the transcriptional control of 

metabolism has on the production and content of the cell secretome with the final aim of 

identifying novel therapeutic strategies by means of interfering with the cell communication 

networks, and this is based on the following hypothesis: PGC1α modulates the secretome 
(soluble factors and extracellular vesicles) composition of prostate cancer epithelial cells, 

and the latter impacts on the cell communication networks established between cells in 

an autocrine and paracrine manner. 

 
                            Figure O 1.Transcriptional control of the PCa cell secretome 
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Taking advantage of bioinformatics tools, in vitro cell lines and animal models of PCa 

where we can modulate the metabolism through the deregulation of PGC1α, we propose the 

following aims:  

 

I. Evaluation of the biological impact of the cell secretome on PCa aggressiveness. 

1. To assess the biological effect of PGC1α-driven secretome on PCa cell lines. 

 

II. Study and description of the extracellular vesicles fraction of the cell secretome associated 

to PGC1α modulation in PCa cell lines. 

1. EVs physical and molecular characterization. 

2. Study the biological impact of EVs: in vitro and in vivo assays. 

3. To evaluate the role of EVs as bystanders of PCa aggressiveness. 

 

III. Study and description of the soluble factors fraction of the cell secretome associated to 

PGC1α modulation in PCa cell lines. 

1. To assess the biological impact of the soluble factors: in vitro and in vivo assays. 

2. To characterize of the protein content of secretome and its cell-intrinsic regulation 

by the producer cells. 

3. To study the molecular cues triggered upon treatment of PCa recipient cells with 

the   differential secretomes. 

 

IV. To examine the cell-intrinsic molecular events triggered by PGC1α in PCa producer cells that 

could mediate the effects of the secretome.  

1. To decipher the molecular cues activated upon PGC1α expression in PCa 

producer cells. 
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I. Materials 

I.1 Cell lines and culture conditions 
 

Human prostate carcinoma cell lines (PC3 and DU145) were purchased from the Leibniz 

Institute DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH) and from 

the American Type Culture Collection (ATCC), in the case of the 22Rv1 cell line. Both entities 

provided authentication certificate. PC3 and DU145 cell lines were cultured in Dulbecco’s 

Modified Eagle Medium without pyruvate (DMEM; Gibco Ref. 41965-039) and 22Rv1 cells were 

cultured in RPMI (Gibco 61870-010; with GlutaMAX supplement). Occasionally, for secretome 

experiments, 22Rv1 cells were treated with distinct conditioned medias obtained from cells 

cultured in DMEM without pyruvate. HEK293FT cells were provided by the group of Dr. Hector 

Peinado (Centro Nacional de Investigaciones Oncológicas) and were cultured in DMEM with 

pyruvate (Gibco, Ref. 41966-029). See Table M 1 for further cell line specifications.  

 
                     Table M 1. Cell lines used in this work including their main characteristics.  

 

I.2 Prostate cancer stable cell lines 
 

PC3 TRIPZ PGC1A cell line 

PC3 cell lines with ectopic expression of PGC1α were generated by Dr. Verónica Torrano 

and Dr. Lorea Valcárcel. Briefly, the TRIPZ TM lentiviral inducible vector (Dharmacon) was 

engineered to be Tet-On and become inducible in the presence of doxycycline. This induction is 

carried out by the tetracycline response element (TRE) and the transactivator (rtTA3). In the 

presence of doxycycline, the expression from the TRE promoter is activated; therefore, the RFP 

and shRNA regions were substituted by HA-Flag-Pgc1α (FigM 1). As a result, a vector named 

TRIPZ-HA-Pgc1α was generated and used to generate second generation lentivirus (Torrano, 

Valcarcel-Jimenez, et al. 2016). Packaging HEK293FT cells were transfected with lentiviral 

Cell line Cell type Morphology Origin Pten 
status

PC3
(ACC 465)

Prostate 
adenocarcinoma Epithelial-like Bone metastasis. 

Grade IV Negative

DU145 
(ACC 261)

Prostate 
carcinoma Epithelial-like Brain metastasis Positive

22Rv1 Prostate 
carcinoma Epithelial

From CWR22 
xenograft 

propagation after 
castration-induced 

regression and 
relapse

Positive

HEK293FT
Human 

embryonic 
kidney cells

Fibroblast

Human primary 
embryonal kidney 

transformed by 
adenovirus type 5

Negative
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vectors, and the viral supernatants were further used to infect PC3 target cells. Selection was 

done with 2 µg/ml puromycin (Sigma, Ref. P8833) for three days, adding in parallel a negative 

control of non-infected cells to verify correct function of the antibiotic. 

 

 
                        Figure M 1. Overview of the TRIPZ inducible lentiviral vector (Dharmacon). 

 

PC3 TRIPZ cell line 

The PC3 TRIPZ control cell line was generated by Dr. Verónica Torrano and Dr. Lorea Valcárcel. 

Again, the TRIPZ TM lentiviral inducible vector (Dharmacon) was used to produce second-

generation lentivirus to finally obtain the control cell line.  
 

PC3 PGC1A sgERRA cell lines 

PC3 cell lines with combined expression of PGC1α and deletion of ERRα were generated 

by Dr. Lorea Valcárcel. For ESRRA deletion, sgRNA constructs targeting ESRRA (sgERRα#1: 

5 ́CTCCGGCTACCACTATGGTGTGG3 ́; sgERRα#2: 3 ́AGGAACCCTTTGGACTGTCAGGG5 ́) 

were    designed    using Crispor    software (crispor.tefor.net) and cloned in a lentiviral vector, 

purchased from Addgene LentiCRISPR V2 (a gift from Mohan Babu, Addgene plasmid # 83480). 

 

PC3 sh c-MYC cell lines 

PC3 cell lines with doxycycline inducible-silencing of c-MYC were generated by Alice 

Macchia. Shortly, lentiviral vector expressing validated sequences of short-hairpin RNAs 

(shRNAs, sh41 c-MYC and sh42 c-MYC) targeting human c-MYC (Mission ® shRNA Library, 

TRCN0000039642) were subcloned into a pLKO Tet On inducible system with puromycin 

resistance (Addgene #21915). As previously described, packaging HEK293FT cells were 

transfected with lentiviral vectors, and the viral supernatants were further used to infect PC3 target 

cells. Selection was done with 2 µg/ml puromycin (Sigma, Ref. P8833) for three days, adding in 

parallel a negative control of non-infected cells to verify correct function of the antibiotic. 
 

All cell culture medias were supplemented with 1% Penicillin/Streptomycin (Gibco, Ref. 

15140-122) unless specified and with 10% inactivated Fetal Bovine Serum (FBS) (Gibco) coming 

from the same lot and previously analyzed to confirm experimental reproducibility. For washing 

cells DPBS 1x (Gibco, Ref. 14190-94) was used. All the experiments were performed using the 

complete media, although, for secretome, soluble factors and EVs isolation experiments, DMEM 
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without pyruvate depleted from bovine derived EVs was prepared. This is of great importance to 

avoid any contamination with bovine vesicles, especially for the isolation of EVs from cell cultures. 

In order to remove bovine-derived extracellular vesicles, 50 ml FBS were diluted in a 1:1 

proportion using DMEM without pyruvate. The mixture was pipetted to a 45 Ti ultracentrifuge tube 

and was ultracentrifuged at 100,000 x g for 16 hours and at 4 ºC. Following the ultracentrifugation 

step, supernatants were poured to the remaining bottle of DMEM without pyruvate and 1% P/S 

was added. Then, whole bottle of media was filtered through 0.22 µm pores and stored at 4 ºC 

ready to be used (DMEM Exo-free). 

All cells were grown at 37ºC in a humidified atmosphere of 5% CO2. Cells were routinely 

cultured in 100 mm or 150 mm dishes and split every three to four days to maintain a confluence 

not higher than 80-90% and were used up to a maximum of 30 passages. Mycoplasma was 

routinely tested using MycoAlert detection kit (Lonza, Ref. LT07-318) and always replacing the 

cells in case of positive results.  

To split or to seed experiments, after a washing step with DPBS 1X, cells were incubated 

with trypsin-EDTA solution (Gibco, Ref. 25200-056) at 0.05% for 3 minutes at 37 ºC and then 

resuspended in fresh complete media. For cell counting, once cells were tripsinized, a dilution of 

1:2 was done using Trypan Blue Dye 0.4% (Sigma-Aldrich, Ref. T8154-20ML). Then, 10 µl of the 

mixture was loaded to the Neubauer chamber to count viable cells using the optical microscope 

(Olympus Axio Imager A1 CKX31).  

To be frozen, cells were tripsinized, resuspended in complete media and centrifuged for 

4 minutes at 1500 rpm to ensure cell precipitation. Supernatant was removed and cell pellet was 

resuspended in a solution of FBS 10% dimethyl sulfoxide (DMSO) (Panreac, Ref. A3672.0100) 

and pipetted into a cryovial. The latter was introduced inside a Mr. Frosty cage (Sigma-Aldrich) 

and placed at -80 ºC at least for 24 hours. Cell vials were kept in liquid nitrogen.  

 

I.3 Generation of stable cell lines 

I.3.1 Generation of PC3 TGL cell line  
 

PC3 TGL cells were generated in collaboration with Dr. Roger Gomis at the Institute for 

Research in Biomedicine (IRB, Barcelona) by Cristina Viera and Jana Crespo as follows: 

Day 1: 293FT cells were seeded at 80-90% confluence in 150 mm plates in DMEM and 

were left to be attached for 8-10 hours. After this time, the transfection mix was prepared in the 

proportions seen in Table M 2. The mix was gently mixed and incubated for 15-20 minutes at RT. 

Meanwhile, SN from 293 FT cells was removed and 18 ml of fresh DMEM were added. The 

transfection mix was pipetted over the cells and incubated overnight at 37 ºC.  

Day 2: Media from 293 FT cells was changed and cells were left to grow at 33 ºC for 48 

hours. In parallel, PC3 target cells were seeded in 6-well plates for infection.  

Day 4: Media from 293 FT cells was taken with a syringe and filtered through 0.5 µm 

pores into falcon tubes. Then, it was concentrated with 100K columns (3,000 x g, 1 hour, 4 ºC) 

into a final volume close to 0.5 ml. To each volume of 0.5 ml of virus-enriched SN, 1 ml DMEM 
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without antibiotics and 8 µg/ ml polybrene were added, mixed and pipetted into the target cells (1 

ml/ well). PC3 target cells were incubated overnight at 37 ºC.  

Day 5: Media from PC3 cells was changed and cells were left to grow 24 hours at 37 ºC.  

Day 6: Cells were sorted through the Facs based on the GFP expression.  

 
Table M 2. Viral packaging vectors, TK-GFP-luciferase plasmid and reagents used for the retroviral 
infection of PC3 cells and generation of luciferin-inducible PC3 TGL cells. PEI: polyethylenimine 

 

I.3.2 Generation of PC3 GFP-luc cell line 
 

PC3 GFP-luc cells were generated at the Spanish National Cancer Research Center 

(CNIO, Madrid), following the protocol established at the Microenvironment and Metastasis Group 

led by Dr. Héctor Peinado. The following protocol was performed:  

Day 1: HEK293FT cells were seeded in 100 mm plates at a 75% confluence for the 

generation of lentivirus. Once attached (around 8 hours later), SN were removed, and cells were 

washed with DPBS 1x followed the addition of 8 ml/ plate of tempered DMEM. In parallel, 

transfection mix was prepared: FuGENE® (Promega) was used to increase transfection efficiency, 

and it was mixed in a 1:16 proportion with DMEM depleted of FBS and antibiotics. The mix was 

incubated for 5 minutes at room temperature (RT) and then, packaging vectors (plp1, plp2 and 

vsvg) together with the pFUGW-FerH-ffLuc2-eGFP plasmid were added to the mix, gently mixed 

and incubated for 15 minutes at RT. The transfection mix was pipetted to the HEK293FT cells 

drop by drop and incubated for 18 hours. 

Day 2: media from HEK293FT cells was removed and 5 ml/plate of fresh DMEM 

supplemented with 10% FBS and 1% gentamycin were added.  

Day 3: PC3 target cells were tripsinized and counted. A total number of 200,000 cells 

were pipetted into an Eppendorf tube, centrifuged, and resuspended in 750 µl of the viral 

supernatant obtained from the HEK293FT infected cells (proportion for one 6-well plate well). 

Then, another 750 µl of the viral SN was added to each well together with 8 µg/µl polybrene to 

enhance infection efficiency. On the other hand, fresh media was added to the HEK293FT cells 

and the whole process (days 2 and 3) was repeated.  

Retrovirus 150 mm plate

Vsvg-R 1.2 µg

Gag-pol 10.8 µg

TK-GFP-luciferase (TGL) vector 12 µg

PEI(1 mg/ml, pH=7.45, filtered through 2 µm pores) 116 µl

NaCl (150 mM) 2,320 µl
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After a week, infected PC3 cells were sorted using BD Facs Canto. The generation of 

these cell lines was done with the kind help of Marina Mazariegos, from the Microenvironment 

and Metastasis Group.  

 

I.4 Drugs 
 

Doxycycline was used throughout the whole thesis work at a concentration that was based on 
previous studies performed in the laboratory (Table M 3 

Table M 3).  

Regarding doxycycline pre-induction, three different experimental settings were applied. 

This information is more detailed in the coming sections. 

1. Pre-induction of three days followed by experimental seeding still in the presence of 

doxycycline and collection of the cells at different time-points. 

2. Pre-induction of 24 hours followed by change of media (DMEM Exo-free) together 

with the refreshing of doxycycline. EVs isolation and producer cells collection is 48 

hours after addition of DMEM Exo-free. 

3. Pre-induction of 48 hours followed by change of media (DMEM Exo-free) together 

with the refreshing of doxycycline. Secretome and producer cells are collected 24 

hours after addition of DMEM Exo-free. 

 
Table M 3. Commercial information, dose and usage of doxycycline employed in the present work. 

 

II Cellular analysis 

II.1 Production of cell secretome 
 

For secretome experiments (whole secretome, extracellular vesicles and soluble factors), 

always the number of producer cells was counted to have a controlled system in which, ideally, 

all conditions interrogated have the most similar number of cells. The only exception are the 

experiments for extracellular vesicles isolation that were used for proteomics analysis. This will 

be further addressed in the coming sections.  

 

II.1.1 Whole secretome production 
 

Secretome experiments were performed using three different PCa cell lines. PC3 cells 

with a doxycycline-inducible system to promote the expression of the metabolic regulator PGC1α 

Drug Supplier Dose Function

Doxycycline hyclate Sigma 
(D9891) 0.5 µg/ml Gene inducible 

system

<<<<
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(PC3 TRIPZ PGC1A cells) as well as PC3 cells with combined expression of PGC1α and deletion 

of ERRα (PC3 PGC1A sgERRA cells). As control cells, PC3 TRIPZ (empty vector) cells were 

used. Unless specified, secretomes were always produced by cells seeded in 150 mm plates. 

Due to the reduction on cell proliferation observed upon the expression of PGC1α, the number of 

cells seeded in the absence (-Dox) or presence (+Dox) of the transcriptional regulator was 

adjusted to have a similar number of producer cells at the day of secretome collection. Thus, a 

stock of PC3 TRIPZ PGC1A cells was counted and divided into two stocks; one without 

doxycycline (-Dox) and another one with doxycycline (+Dox). For the PC3 TRIPZ PGC1A non-

induced stock, 3x106 cells per dish were seeded and for the PC3 TRIPZ PGC1A induced stock 

7x106 cells were plated per dish (FigM 2A). These cell number proportions were maintained for 

cell lines with expression of PGC1α and presence/deletion of ERRα (FigM 2B). 

 
Figure M 2. Culture settings for the generation of cell secretomes. A. Overview of the experimental 

seeding and doxycycline pre-induction for obtaining the secretomes. B. Schematic view of the cell number 

seeded in each condition based on the presence or absence of PGC1α and ERRα. 

 

On the other hand, for production of secretome using control PC3 TRIPZ cells, same 

number of cells were seeded (3x106) as no differences in cell proliferation were observed between 

doxycycline-induced and non-induced conditions and conditions. A final volume of 20 ml DMEM 

A

B
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without pyruvate per plate was pipetted and doxycycline was added in a final concentration of 0.5 

µg/ ml to the dox condition. The number of dishes seeded per condition was dependent on the 

amount of differential secretome needed for each experiment. After two days growth, cell 

morphology was checked to monitor PGC1α expression, media was removed, and plates were 

washed once with DPBS 1X. Then, 20ml of DMEM Exo-free without pyruvate were pipetted to 

each plate refreshing media with doxycycline in the doxycycline-induced plates. Cells were left to 

grow for another day and then, secretome was collected and centrifuged at 500 x g, 10 minutes 

and 10 ºC to discard cell debris. In parallel, cell number of the producer cells was assessed and 

a pellet of cells from each condition was taken to ensure the differential protein expression of 

PGC1α and deletion of ERRα between conditions.  

 

II.1.1.1 Whole secretome proportions 
 

Cell secretomes produced by doxycycline-induced (+Dox) and non-induced (-Dox) PC3 

TRIPZ PGC1A cells were collected as previously described in II.1.1. Then, different proportions 

of secretome obtained from PGC1α-expressing and non-expressing cells were mixed to obtain 

the percentages shown in FigM 3. As experimental controls, unmixed -Dox and +Dox secretomes 

were included. 

 
Figure M 3. Secretomes obtained from PGC1α-expressing and non-expressing cells are mixed in 

different proportions and used for treating recipient cells. Secretome-Dox: secretome produced by non-

PGC1α-expressing cells. Secretome+Dox: secretome produced by PGC1α-expressing cells.  

 

II.1.1.2 Whole secretome concentration and fractionation 
 

Whole secretome concentration was performed using secretomes obtained from PC3 

TRIPZ PGC1A and PC3 PGC1A sgERRA cell lines. For these experiments, two 150 mm 

dishes/condition were seeded as described in section II.1.1 and at the day of collection, 

secretomes were centrifuged at 500 x g, for 10 minutes and at 10 ºC to remove cell debris. Then, 
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10K Amicons (Merck Millipore, Ref. UCF901024) where used to concentrate the secretomes by 

centrifuging at speeds ranging 1,500-5,000 x g (FigM 4A). The cut-off of these concentrators 

separates the cell secretome into two fractions; one that contains proteins bigger than 10 KDa 

(>10 KDa), where extracellular vesicles are also present, and another fraction that includes 

proteins smaller than 10 KDa (<10 KDa). The fraction bigger that 10 KDa was concentrated into 

a final volume close to 1 ml whereas the smaller than 10 KDa secretome fraction reached an 

approximate volume of 21 ml. The >10KDa fraction retained the FBS and was diluted up to 21 ml 

with DMEM without pyruvate (depleted of FBS and antibiotics). On the other hand, 2.5% FBS was 

added to the <10 KDa secretome fraction. This percentage was based on the data we obtained 

in previous experiments, where cells treated with <10 KDa secretome fraction had a reduced 

proliferation capacity due to the lack of nutrients. We therefore, took into account that non-PGC1a 

expressing cells duplicate each 24 hours, and that PGC1a-expressing cells, although they have 

a reduced proliferation capacity, they were seeded in a proportion that aimed at acquiring the 

same cell number that in the non-expressing condition at the day of the secretome collection. In 

addition, both, PGC1a-expressing and non-expressing cells were seeded at confluences in which 

cells grew exponentially, thus requiring high FBS amounts. Taking these facts into consideration, 

2.5% FBS was added to the <10 KDa secretome fraction (FigM 4B).  

 
Figure M 4. Cell secretome concentration and separation through 10 K Amicon tubes. A. Secretome 

is collected and loaded into 10 K Amicon tubes for centrifugation. Two fractions are obtained: >/<10 KDa. 

B. Both fractions (>/< 10 KDa) are processed to obtain secretomes used for treating recipient cells.  

 

Adding this proportion of FBS boosted growth of PC3 recipient cells treated with the <10 KDa 

secretome fraction to levels similar to the ones observed in the cells treated with the whole 

secretome and with the >10 KDa secretome fraction. Once prepared, concentrated secretomes 

were used to treat recipient cell lines. 

 

B

A
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II.1.2 Production and isolation of extracellular vesicles 
 

Extracellular vesicles (EVs) were isolated from three different PCa cell lines: PC3 TRIPZ 

PGC1A, PC3 PGC1A sgERRA and PC3 TRIPZ cells. For non-induced conditions, 3x106 cells per 

150 mm dish were seeded and on the other hand, in the doxycycline-induced condition, 7x106 

cells per 150 mm dish were seeded. After 24 hours, media was removed and 20 ml of fresh 

DMEM Exo-free without pyruvate was added to each 150 mm dish. Doxycycline was renewed 

adding a final concentration of 0.5 µg/ml doxycycline to the pre-induced plates. After 48 hours, 

secretomes produced by cells with differential expression of PGC1a and/or ERRa deletion were 

collected and processed (FigM 5). 

 
                                 Figure M 5. Seeding conditions for the production of EVs. 

 

Secretome was first centrifuged for 10 minutes at 500 x g and 10 ºC to remove cell debris 

(FigM 6). In parallel, cells were tripsinized and counted in order to monitor cell number and to 

extract protein. Secretomes were then transferred either to a fixed angled 45 Ti or 70 Ti rotor 

(Beckman Coulter) tubes and centrifuged for 20 minutes at 12,000 x g and 10 ºC. The pellet of 

EVs enriched in apoptotic bodies and microvesicles was discarded and the supernatant fraction 

was poured to a fresh rotor tube and centrifuged 70 minutes at 100,000 x g and 10 ºC. The pellet 

of EVs obtained after this step were enriched in exosomes, and were resuspended in DPBS 1X 

into a sole pellet and ultracentrifuged again for 70 minutes, at 10 ºC and 100,000 x g. Then, 

supernatant was discarded and EVs pellet was resuspended in 100 μl of DPBS 1x. At this point, 

depending on the intended use of the EVs, these were kept at 4 ºC for functional experiments (in 

vitro and in vivo) for a maximum of seven days. For molecular analysis, EVs were aliquoted and 

stored at -80 ºC.  

The isolation protocol for obtention of EVs was set in collaboration with Dr Juan M. Falcón 

(Exosomes Lab, CIC bioGUNE) and Dr. Héctor Peinado (Microenvironment and Metastasis 

Group, CNIO).  
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Figure M 6. Protocol followed for the isolation of EVs. Cells produce different types of EVs (exosomes, 

microvesicles and apoptotic bodies) that can be isolated by serial ultracentrifugation steps. 

 

II.1.2.1 Labelling of extracellular vesicles 
 

EVs where stained using the lipid-labelling dye 1,1’-DIOCTADECYL-3,3,3’3’-

Tetramethylindocarbocyanine Perchlorate (DilC18(3)) (Thermo Fisher, Ref. D3911). To proceed 

with the labelling, EVs obtained after the first ultracentrifuge step of 70 minutes at 10ºC and 

100,000 x g (see section II.1.2) were resuspended in 1 ml of DPBS 1X followed by the addition 

of 3 µl of the fluorescent dye and incubation at room temperature for 5 minutes. Then, 57 µl of 

BSA 35% were added and incubated at room temperature for 1 minute. Next, 18 ml of DPBS 1x 

were pipetted and samples were ultracentrifuged for 70 minutes at 100,000 x g and 10 ºC. 

Supernatants were removed, pellets resuspended again in 18 ml DPBS 1X and centrifuged for 

another 70 minutes at 100,000 x g and 10ºC. Finally, the supernatants were poured from the 

tubes and stained EVs pellets were resuspended in 100 μl of DPBS 1X. Importantly, for 

proceeding with the labelling of EVs, always a negative control of DPBS 1X with DilC18 (3) was 

included in parallel.  

 

II.1.3 Generation of soluble factors fraction of the secretome 
 

For the obtention of soluble factors (SFs), whole secretome produced by PGC1a-

expressing and non-expressing cells were collected and centrifuged 10 minutes at 500 x g and 

10 ºC to remove cell debris. Then, the whole protocol of EVs isolation (see section II.1.2), 

<<<<



Materials & Methods
 

 101 

skipping the last washing step, was followed to obtain the SFs fraction of the cell secretome (FigM 

7).  

 
Figure M 7. Protocol followed for obtaining the soluble factors.  

 

II.1.4 In vitro cell biology assays  

II.1.4.1 Proliferation assay by crystal violet staining 
 

Recipient cells (PC3, DU145 and 22Rv1) were seeded in 12-well plates (PC3 and DU145: 

7,000 cells/well and 22Rv1: 12,000 cells/well). Next day, once cells had attached, SN were 

removed and whole secretome (1 ml/well), SFs (1 ml/well) or EVs (2-4 µg/well) were pipetted to 

the wells (FigM 8). This process was repeated every two days, up to day 7.   

 
Figure M 8. Proliferation assay by crystal violet staining to assess the impact of whole secretome, 

EVs or SFs in recipient cells. 

 

Plates were fixed at different time-points (days 2, 5 and 7) as described next: plates were 

washed with 1X PBS, fixed with 10% formalin (CellPath) and stored at 4 ºC until all experimental 

time-points were collected. Once fixed, plates were washed with 1X PBS and stained with crystal 

violet [0.1% crystal violet (Sigma-Aldrich) and 20% methanol (Thermo Fisher Scientific)] for 1 

hour. Then, crystal violet staining solution was removed, plates were washed with distilled water 

(dH20) and let to air dry. Crystal violet-stained plates were scanned, and precipitates were 
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dissolved in 10% acetic acid (Sigma-Aldrich) for 30 minutes. Absorbance was measured in 96-

well plates in the spectrophotometer (Epoch, Biotek) at a 595 nm wavelength.  

 

II.1.4.2 Migration assay: Boyden chambers 
 

For transwell migration assays, PC3 recipient cell lines were treated with secretomes or 

EVs obtained from PGC1α-expressing and non-expressing PC3 cell lines (FigM 9).  

 
Figure M 9. Boyden chamber migration assay to assess the impact of whole secretome or EVs on 
the migration ability of recipient cells.  

 

First, to proceed with the secretome or EVs treatments, 30,000 PC3 cells were seeded 

into 6-well plates and left for 24 hours to get attached. These cells underwent a five (secretome) 

or six (EVs) -day treatment, time after which, they were tripsinized, counted and seeded into 

Boyden chamber transwells (50,000 cells/ transwell) resuspended in 500 µl DMEM/well 

containing 0.5% FBS. Full media (1.4 ml) was pipetted in the bottom well. In parallel to this, wells 

were included as a seeding control of the educated PC3 cells. After 24 hours, migration was 

stopped: media was removed from wells and transwells were smoothly cleaned with 1X PBS. 

Then, using a cotton bud, the upper side of the transwell membrane was scraped and then rinsed 

with 1X PBS. Next, transwells were fixed with 10% formalin. Once cells were fixed, formalin was 

aspirated, 1X PBS was added to wells and transwells twice. Finally, crystal violet was added 

covering both wells and transwells. Automated inverted Olympus microscope (IX83) (CellSens 

imaging software) was used to take pictures to further count cell number. Control wells were fixed 

and stained in parallel to the transwell migration wells. Crystal violet staining was dissolved in 

10% acetic acid and absorbance was measured at 595 nm. The values obtained were used to 

normalize data obtained from the migration assay.  

II.1.4.3 Wound healing migration assay 
 

For wound healing assays (WHA), PC3 cells 30.000 cells/ well were seeded into 6-well 

plates. Twenty-four hours later, media was removed, and cells were treated for five days with 



Materials & Methods
 

 103 

secretomes derived from induced and non-induced PC3 TRIPZ PGC1A cell lines (FigM 10). 

Then, using a yellow tip, a longitudinal scratch was performed, supernatants were removed and 

fresh differential secretomes were pipetted. In addition, pictures were taken at the time in which 

the scratch was performed (time 0 hours). Cells were left to migrate towards the wounded area 

for 24 hours and pictures were taken at this time point using Olympus Axio Imager A1 CKX3. 

Data was analyzed by means of assessing the area of the initial wound (time 0 hours) minus the 

area of the wound that remained open after 24 hours of cell migration.  

 
Figure M 10. Wound healing assay to evaluate migration capacity of recipient cells treated with 

differential secretomes.  

 

II.1.4.4 Migration assay: co-cultures in Boyden chambers 
 

Secretome producing cell lines, PC3 TRIPZ PGC1A cells were pre-induced (+Dox) or not 

(-Dox) for three days with doxycycline (¡Error! No se encuentra el origen de la referencia. 11). 

After this time, cells were counted and a total number of 200,000 cells/ condition were seeded in 

a final volume of 1.4 ml into bottom wells of Boyden chamber plates, maintaining the presence of 

doxycycline in the induced cells. In parallel, control wells were seeded to assess cell number at 

the day at which the migration experiment was stopped. After 24 hours, untreated PC3 cells 

(50,000 cells/well in a final volume of 500 µl DMEM 0.5% FBS) were pipetted into the transwells 

and were left to migrate for 24 hours. Migration experiment was stopped following the same steps 

and using the same microscope for taking pictures as in section II.1.4.2. For quantification, data 

was normalized to the absorbance values measured in the control wells seeded in parallel to the 

producer cell lines.  
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Figure M 11. Migration assay in Boyden chambers using co-cultures of producer and recipient cells. 

 

II.1.4.5 Uptake of EVs 
 

A total number of 200,000 PC3 cells per well were seeded into 6-well plates and left to get 

attached overnight. Next morning, 2 ml of fresh DMEM Exo-free was added to each well 

containing PC3 cells. This was followed by the addition of 2 µg of DilC18(3)-labelled EVs produced 

by doxycycline-induced and non-induced PC3 TRIPZ PGC1A cells ( 

 12).   

 
Figure M 12. DilC18(3)-labelled EVs produced by PGC1α-expressing and non-expressing cells are 

used for treating recipient cells and assess uptake by flow cytometry.  

 

Three time points (1 hour, 3 hours and 6 hours) were assessed for both conditions, and a negative 

control of PC3 cells treated with DPBS 1X mixed with DilC18(3) was included. Once the incubation 

times had finished, cells were detached with Cell Dissociation buffer (500 µl/well) and centrifuged. 

Then, pellets were resuspended in 300 µl home-made FACS buffer (PBS 5mM EDTA and 0.1% 
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BSA) and passed through CellTrics 50 µm (Sysmex, Ref. 040042-2317) filters into the FACS 

tubes. Finally, 1 µl DAPI was added into each tube and cells were sorted using BD Facs Canto 

devise. 

III Molecular Assays 

III.1 Gene expression analysis 

III.1.1 RNA extraction and retrotranscription 
 

For in vitro gene expression analysis, cells were seeded in 6-well plates at a confluence 

of 70%. For sample collection, SN were aspirated, and cells were washed with DPBS 1X and 

snap-frozen in liquid nitrogen before keeping them at -80 ºC. For RNA extraction, NucleoSpin® 

RNA isolation kit from Macherey-Nagel (Ref: 740955.240C) was used, following the 

manufacturer’s protocol. RNA concentration was determined using Nanodrop ND-1000 

Spectrophotometer.  

For murine xenografts RNA extraction, samples were incubated overnight at -80 ºC in 

200 µl RNAlater ICE® (Life Technologies), which had previously been cooled down at -80 ºC. Next 

day, tissues were transferred to an Eppendorf tube containing 800 µl TRIzol® reagent and five 2.8 

mm ceramic beads (Ref. 13114-50 MO BIO Laboratories). Precellys® machine was used to 

homogenize the tissue at 6,000 rpm for 30 seconds and repeating the step twice. Then, 160 µl of 

chloroform (SIGMA, Ref. 34854) were added and, after vortexing, the mix was centrifuged at 

12,000 x g during 15 minutes at 4 ºC. The aqueous phase was collected and mixed with the 

corresponding volume of ethanol and the extraction was continued following the Macherey-Nagel 

protocol.  

Gene expression analysis was assessed by Real Time-Quantitative-Polymerase Chain 

Reaction (RT-qPCR), using the same protocol for cell lines, murine prostatic tissue and 

xenografts. One microgram of the obtained RNA was used for complementary DNA (cDNA) 

synthesis using reverse transcriptase (Maxima H Minus cDNA synthesis with dsDNase. Thermo 

Scientific, Ref: M1682). The resulting cDNA was diluted 1:9 in RNAse-free water, and 3 µl were 

used for performing the RT-qPCRs. 

 

III.1.2 Real time quantitative polymerase chain reaction (RT qPCR) 
 

RT-qPCR was performed using QS6 systems from Life Technologies. The RT-qPCRs 

were performed using the following program: 2 minutes at 50 ºC and 10 minutes at 95 ºC (hold 

stage) followed by 40 cycles of 15 seconds at 95 ºC (denaturalization) and 1 minute at 60 ºC 

(annealing and elongation). All gene expression studied was analyzed with primers and probes 

from Universal Probe Library (Roche). The Universal Probe Library Assay Design Center is 

available online (https://lifescience.roche.com/en_es/brands/universal-probe-library.htmL). This 

tool allows the designing of primers and assigns the corresponding probe needed for each 
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reaction in order to perform a TaqMan assay. For the reaction, 0.3 µl primer mix (20 µM), 3 µl of 

TaqMan® universal master mix II with UNG (Applied Biosystems) and 0.05 µl of the corresponding 

probe were used. For the analysis of house-keeping genes (GAPDH or β-ACTIN) commercial 

TaqMan probes (Life Technologies) were employed. Comparative Ct method was selected for 

the quantification of gene expression changes. See Table M 4 for primer specifications.  

 
Table M 4. Information about primer sequences and correspondent probe number obtained from 
Universal Probe Library (Roche). 

 

Gene Name Species Forward 5'-3' Reverse 5'-3' Probe
ADAM10 Human acataactttggatccccaca ccattttctttttgacccaaat 2

ATF3 Human catcttcttcaggggctacct gtttgccatccagaacaagc 53
Atf3 Mouse gctggagtcagttaccgtcaa cgcctccttttcctctcat 80
B2M Human tcaggaaatttgactttccattc ttctggcctggaggctatc 42
BID Human tctccatgtctctagggtaggc tgcagctcaggaacacca 1

CD44 Human gacaccatggacaagttttgg cggcaggttatattcaaatcg 13
CFL1 Human tgccctctccttttcgttt tcgttgaacaccttgatgaca 5

CLDN3 Human aacctgcatggactgtgaaa ggtcaagtattggcggtcac 50
DDIT3 Human tgaagatacacttccttcttgaaca aaggcactgagcgtatcatgt 21
Ddit3 Mouse gcgacagagccagaataaca gatgcacttccttctggaaca 91
DDIT4 Human tccaggtaagccgtgtcttc ctggagagctcggactgc 56
EDIL3 Human tcgaagacattgcactttgc acccagaggctcagaacaac 76

ERO1A Human caatggtttcaacatcacaggt ggagacagcggcacagag 29
ESRRA Human ggcggcagaagtacaagc attcactggggctgctgt 3
F113 Human cctgaagtcagaattcctgagaa ttggtcaaacttccactccac 7

FGFBP1 Human actggatccgtgtgctcag gagcagggtgaggctacaga 46
Fgfbp1 Mouse ctgcacactcacagaaaggtg ctgagaacgcctgagtagcc 12
GNB2 Human agatgaggacccggagga tgatgagcttcccatcctg 66
HLA-E Human gtgagtcacgtgtgtctttgg ggaagacacatgcgtggag 80
IFNA1 Human ttgttttcatgttggaccaga ccctctctttatcaacaaacttgc 69

IFNAR1 Human gttctgattttggacactgacttc tccagtacattgtataaagaccacagt 22
IFNAR2 Human tctcaaactctggtggttcaaa caacgttgttcagttgctcac 20
IFNB1 Human gccaggaggttctcaacaat ctttgctattttcagacaagattca 20
IRF1 Human cccttcctcatcctcatctgt ggcacatcccagtggaag 56
Irf1 Mouse cactgatctgtataacctacaggtgtc ccttcctcatcctcgtctgt 10
IRF9 Human agcctggacagcaactcag gaaactgcccactctccact 22
Irf9 Mouse cttagggtggggactgtagaaa gcagcgtactttgcctgag 91

MX1 Human accacagaggctctcagcat cagatcaggcttcgtcaaga 10
Mx1 Mouse ttcaaggatcactcatacttcagc gggaggtgagctcctcagt 53

C-MYC Human gctgcttagacgctggattt taacgttgaggggcatcg 66
NLRC5 Human ggcttttcccctcagctc gctgctgctgagtacttttgg 20
Nlrc5 Mouse gctgccaacctcacactctt caaggagattcccggacag 80
NRP1 Human taccctgagaatgggtggac cgtgacaaagcgcagaag 55
PDE1C Human ccagctctgcttctctgtca catcgctggacaatgtcact 25

PGAM1 Human caaaacgcaggacagtctga cgccaagtcctcaccact 5
Pgc1⍺ Mouse gaaagggccaaacagagaga gtaaatcacacggcgctctt 29
RAC1 Human ctgatgcaggccatcaagt caggaaatgcattggttgtg 77

SERPINB5 Human ctgagttgagttgtttttcaatcttc catgttcatcctactacccaagg 88
SOD3 Human ggtgcagctctcttttcagg aacacagtagcgccagcat 17
STAT1 Human gagcttcactcccttagttttga cacaacgggcagagaggt 64
Stat1 Mouse tgagatgtcccggatagtgg cgccagagagaaattcgtgt 99
STAT2 Human tgcagttcctctgtcacacc ggtttgatttgggactttggt 22
Stat2 Mouse ggaacagctggaacagtggt gtagctgccgaaggtgga 19

STXBP2 Human cggtggagaagctgtgtagtg ccttgatcttctccccctct 15
TNXB Human tgctccagagaggaaagagg actgtcagttcccccagga 1
Tnxb Mouse gcctcataggcctcaaacg gggctgtggtgtcttctcc 94
UGP2 Human caaaatgccattgacatgga tttgatggcagcccctact 58
YBX1 Human ggagggtgctgacaacca gctgtctttggcgaggag 2
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III.1.3 RNA sequencing 
 

Two different experiments were conducted to be further analyzed by RNA sequencing.  

For the first type of RNA sequencing experiments, PC3 TRIPZ PGC1A cells pre-induced 

for three days, were seeded into 6-well plates (75,000 cells/well) and left to grow for another three 

days (FigM 13A). After this time, samples were collected for RNA sequencing analysis. Four 

independent experiments were performed.  

For the second type of RNA sequencing experiment, PC3 recipient cells were seeded 

into 6-well plates (75,000 cells/well). Next day, once cells had attached to the plates, media was 

removed, cells were washed with DPBS 1X and secretomes produced by PGC1α-expressing and 

non-expressing PC3 producer cells were used for treating PC3 recipient cells for a period of 48 

hours (FigM 13B). After this 48-hour-period, supernatants were removed, cells were washed with 

DPBS 1X and snap-frozen using liquid nitrogen. Plates were then kept at -80 ºC for later 

processing. Three independent experiments were done.  

 
Figure M 13. RNA sequencing experimental settings. A-B. PGC1α-expressing and non-expressing cells 

(A) and PC3 recipient cells are analyzed by RNA sequencing (B).  

 

RNA was extracted following the Macherey-Nagel protocol, followed by the RNA 

concentration measurement using Nanodrop ND-1000 Spectrophotometer. RNA was then 

processed at the Genomics Platform at CIC bioGUNE by Dr. Ana Aransay, Laura Bárcena and 

Dr. Monika González as follows:  

The quantity and quality of the RNAs were evaluated using Qubit RNA HS Assay Kit 

(Thermo Fisher Scientific, Cat. #Q32855) and Agilent RNA 6000 Nano Chips (Agilent 

A

B
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Technologies, Cat. #5067-1511), respectively. Sequencing libraries were prepared following 

“TruSeq Stranded mRNA Sample Preparation Guide (Part #15031058 Rev.E)” using the 

“TruSeq® Stranded mRNA Library Prep” kit (Illumina Inc. Cat. #20020594) and TruSeq RNA 

Single Indexes (Illumina Inc. Cat. #20020492 and #20020493). 

Starting from 1000 ng of total RNA, mRNA was purified, fragmented, and primed for 

cDNA synthesis. cDNA first strand was synthesized with Super Script-II Reverse Transcriptase 

(Thermo Fisher Scientific, Cat. #18064-014) for 10 minutes at 25 °C, followed by 15 minutes at 

42 °C, 15 minutes at 70°C and finally paused at 4 °C. cDNA second strand was synthesized using 

Illumina reagents at 16 °C for 1 hour and was followed by A-tailing and adaptor ligation. Finally, 

enrichment of libraries was achieved by PCR (30 seconds at 98 °C ;15 cycles of 10 seconds at 

98 °C, 30 seconds at 60 °C, 30 seconds at 72 °C; 5 minutes at 72 °C and paused at 4 °C). Finally, 

amplified libraries concentration was determined with Qubit fluorometer using the Qubit® dsDNA 

HS assay kit (Invitrogen, Cat. #Q32854) and their size distribution was assessed running an 

aliquot on an Agilent Technologies 2100 Bioanalyzer, using an Agilent High Sensitivity DNA Chip 

(Agilent Technologies, Cat. # 5067-4626). 

RNA sequencing functional analysis was carried out by Ana R. Cortázar using DESeq, 

EdgeR and LimmaVoom platforms. Enrichment analyses were performed using Cancertool 

interface (Cortazar et al. 2018). This tool highlights the most relevant GO terms associated with 

a given gene list. Biological Process (BP), Molecular Function (MF) and Cellular Component (CC) 

categories were assessed. In addition, transcription factor (TF) enrichment analysis was 

performed. Only enriched terms with an adjusted p-value < 0.05 were considered for comparison 

and discussion. 

Gene set enrichment analysis (GSEA) was performed for analyzing data obtained from 

the RNA sequencing of the PC3 TRIPZ PGC1A cells. GSEA 4.1.0 software from the Broad 

Institute and UC San Diego was used (Subramanian et al. 2005). In order to proceed with the 

analysis, gene expression levels of doxycycline-induced and non-induced genes was uploaded, 

and the number of permutations and threshold set where 1000 and 0.05 correspondingly.  
 

III.2 Protein expression analysis 

III.2.1 Enzyme-linked Immunosorbent Assay (ELISA) 
 

For analysis of IFN-β presence in the whole cell secretomes produced by PGC1α-

expressing and non-expressing PC3 cells, an ELISA Quantikine Human IFN-β immunoassay 

(R&D Systems, Ref. DIFNBO) was performed following the suppliers’ guidelines. Briefly, to 

produce the secretomes, cells were pre-induced for three days and then plated into 12-well plates 

at high confluences (50,000 cells/ well) refreshing the doxycycline in the induced condition. RNA 

(day 3 and day 6) was seeded in parallel to have a control of the system and at the day of 

secretome collection, producer cells were fixed in 10% formalin to obtain crystal violet absorbance 

readout of the cell densities (FigM 14). Differential secretomes were collected at days 3 and 6 

after experiment seeding and were centrifuged for 10 minutes at 500 x g and 10 ºC to remove cell 
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debris. Then, protocol was followed until the final step in which, supernatants’ optical densities 

were determined in a 96-well plate reader (Gene5, software version 3.08.01).  Microplate was 

read at 450 nm, and at 540 nm. This last measurement was done to subtract the values to the 

ones obtained at 450 nm and thus, correcting optical imperfections of the plate. The 

concentrations of IFN-β obtained (pg/ml) were relativized to the density of producer cells at the 

day of the collection of the secretomes. This value, which was obtained by crystal violet staining, 

was previously normalized to the day 0 (seeding day) to eliminate possible differences due to 

seeding variability. ELISA experiment was performed with the kind support of the Inflammation 

and Macrophage Plasticity Lab (CIC bioGUNE), led by Dr. Juan Anguita.  

 
Figure M 14. Measurement of IFN-β in cell secretomes produced by PGC1α-expressing and non-

expressing cells by ELISA.  

 

III.2.2 Secretome protein precipitation 
 

For whole secretome protein analysis by western blot, protein was chemically precipitated 

using GE Health 2-D Clean-Up Kit (Sigma-Aldrich, Ref. 80-6484-51). The manufacturer’s protocol 

was followed with a minor change in step nº 11, where samples were incubated overnight instead 

30 minutes, following Dr. Mikel Azkargorta’s (Proteomics Platform at CIC bioGUNE) advice. Big 

protein pellets were obtained at the end of the protocol, which were resuspended in Lämmli buffer 

5X for further analysis.  

 

III.2.3 Protein extraction 
 

For protein expression analysis, 75,000 cells/well were seeded into 6-well plates and left 

to grow for three days before performing protein extraction. In secretome experiments, in order 

to confirm the expression of PGC1α upon treatment with doxycycline, a pellet containing 1x106 

cells was taken for protein extraction. For the protein extraction, media was removed, followed by 

a 1X PBS washing step and then, samples were processed or frozen in liquid nitrogen for later 

processing. Cells were lysed using RIPA buffer containing the following components: 50 mM 
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TrisHCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.10% SDS, 1% Sodium Deoxycholate, 1% NP-40, 

1 pill of complete protease inhibitors cocktail (Roche, Ref. 11836170001) per 50 ml of buffer, and 

1 mM of sodium fluoride, sodium orthovanadate and β-glycerol phosphate.  Once the lysis buffer 

was added, samples were kept in ice for 15-20 minutes (being vortexed every 5 minutes) and 

centrifuged at 12.000 rpm and 4 ºC for 10 minutes. Finally, the supernatants were collected and 

transferred to fresh Eppendorf tubes.  

For extraction of protein from murine xenografts, tissues were transferred to tubes 

containing 400 µl RIPA lysis buffer (50 mM TrisHCL pH=7.5, 150 mM NaCl, 1mM EDTA, 0.10% 

SDS, 1% Sodium Deoxychlorate, 1% NP-40), containing 2 mM of phosphatase inhibitors (sodium 

fluoride, sodium orthovanadate and β-glycerophosphate) and two pills of protease inhibitor 

cocktail (Roche). Precellys® machine was used to homogenize the tissues as previously 

explained in III.1.1. 

 

III.2.4 Protein quantification and sample preparation 
 

Protein was quantified using PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific, 

Ref. 23225). Samples were prepared in Lämmli 5X sample buffer (10% SDS, 50Mm Tris pH 6.8, 

10% H2O, 50% Glycerol, 1% β-mercaptoethanol, 0.01M DTT and 0.2 mg/ml of bromophenol blue) 

and kept at -20 ºC for further analysis by western blot. For analysis of EVs by western blot, 

samples were prepared in non-reducing conditions using Lämmli LDS NuPAGE™ (4X) (Thermo 

Fisher Scientific, Ref. NP0007). 

 

III.2.5 Western blotting (WB) 
 

Protein lysates with Lämmli 1X were boiled at 95 ºC for 5 minutes to denaturalize the 

protein. For EVs samples, boiling was performed at ever increasing temperatures (37 ºC, 65 ºC 

and 95 ºC), each of them for 5 minutes. After boiling, samples were spined down and loaded (5-

20 µg protein) into NuPAGE® Novex® 4-12% Bis-Tris Midi Protein gels (Invitrogen, Ref. 

NG1403BX10) and run in MOPS SDS buffer (NuPAGE® NP0001-02). For EVs, samples were 

loaded into Mini-Protean TGX Precast Gels (Biorad, Ref. 456-1085) gels and run inTris Glycine 

SDS buffer (National Diagnostics, Ref. EC-870).  Both types of gels were resolved at 200 V until 

the desire level and using as protein weight marker, Nippon (Ref. MWP02), Western Sure 

Prestained (Ref. 926-98000) or Biorad Precision Plus (Ref. 161-0374), which was kindly provided 

by the group of Dr. Juan Anguita. Once proteins had run, they were transferred to nitrocellulose 

membranes (Amersham Protran, Ref. 10600001) at 100 V for 1 hour in 1X transfer buffer (Biorad, 

Ref. 1610771). Membranes were then blocked in 5% non-fat milk prepared in Tris-buffered saline 

solution containing 0.01% Tween-20 (TBS-T).  

Primary antibodies were prepared in TBS-T with 0.002% sodium azide to allow good 

antibody conservation and incubated with the membranes overnight at 4 ºC. Next day, 

membranes were washed three times (10 minutes each) in TBS-T and were incubated for 1 hour 
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at room temperature with the secondary antibody, which was prepared in milk 5%. Following this 

step, membranes were washed again three times and developed with home-made ECL solution. 

ECL preparation is based on mixing two solutions (A and B) that contain the following compounds: 

solution A: 10% Tris pH 8.5, 90% H2O, 0.2 mM coumaric acid (Sigma, Ref. 9008) and 1.25 mM 

luminol (Sigma, Ref. 09253) and solution B: 10% H202. Three microliters B solution are mixed per 

1 ml of solution A. See Table M 5 for antibody references and the conditions of use. 
 
Table M 5. References and preparation of primary and secondary antibodies employed for Western 

blotting.  

 
 

III.2.6 Proteomics analysis 
 

Secretomes produced  in vitro  

EVs and whole cell secretomes, both produced by PGC1α-expressing and non-

expressing PC3 cells, were analyzed by label-free liquid chromatography-mass spectrometry 

proteomics (LC-MS proteomics). For EVs extraction, protocol from section II.1.2 was followed, 

although the producer cells seeding confluence and time-points used were slightly different. A 

total number of 7x106 PC3 cells were plated per 150 mm plate in both conditions (PGC1α-

expressing and non-expressing) (FigM 15A). After 48 hours, SN was removed and fresh DMEM 

ExoFree was added to each plate, refreshing the doxycycline in the induced condition. Twenty-

four hours later, SN were collected and subjected to ultracentrifugation steps for EVs isolation.  

For production of whole cell secretomes, PC3 TRIPZ PGC1A cells were pre-induced with 

doxycycline for three days and seeded at high confluences in 100 mm plates (4x106 PGC1α-

expressing and non-expressing cells) (FigM 15B). Next day, SN was removed, cells were washed 

Antibody Reference Species Dilution
c-MYC Cell Signaling Technology #13987S Rabbit 1:1000

CD63 (H5C6) Developmental Studies Hybridoma Bank Mouse 1:1000
CD9 R&D Systems #209306 Mouse 1:1000

COX IV (4D11-B3-E8) Cell Signaling Technology #11967 Mouse 1:1000
ERRα (E1G1J) Cell Signaling Technology #13826 Rabbit 1:1000

GAPDH Cell Signaling Technology #2118 Rabbit 1:1000
Grp78 (40/BiP) BD Biosciences Mouse 1:1000

HSP90 Cell Signaling Technology #4874 Rabbit 1:1000
ITGβ4 Cell Signaling Technology #4707 Rabbit 1:1000

PGC1α Santa Cruz Biotechnology 
sc-13067 Rabbit 1:700

Phospho-STAT1 Cell Signaling Technology #9167 Rabbit 1:1000
Total-cofilin Cell Signaling Technology #5175 Rabbit 1:1000
Total-STAT1 Cell Signaling Technology #14994S Rabbit 1:1000
α -tubulin Cell Signaling Technology #5335 Rabbit 1:1000

β-actin Sigma A5316 Mouse
Secondary Rabbit Ab Jackson ImmunoResearch Rabbit 1:4000

Secondary Mouse Jackson ImmunoResearch Mouse 1:4000
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three times with DPBS 1X to remove FBS and then, serum-free DMEM was added. Three hours 

later, secretomes were collected, centrifuged at 500 x g for 10 minutes and at 10 ºC.  

 
Figure M 15. Experimental settings followed for LC-MS proteomics analysis. A-B. PGC1α-expressing 

and non-expressing cells are seeded to obtain EVs (A) and whole secretomes (B) to perform proteomics 

analysis.  

 

Once collected, whole secretomes and EVs were kept at -80 ºC to further perform LC-

MS proteomics analysis as follows: 

In solution digestion: Secretome samples were precipitated using the GE Health 2-D 

Clean-Up Kit (Sigma-Aldrich, Ref. 80-6484-51) before any further processing and resuspended 

directly in the protein extraction buffer. Whole secretome and EVs protein was extracted using 

7M urea, 2M thiourea, 4% CHAPS. Samples were incubated for 30 minutes at RT under agitation 

and digested following the filter-aided sample preparation (FASP) protocol described by 

Wisniewski and colleagues (Wiśniewski et al. 2009)  with minor modifications. Trypsin was added 

to a trypsin: protein ratio of 1:10, and the mixture was incubated overnight at 37ºC, dried out in a 

RVC2 25 speedvac concentrator (Christ), and re-suspended in 0.1% formic acid (FA). 

A

B
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Mass spectrometry analysis: Secretome and EVs samples were either analysed in an 

Orbitrap XL ETD mass spectrometer (Thermo) or a timsTOF Pro with PASEF (Bruker Daltonics). 

The Orbitrap XL ETD mass spectrometer was connected to a nanoACQUITY UPLC System 

(Waters). Sample was loaded onto a Symmetry 300 C18 UPLC Trap column (180 μm x 20 mm, 

5 μm (Waters) and resolved in a BEH130 C18 column (75 μm x 200 mm, 1.7 μm (Waters). The 

mass spectrometer automatically switched between MS and MS/MS acquisition in DDA mode, in 

an alternating fashion. Full MS survey spectra (m/z 400–2000) were acquired in the Orbitrap with 

30000 resolution at m/z 400. The six most intense ions were subjected to CID fragmentation in 

the linear ion trap. Precursors with charge states of 2 and 3 were specifically selected for 

fragmentation. Analyzed ions were excluded from further analysis for 30 seconds using dynamic 

exclusion lists. 

The timsTOF Pro with PASEF was coupled online to a nanoElute liquid chromatograph 

(Bruker). Sample (200 ng) was directly loaded in a 15 cm Bruker nanoelute FIFTEEN C18 

analytical column (Bruker) and resolved at 400 nl/min with a 30-minute gradient. Column was 

heated to 50 ºC using an oven. 

Differential expression analysis: Progenesis LC-MS software (Nonlinear Dynamics 

Ltd., Newcastle upon Tyne, UK) was used for the differential protein expression analysis of the 

LTQ Orbitrap XL ETD samples. Searches were carried out suing Mascot (Matrix Science). 

Tolerances of 10ppm and 0.5 Da were used for precursor and fragment searches, respectively. 

Only peptides passing the FDR < 1% filter were considered for further analysis. Protein 

quantitation was performed using the information concerning to the three most intense peptides 

(when available), and only proteins quantified with least two peptides at an FDR<1% were 

considered for further analysis. 

On the other hand, data coming from the timsTOF Pro with PASEF was analyzed using 

PEAKS software (Bioinformatics solutions). Searches were carried out against a database 

consisting of Homo sapiens entries (Uniprot/ Swissprot), with precursor and fragment tolerances 

of 20 ppm and 0.05 Da. Only proteins identified with at least two peptides at FDR<1% were 

considered for further analysis.  

Data coming from both LTQ Orbitrap XL ETD and timsTOF Pro with PASEF was loaded 

onto Perseus platform (Tyanova et al. 2016) and further processed (log2 transformation, 

imputation). A t-test was applied in order to determine the statistical significance of the differences 

detected between the corresponding groups. 

Functional analysis of the protein candidates found altered between both conditions was 

performed with Cancertool as described in section III.1.3. For that, protein names were first 

converted into gene names.  

 

Secretome produced  in vivo  

Tumor interstitial liquid (TIL) obtained from the anterior prostate of three-month Ptenpc-/- 

(KO) and Ptenpc-/- Pgc1αpc-/- (DKO) mice was subjected to label-free LC-MS proteomics analysis 

as follows: 
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In solution digestion: Samples were resuspended directly in the protein extraction buffer 

(7M urea, 2M thiourea, 4% CHAPS) and incubated for 30 minutes at RT under agitation. Then, 

samples were digested following the filter-aided sample preparation (FASP) protocol described 

by Wisniewski and colleagues (Wiśniewski et al. 2009) with minor modifications. Trypsin was 

added to a trypsin: protein ratio of 1:10, and the mixture was incubated overnight at 37ºC, dried 

out in a RVC2 25 speedvac concentrator (Christ), and re-suspended in 0.1% formic acid (FA). 

Mass spectrometry analysis: TIL samples were either analyzed in a timsTOF Pro with 

PASEF (Bruker Daltonics) coupled online to a nanoElute liquid chromatograph (Bruker). Sample 

(200 ng) was directly loaded in a 15 cm Bruker nanoelute FIFTEEN C18 analytical column 

(Bruker) and resolved at 400 nl/min with a 30-minute gradient. Column was heated to 50 ºC using 

an oven. 

Differential expression analysis: Data coming from the timsTOF Pro with PASEF was 

analyzed using PEAKS software (Bioinformatics solutions). Searches were carried out against a 

database consisting of Mus musculus entries (Uniprot/ Swissprot), with precursor and fragment 

tolerances of 20 ppm and 0.05 Da. Only proteins identified with at least two peptides at FDR<1% 

were considered for further analysis. Data was loaded onto Perseus platform (Tyanova et al. 

2016) and further processed (log2 transformation, imputation). A t-test was applied in order to 

determine the statistical significance of the differences detected between the corresponding 

groups. 

Functional analysis of the protein candidates found altered between both conditions was 

performed with Cancertool as described in section III.1.3. For that, mouse protein names were 

first converted into human gene names.  

Label-free LC-MS proteomics was done in collaboration with the Proteomics Platform at 

CIC bioGUNE, and was carried out by Dr. Felix Elortza, Dr. Mikel Azkargorta and Iraide Escobes. 

 

III.3 EVs characterization techniques 

III.3.1 Nanoparticle-tracking analysis (NTA) 
 

EVs size distribution was analyzed by nanoparticle-tracking analysis (NTA). Particle’s 

Brownian motion was measured using a NanoSight LM10 system (Malvern, UK). The device is 

equipped with a 450 nm blue laser, a fast video capture and particle-tracking software that allow 

the measurement of the particles’ size distribution and concentration in a liquid suspension. The 

laser goes through the sample and allows to measure light dispersion generated by the particles 

that are contained in the suspension. These particles can be observed through a microscope that 

is connected to a camera that captures their movement. The movement of each particle is tracked 

with the software (NTA 3.4), and through the equation of Stokes-Einstein, diameter is calculated.  

Before running samples, NanoSight device was calibrated using Polystyrene Latex 

Microspheres 100 nm. Then, EVs were prepared in a 10:500 dilution (10 µl EVs in 500 µl DBPS 

1X) and after mixing well, sample was loaded through a 1 ml syringe into the device. For each 

preparation analyzed, parameters were kept equal (camera level 12, threshold 5), temperature 
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was monitored and two videos, each of 40 seconds were performed. Videos were analyzed to 

give the mean, mode and median vesicle size as well as the concentration. For data processing, 

only particles sizing up to 500 nm were considered, this was due to the higher accuracy of the 

device in this range of size.  

EVs measurement by NTA was done with the support of Dr Juan M. Falcón and Dr. Félix 

Royo and Dr. Esperanza González (Exosomes Lab) at CIC bioGUNE.  

 

III.3.2 Electron Microscopy (EM) 
 

EVs samples were processed at the Spanish National Cancer Research Center (CNIO, 

Madrid) Electron Microscopy Unit by Dr. Jasminka Boskovic and Carlos Rodríguez. For negative 

staining, purified EV fractions were applied onto freshly glow-discharged, carbon-coated, 400-

mesh copper EM grids at a concentration of 0.1 mg/ml in a final volume and incubated for 1 minute 

at RT. The grids were placed consecutively on top of three distinct 50 μl drops of MilliQ water, 

rinsed gently for 2 seconds, laid on the top of two different 50 μl drops of 1% uranyl acetate (pH 

= 3), and stained for 1 minute. Finally, the grids were gently side blotted for 5 seconds and air 

dried. Grid visualization was performed on a Tecnai 12 transmission electron microscope (Thermo 

Fisher Scientific). Images were recorded at 21,900 nominal magnifications with a 4kx4k TemCam-

F416 CMOS camera (TVIPS). 

IV In vivo analysis 

IV.1.1 Animal maintenance 
 

Mouse experiments were conducted in accordance with the ethical guidelines established 

by the Biosafety and Animal Welfare Committee at CIC bioGUNE, the Institutional Ethics 

Committee of the Spanish National Cancer Research Center (CNIO, Madrid) and the Institutional 

Animal Care and Use Committee of the Institute for Research in Biomedicine (IRB, Barcelona). 

All procedures were performed following the recommendations from AAALAC. Mice were housed 

in isolated cages with controlled ventilation, humidity (30-50% relative humidity), temperature (22 

± 2 ºC) and photoperiods of 12:12 h (light: dark cycles). Animals had water and sterile food pellets 

available ad libitum, unless specified for experimental designs. Mice were fasted for six hours 

prior to tissue harvest to prevent any metabolic alteration due to immediate food intake. For intra-

cardiac injections, mice were anaesthetized with a mixture of ketamine (80 mg/kg) and xylazine 

(8 mg/kg). At experimental end points, animals were sacrificed either by cervical dislocation or 

CO2 inhalation followed by cervical dislocation. Depending on the type of experiment, once 

animals were euthanized, blood, ascites, prostate glands, lymph nodes, brain, spleen, and bones 

were harvested and kept in 10% formalin, optimal cutting temperature compound (OCT) or frozen 

at -80 ºC for further analysis.  
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IV.1.2 Genetically engineered mouse models (GEMMs) 
 

For this thesis work, two mouse models have been used: mice with conditional tissue 

specific Pten knockout (termed KO) and mice with a double deletion of Pten and Pgc1α (termed 

DKO). The latter mouse line was generated by Dr. Verónica Torrano and Dr. Arkaitz Carracedo 

as follows:  

Mice with conditional tissue specific Pten knockout (C57BL6/129 sv; Pb-Cre4; Ptenlox/lox) 

were kindly provided by Dr. Pandolfi. On the other hand, mice with conditional tissue specific 

Pgc1α null homogeneous background model were supplied by Dr Spiegelman. The Cre 

recombinase expression under the control of androgen-dependent ARR2B Probasin promoter 

(Pb-Cre4) allowed the deletion of Pten and Pgc1α in the prostate epithelium when mice reached 

puberty.  

By breeding Pten prostate-specific knockout mice (Pb-Cre4; Ptenlox/lox) and Pgc1α 

conditional knockout mice (Pgc1αlox/lox) a new mouse line, termed PTP was generated. For that, 

both mouse lines were crossed for at least three generations to finally obtain a founder colony 

with mixed homogeneous background. Probascin Cre was always retained in male mice, since in 

females Pb-Cre4 expression in utero can lead to recombination in embryos during pregnancy. 

Prostate Pten/ Pgc1α deleted male mice were termed pc -/+ (heterozygous) or pc -/- (homozygous 

knockout) for each gene. Three-month Ptenpc-/- and Ptenpc-/- Pgc1αpc-/- mouse samples were used 

in the present thesis work.  

 

IV.1.3 Isolation of tumor interstitial liquid from GEMMs 
 

Tumor interstitial liquid (TIL) was isolated from three-month Ptenpc-/- (KO) and Ptenpc-/- 

Pgc1αpc-/- (DKO) mice. Following the ethical guidelines mentioned above, mice were sacrificed, 

and the prostate (anterior, ventral, and dorso-lateral prostate) was extracted. For obtaining the 

TIL, the mouse anterior prostate was introduced into an Eppendorf tube and centrifuged for 10 

minutes at 1500 rpm and 4 ºC. Once the centrifuge step finished, prostate tissue was transferred 

into a fresh tube, remaining the TIL in the bottom of the Eppendorf tube. Both, the tissue, and the 

TIL were snap-frozen in liquid nitrogen and stored at -80 ºC for further analysis.  

 

IV.1.4 Subcutaneous xenograft experiments in nude mice 
 

One million PC3 PGC1A cells (sgCtl and sgERRα#1) in suspension were subcutaneously 

injected into male nude mice (Harlan Laboratories, France) in both flanks. Tumor size was 

measured three times a week (Monday, Wednesday, and Friday) using a caliper, and tumor mass 

was estimated using the formula of spheroid volume: volume = length x width2 x 0.526. Once 

tumors reached an average size of 100 mm3, animals were assigned to chow or doxycycline diet 

regime (Research diets, Ref. D12100402). After euthanasia, tumors were weighted, and tissue 
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was fresh frozen to further perform molecular analyses or embedded in paraffin for histological 

examination.  

This experiment was led by Dr. Lorea Valcárcel with technical support of Dr. Ivana 

Hermanova and myself. 

 

IV.1.5 In vivo metastasis assay: soluble factors 
 

Ten-week-old male athymic Nude-Foxn1 mice (Harlan Laboratories, France) were 

treated throughout two weeks, via retro-orbital injection with 10 µg of Amicon-concentrated 

soluble factors (SFs) in a final volume of 100 µl, obtained from a total volume of 160 ml of cell 

secretome produced by PGC1α-expressing and non-expressing cells (FigM 16). For obtaining 

the concentrated SFs, protocol from section II.1.3 was followed, and then, SFs were filtered 

through 10K Amicon tubes to a final volume of 2 ml. 

 
Figure M 16. In vivo metastasis assay. Nude mice are educated with soluble factors prior to the intra-

cardiac injection of the PC3 GFP-luc cells.  

 

SFs injections were performed twice a week, each day in a different eye and once the 

treatment period was over, each mouse was inoculated with 200,000 mycoplasma-free PC3 TGL 

cells resuspended in DPBS 1X via intra-cardiac (IC) injection. Immediately after the inoculation, 

IVIS Spectrum analysis (Perkin Elmer) was performed to verify the correct injection of the cells 

into the mice. Along the experiment, animals were weighted twice a week in order to control their 

health status and the development of the metastasis was assessed by performing in vivo 

bioluminescence imaging with IVIS device at days 6 and 13 after PC3 GFP-luc cells injection. At 
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the time of the experimental endpoint (day 13 after cells injection), ex vivo (necropsy) 

bioluminescent imaging was performed in the organs of interest (femur, lungs, and brain). Images 

were processed and quantified using the Living Image 4.7.2 (62-bit) software. (Units: Radiance 

(Photons)). Photon flux signal was presented as normalized signal, corrected by the basal signal 

obtained at the day of the PC3 GFP-luc cells injection. 

This experiment was performed in collaboration with Dr. Héctor Peinado 

(Microenvironment and Metastasis group) at the Spanish National Cancer Research Center 

(CNIO, Madrid).  

 

IV.1.6 In vivo metastasis assay: extracellular vesicles 
 

Four- to six-week-old male athymic Nude-Foxn1 mice (Envigo) were treated throughout 

two weeks, via retro-orbital injection of 10 µg fresh EVs isolated from induced and non-induced 

PC3 TRIPZ PGC1A cells following the protocol from section II.1.2 (FigM 17).  

 
Figure M 17. In vivo metastasis assay. Nude mice are educated with EVs prior to the intra-cardiac  injection 

of PC3 TGL cells.   

 

EVs were resuspended in DPBS 1X and were administered in a final volume of 100 µl. 

As a control group, mice injected with the same volume of DBPS 1X was included. Injections were 
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performed twice a week, and once the treatment period was over, each mouse was inoculated 

with 200,000 PC3 TGL cells resuspended in PBS via IC injection. Metastases were tracked for 

35 days through in vivo bioluminescence imaging (IVIS Spectrum device, Perkin Elmer). Then, at 

the experimental endpoint, ex vivo (necropsy) imaging of legs, lungs, ribs, and spinal cord was 

performed. Images were processed and quantified using the Living Image software. Photon flux 

values were presented as normalized signal, corrected by the signal measured at day 0. 

Normalized photon flux = (day X signal/day 0 signal) x 1000.  

This in vivo experiment was performed in collaboration with Dr. Gomis and Marc Guiu 

(Growth Control and Cancer Metastasis Group) at the Institute for Research in Biomedicine (IRB, 

Barcelona).  

V Bioinformatics analysis and statistics 
 

All experiments presented in this thesis work were performed a minimum of three times 

(biological replicates) to ensure reproducibility and statistical power. For each in vitro experiment, 

at least two technical replicates were included. Only in vivo experiments were performed once 

but with independent biological replicates. n values represent the number of independent 

experiments performed, number of individual mice or patient dataset number.  

For in vitro experiments, normal distribution was assumed and for one component (fold 

change data normalized to 1) comparisons a one sample t-test was applied. When comparing 

two sets of samples, a parametric t-test was applied. An ANOVA test was performed to compare 

the mean 2D growth levels among cells treated with different proportions of secretomes. 

For in vivo experiments, Gaussian distribution could not be assumed, and therefore a 

non-parametric Mann-Whitney U-test was applied.  

For patient samples data, first a normality test was applied. As data did not follow a normal 

distribution, for correlation analyses, Spearman correlation test was applied. For in vitro data, 

normality was assumed, and Person correlation test was applied. Correlation coefficient (R) 

indicates the relation between two variables (X and Y). R values range between +1 and -1 (both 

included), where 1 is a total positive correlation, 0 is no correlation, and -1 is a total negative 

correlation. The p-value indicates the significance of R coefficient.  

For hypothesis-driven experimental designs, a one-tail statistical analysis was applied, 

whereas in non-predicted experiments, a two-tail statistical test was used. The confidence level 

used for all the statistical analyses was of 95% (alpha value = 0.05).  

Bioinformatics analyses containing patient data were performed taking advantage of the 

following publicly available PCa datasets: Fraser (n=200), Glinsky (n= 79), Grasso (n=88), Kumar 

(n=23), Lapointe (n=26), Taylor (n=179), TCGA (n= 496), Tomlins (n=75) and Varambally (n= 19) 

(Fraser et al. 2017; Glinsky et al. 2004; Grasso et al. 2012; Kumar et al. 2011; Lapointe et al. 

2004; Taylor et al. 2010a; Tomlins et al. 2007; Varambally et al. 2005). 

GraphPad Prism 9 software was used for statistical calculations and representation of 

data and Biorender webtool (BioRender.com) was used for the generation of figures. 
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I Evaluation of the biological impact of the cell secretome on 
prostate cancer aggressiveness 

 

The first objective addressed in the present thesis work was to uncover the biological 

impact of the cell secretome in the aggressive properties of PCa cells. To this aim we used a 

model of PCa previously described in our laboratory that is driven by loss of the metabolic 

regulator PGC1α. The dysregulation of PGC1α happens to occur in different cancer types 

(Andrzejewski et al. 2017; Luo et al. 2016). In the context of PCa, PGC1α was shown to exert a 

tumor and metastasis suppressive function by means of controlling the cell metabolism and 

cytoskeletal rearrangements (Torrano, Valcarcel-Jimenez, et al. 2016; Valcarcel-Jimenez et al. 

2019). Nonetheless, there are still open questions on how PGC1α exerts its tumor suppressive 

activity in PCa. Interestingly, in the last years, a growing number of studies have focused on 

elucidating the role that secreted factors play in cancer progression, therapy resistance and 

metastasis (C. M. Sousa et al. 2016; Mendez et al. 2018; Brady et al. 2016; Martin et al. 2004; 

Cerezo-Wallis et al. 2020; Obenauf et al. 2015; Luga et al. 2012; Rodrigues et al. 2019). In the 

context of PCa, studies have mainly focused on characterizing the protein content of the 

secretome produced by PCa cells with the aim of discovering novel and non-invasive biomarkers 

of tumor progression (Sardana et al. 2008; Martin et al. 2004; Nurdin et al. 2016). Some of these 

investigations also shed light on the important role that secreted entities produced and released 

by the stromal compartment play on the development of PCa (Franco et al. 2011; Zeda Zhang et 

al. 2020; Calcinotto et al. 2018). Nonetheless, up to date, studies encompassing PGC1α and 

cancer secretome regulation have not been done, nor in PCa neither in other cancer types. Up to 

date, few studies showed the role of PGC1α in terms of secretome regulation, focusing one of 

them on mouse muscle physiology and demonstrating a PGC1α-driven myokine secretion that 

impacts on the glucose homeostatic regulation through the crosstalk established between muscle 

cells and pancreatic β cells (Handschin, Choi, et al. 2007). In addition, another study revealed the 

function of PGC1α on the regulation of genes encoding for secreted proteins and ECM 

components in multiple mouse and human cell lines. Various of the candidates identified were 

further confirmed by proteomic analysis of secretomes produced by fibroblasts (Minsky and 

Roeder 2017). A third study was able to demonstrate that PGC1α impacts on the expression of 

several genes in the skeletal muscle, among them Fndc5. This gene encodes for irisdin, a 

myokine that is secreted and further impacts in the overall body energy expenditure (Boström et 

al. 2012) 
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Within this context, we wondered whether the tumor suppressive role of PGC1α which, 

so far, has been attributed to the cell-intrinsic phenomena, may well go beyond that, hence 

presenting PGC1α as a tumor suppressor regulating cell communication by means of secretome 

composition alterations. 

 

 
 

Importantly, in the present work, the term ‘’secretome’’ stems to the whole spectra of 

bioactive molecules released by the cells to the extracellular milieu, and two compartments may 

be distinguished: extracellular vesicles (EVs) and soluble factors (SFs).  

In order to ascertain our hypothesis, we first established an experimental setting that 

could provide us with differential secretomes produced by metastatic cell lines with differential 

expression of PGC1α (FigR 1A). As previously described (Torrano et al. 2016), treatment of PC3 

cells harboring a doxycycline-inducible lentiviral vector (TRIPZ-HA-Pgc1α) were used as a cellular 

system, where ectopic expression of PGC1α upon treatment with doxycycline was confirmed, 

(FigR 1B) and further triggered changes in cell morphology (FigR 1C). PGC1-expressing PC3 

cells present a reduced proliferation capacity compared to the non-PGC1α expressing cells 

(Torrano et al. 2016). On average, PGC1α-expressing cells grow 2.5 times less than the non-

expressing PC3 cells (FigR 1D). We took this fact into consideration and seeded 2.5 times more 

PGC1α-expressing producer cells compared to the non-expressing ones for conducting 

secretome experiments. The reason for doing so was to reach in PGC1α-expressing and non-

expressing conditions the most similar cell number at the day of secretome collection, and thus, 

having a more controlled experimental system. This proportionality was kept along all secretome 

experiments that were done in the present thesis work. Despite we took into consideration the 

differences in cell proliferation, we still counted in most of the experiments a lower number of PC3 

producer cells expressing PGC1α compared to the non-expressing ones (FigR 1E). Once the 

differential secretomes were produced and collected, they were used to treat different PCa cell 

lines that were called ‘’recipient cells’’ (FigR 1F).  

 

HYPOTHESIS 
PGC1α modulates the secretome composition of prostate cancer cells, and 

the latter impacts on the autocrine and paracrine cell communication  
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Figure R 1. Experimental setting and system to assess the biological role of PCa cells secretome. A. 
Timeline of the experimental conditions to obtain the differential secretomes from the producer cells and the 

secretome treatments performed on the recipient cells. B. Analysis of PGC1α expression by Western blot in 

PC3 cells transduced with a doxycycline-inducible TRIPZ-HA-Pgc1α vector. C. Representative images 

showing morphological features of PGC1α-expressing and non-PGC1α expressing PC3 cells. Bar, 50µm. 
D. Proliferation differences observed in PC3 cells with differential expression of PGC1α (n=5). E. Analysis 

of producer cells proliferation rates measured by crystal violet staining at the day of the secretomes collection 

(n=10). F. Experimental design for secretome obtention and further use for treatment of recipient cells. In D 

and E, data is normalized to the –Dox condition, represented with a black dotted line. Statistical analysis: 

One sample t-test establishing 1 as hypothetical value. p, p-value. **p<0.001, ****p<0.0001. Error bars 

indicate s.e.m. 
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I.1 Biological effect of PGC1α-driven secretome in PCa cell lines 

I.1.1 Effect of the cell secretome in cell proliferation 
 

We first assessed the impact of the secretome on cell proliferation. To this end, we 

seeded PC3 recipient cells and evaluated cell growth at days 2, 5 and 7 of treatment with the 

secretomes obtained from PGC1α-expressing and non-expressing cell lines. Results showed a 

time-dependent decrease (reaching a highest and statistically significant drop at day 7 of 

treatment) of cell proliferation on those cells treated with the secretomes produced by PGC1α-

expressing cells (FigR 2A). Next, we sought at evaluating the effect of the secretomes produced 

by PGC1α-expressing and non-expressing PC3 cells in other two PCa metastatic epithelial cell 

lines, DU145 and 22Rv1. The effect of the differential secretomes was in line with what observed 

previously in the PC3 cell line; compared to the cells treated with the secretomes produced by 

cells lacking PGC1α expression, both DU145 and 22Rv1 cells showed a reduction on 2D 

proliferation when treated with the secretomes produced by PGC1α-expressing cells (FigR 2B). 

Importantly, the differential secretomes used for treating recipient cells were obtained from cells 

grown in DMEM, which, is not the optimal media for growing the 22Rv1 cell line and therefore 

cells’ normal growth might have been affected. Nonetheless, for answering this question, PC3 

producer cells with differential expression of PGC1α would need to be cultured in RPMI for 

producing distinct secretomes to treat recipient cells. Finally, microscope images of the recipient 

cells were taken throughout the experiments to keep track of their confluence and to visualize any 

changes in morphology or growth pattern upon treatment with the distinct secretomes. No relevant 

morphological changes were observed in any of the three cell lines evaluated (FigR 2C). 
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Figure R 2.  The PGC1α-driven cell secretome reduces 2D proliferation of a panel of aggressive PCa 
cell lines. A-B. 2D proliferation assay of PC3 (A), DU145 and 22Rv1 (B) cells treated with secretomes 

produced by PGC1α-expressing and non-expressing PC3 cells. A representative image of the crystal violet 

staining is included below the quantifications (n=3-6). C. Representative images in bright field of PC3, DU145 

and 22Rv1 cells treated with the differential secretomes. Bar, 100µm. P: secretome-producer cells. R: 

recipient cells. S+Dox: secretome produced by PGC1α-expressing cells. In A and B, data are normalized to 

the S-Dox (non-PGC1α expressing) condition, depicted by a black dotted line. Statistical analysis: One 

sample t-test establishing 1 as hypothetical value. p, p-value. *p<0.05, **p<0.001, ***p<0.001. n.s.=not 

significant. Error bars indicate s.e.m. 
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or untreated PC3 TRIPZ control cells (FigR 3B). We therefore confirmed that the use of 

doxycycline did not compromise the experimental outcomes.  

Figure R 3. Proliferation of PC3 recipient cells educated with secretomes produced by doxycycline 

treated and untreated PC3 producer cells. A. Cell proliferation analysis of the PC3 TRIPZ producer cells 

at the day of secretome collection (n=3). B. Analysis of 2D proliferation of PC3 cells treated throughout 7 

days with the secretome produced by PC3 TRIPZ cells (empty vector) in the presence or absence of 

doxycycline (n=3). +Dox: cells treated with doxycycline. P: secretome producer cells. R: recipient cells. 

S+Dox: secretome obtained from producer cells treated with doxycycline. In A and B data are normalized to 

the –Dox/ S-Dox conditions, both depicted by a black dotted line. Statistical analysis: One sample t-test 

establishing 1 as hypothetical value. n.s.=not significant. Error bars indicate s.e.m.  

 

We finally wondered whether increasing percentages of S-Dox (secretome derived from 

non-PGC1α expressing cells) would blunt the anti-proliferative effect of the secretome S+Dox 
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Figure R 4. Cell proliferation of recipient cells is recovered when treated with ever-increasing 
proportions of secretome derived from non-PGC1α expressing cells. A. Schematic representation of 

the experimental conditions. B. 2D proliferation of recipient cells treated with increasing proportions of S-

Dox for seven days (n=4). P: secretome-producer cells. R: recipient cells. S: secretome. Minus symbol: 

absence of doxycycline. Plus symbol: presence of doxycycline. Percentage symbol: proportion of S- or S+ 

mixed for the secretome treatments. Data in B are normalized to the S–100% condition. Statistical analysis: 

ANOVA test.  p, p-value. Error bars indicate s.e.m.  

 

I.1.2 Role of the cell secretome in cell migration 
 

We next evaluated the role of the PGC1α-regulated secretome in PCa cells migration 

capacity, which is one of the key features that malignant cells need to acquire in order to 
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migration assay as well as migration experiments in co-culture. 
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PC3 producer cells expressing or not PGC1α were seeded in the bottom wells of Boyden 

chambers and after growing for 24 hours, PC3 recipient cells were pipetted in the Boyden 

chamber transwells. PC3 recipient cells were left to migrate for 24 hours. Although not statistically 

significant, cells that had been co-cultured in the presence of PGC1α-expressing PC3 cells, 

migrated slightly less than those cells grown in an environment with non-PGC1α expressing cells 

(FigR 5E).  

Overall, we concluded that the secretome regulated by PGC1α exerts no significant 

impact on the migration capacities of recipient cells. 

 
Figure R 5. Effect of the secretome in cell migration. A-B. Migration capacity of PC3 recipient cells 

measured by wound healing assay (A) and further normalized to the cell proliferation levels of PC3 recipient 

cells (B). C. Panels show representative images of the wounded areas at the time of the scratch performance 

(T 0h) and at the time at which experiment is stopped (T 24h). Crystal violet staining representative image 

is shown as a control of cell confluence at 24 hours. D. Transwell migration capacity of PC3 recipient cells 

treated throughout five days with differential secretomes. E. PC3 recipient cells migration capacity in co-

culture with PC3 cells expressing or not PGC1α (n=3). In A and D data is normalized to the –Dox condition, 

both represented with a black dotted line. In B data is relativized to the proliferation rate at T 24h and to the 

-Dox condition, depicted by a black dotted line. In E data is normalized to the –Dox condition and to the 

growth rate of the producer cells, depicted by a black dotted line. P: secretome-producer cells. R: recipient 

cells. T: time. S+Dox: secretome produced by PGC1α-expressing cells. Statistical analysis: One sample t-

test establishing 1 as hypothetical value. *p<0.05, n.s.=not significant. Error bars indicate s.e.m. 
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I.1.3 The PGC1α-ERRα transcriptional axis regulates the cell secretome  
 

The metabolic co-regulator PGC1α exerts its multiple functions by means of interacting 

with different transcription factors (Charos et al. 2012). One of these transcription factors is ERRα, 

which is known to cooperate with PGC1α to regulate the expression of mitochondrial biogenesis 

and oxidative phosphorylation genes (Huss, Kopp, and Kelly 2002; Mootha, Handschin, Arlow, 

Xie, Pierre, et al. 2004). Moreover, expression of PGC1α increases ERRA gene expression levels 

(Laganière et al. 2004). In the context of PCa, we previously showed how the PGC1α-ERRα 

transcriptional axis exerts an anti-tumoral and anti-metastatic activity (Torrano, Valcarcel-

Jimenez, et al. 2016; Valcarcel-Jimenez et al. 2019) and this is based on cell-intrinsic molecular 

events. Taking these data into consideration and having previously shown the drop in proliferation 

of those cells treated with the secretome produced by PGC1α-expressing cells compared to the 

non-expressing ones (FigR 2A-B), we wondered whether this secretome-mediated effect could 

also be dependent on ERRα. In order to test this idea, we took advantage of PGC1α doxycycline 

inducible PC3 cells where ERRA was deleted using CRISPR/Cas9 technology (FigR 6A). As 

previously described, ERRA deletion blunts the anti-proliferative, anti-invasive and the 

morphological changes known to be driven by PGC1α, thus, showing how closely PGC1α 

depends on ERRα (Valcarcel-Jimenez et al. 2019). Regarding the biological effect of the 

secretome, we treated PC3 cells with the secretome produced by PC3 cells with differential 

expression of both, PGC1α and ERRα (FigR 6B). To perform these experiments, we again took 

into consideration the differences in proliferation and thus seeded the producer cells at 

proportional confluences. By doing so, we obtained quite similar number of producer cells at the 

day of secretome collection (FigR 6C).  Notably, PC3 recipient cells treated with the secretome 

produced by cells expressing PGC1α and ERRα showed a marked reduction in proliferation 

compared to the rest of the conditions in which, PC3 cells were treated with secretomes produced 

by cells with or without PGC1α expression in combination with ERRα deletion (FigR 6D). Overall, 

these experiments let us conclude that ERRα is required to exert the non-cell autonomous 

PGC1α-mediated anti-proliferative effect of PCa epithelial cells.  
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Figure R 6. PGC1α cell-extrinsic anti-proliferative effect is dependent on ERRα. A. Schematic overview 

of the three PC3 cell lines used for the generation of secretomes used for treating PC3 recipient cells. B. 

Protein expression analysis of ERRα and PGC1α in doxycycline-induced cell lines transduced with sgRNA 

constructs targeting ERRA (sgERRα#1 and sgERRα#2). One representative experiment out of 3 is shown. 

C. 2D proliferation of PC3 cells with combined expression of PGC1α and ERRα deletion. D. Representative 

crystal violet staining and quantification of PC3 recipient cells proliferation after seven-day treatment with 

the secretomes produced by PC3 cells with combined expression of PGC1α and ERRα deletion (n=3). P: 

secretome-producer cells. R: recipient cells. S: secretome. +Dox: PGC1α-expressing condition. In C, data 

is normalized to the S_sgCtl–Dox condition, depicted by a black dotted line. Statistical analysis: In C and D, 

one sample t-test establishing 1 as hypothetical value. Unpaired parametric one-tail t-test. Asterisks indicate 

statistical differences between S_sgCtl-Dox and the rest of the conditions and the dollar symbol indicates 

the statistical differences between S_sgCtl+Dox and S_sgERRα#1+Dox/ S_sgERRα#2+Dox. p, p-value. 

*/$p<0.05. n.s.=not significant. Error bars indicate s.e.m. 
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Amicon tubes with a 10-KDa cut-off, obtaining two fractions: one with molecules bigger than 10 

KDa (S>10K) and another one with molecules smaller than 10 KDa (S<10K). Strikingly, we only 

reproduced the drop in proliferation of PC3 cells treated with S>10K (FigR 7A), observing no 

changes among groups in cells treated with S<10K (FigR 7B). As shown in FigR 7A, PC3 cells 
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treated with the secretome produced by PGC1α and ERRα-expressing cells grew statistically 

significant less compared to the remaining groups. PC3 cells treated with any of the secretome 

conditions smaller than 10 KDa experienced no significant differences in proliferation. Overall, 

these experiments brought us to the conclusion that metabolites are not drivers of the anti-

proliferative effect, and there must be a-bigger-than 10 KDa secreted factor/s present or absent 

in the secretome produced by PC3 cells with an activated PGC1α-ERRα transcriptional axis.  

 

 
Figure R 7. The cell extrinsic PGC1α anti-proliferative effect is observed in the secretome fraction 
containing molecules bigger than 10 KDa. A-B. PC3 recipient cells treated throughout seven days with 

secretome fractions containing molecules bigger (A) or smaller (B) than 10 KDa size obtained from producer 

cells with combined expression and deletion of PGC1α and ERRα (n=3). P: secretome-producer cells, R: 

recipient cells. S: secretome. S>10K: secretome containing molecules bigger than 10 KDa size. S<10K: 

secretome containing molecules smaller than 10 KDa size. +Dox: PGC1α-expressing condition. In A and B, 

data are normalized to the S>10K_sgCtl-Dox/S<10K_sgCtl-Dox condition, depicted by a black dotted line. 

One representative image of crystal violet staining is shown out of 3 independent experiments. Statistical 

analysis: One sample t-test establishing 1 as hypothetical value. Unpaired parametric one-tail t-test. 

Asterisks indicate statistical differences between S>10K_sgCtl-Dox/S<10K_sgCtl-Dox and the rest of the 

conditions and the dollar symbol indicates the statistical differences between 

S>10K_sgCtl+Dox/S<10K_sgCtl+Dox and S>10K_sgERRα#1+Dox/ S<0K_sgERRα#1+Dox as well as 

S>10K_sgERRα#2+Dox/ S<0K_sgERRα#2+Dox. p, p-value, $$p<0.01, ***/$$$p<0.001. n.s.=not 

significant. Error bars indicate s.e.m. 
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Overview 
 

  

o PGC1α re-expression in PCa cells leads to the production of a cell secretome that, when 

used to treat highly aggressive PCa cell lines, blunts proliferation compared to those recipient 

cells that are treated with secretome produced by non-PGC1α expressing cells.  

 

o Using PC3 cells with an empty vector TRIPZ construct, confirmed that the use of doxycycline 

does not alter the experimental outcomes.  

 

o Increasing proportions of secretome derived from non-PGC1α expressing cells rescues the 

anti-proliferative effect of PGC1α-expressing cells’ secretome This data points towards either 

the presence of anti-proliferative factor/s or the reduction of pro-proliferative factor/s in the 

secretome produced by PGC1α-expressing cells.  

 

o Wound healing assay, Boyden chamber migration and co-culture experiments reveal no 

significant impact of the PGC1α-regulated secretome on the recipient cells’ migration 

capacities. 

 

o The non-cell autonomous anti-proliferative effect of the PGC1α is dependent on the 

transcription factor ERRα, thus suggesting the transcription factor is involved on the 

regulation of the secretome composition.  

 

o The non-cell autonomous anti-proliferative effect of the PGC1α is restricted to the secretome 

fraction bigger than 10 KDa, narrowing the molecular size of the effector protein/s and 

excluding small peptides as drivers of the anti-proliferative effect observed.  
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II Study and description of the EVs fraction of the secretome 
 

We previously demonstrated the anti-proliferative features of the cell secretome produced 

by PGC1α-expressing cells compared to the secretome obtained from non-PGC1α expressing 

PC3 cells. Moreover, fractionation revealed this anti-proliferative effect is mediated by the 

secretome fraction containing molecules bigger than 10 KDa, in which, EVs, although in a low 

proportion, are included. Hence, we sought at studying deeper the EVs fraction of the cell 

secretome and their role on PCa aggressiveness. Lately, EVs have been described to be active 

mediators of tumor progression (Hosseini-Beheshti et al. 2016; Sansone et al. 2017), being their 

main role in cancer attributed to their capacity of preparing the distant sites of metastasis by 

means of instructing local cells and altering the microenvironment (Skog et al. 2008; Yuelong Liu 

et al. 2010; Peinado, Ale, et al. 2012; Costa-Silva et al. 2015; Zhao et al. 2016; Gyukity-Sebestyén 

et al. 2019; J. Liu et al. 2020). This process seems to be cell-specific, guided by concrete cell 

adhesion molecules that are present in EVs and direct their uptake (Hoshino et al. 2015), thus 

allowing the transfer of functionalities between donor and recipient cells. In addition to their active 

role in tumor development, EVs have a great potential as non-invasive biomarkers for the 

diagnosis, prediction and monitoring of cancer, as shown in different studies (García-Silva et al. 

2019; Kimura et al. 2019; Dejima et al. 2017). This is because they reunite key characteristics 

such as being stable units that contain and protect a great variety of molecules, and they can be 

widely found in biological fluids and in considerable amounts. In PCa, studies have focused on 

using biomarkers detected in EVs obtained from plasma or urine (Khanna et al. 2021; Royo et al. 

2016), demonstrating they are good fingerprints of their tissue of origin. In addition, based on the 

studies published by McKiernan and colleagues (McKiernan et al. 2016; 2018) even a PCa 

diagnosis test (ExoDx TM Prostate Test, Exosomedx, Biotechne brand) that takes advantage of 

exosomes’ specific markers has been developed. This test aims at helping doctors on making 

decisions on whether performing or not a prostate biopsy to patients with high PSA levels. Thus, 

with no doubt, EVs can be considered interesting candidates to be studied in the context of PCa, 

and more concretely in the framework of the disease being regulated by PGC1α. 

 

 
 

 

 

 

 

HYPOTHESIS 
PGC1α regulates the EVs fraction of the cell secretome produced by tumor 

cells and this has an impact in PCa aggressiveness 
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II.1 EVs physical and molecular characterization 

II.1.1 EVs general characterization by western blot, electron microscopy, 
nanoparticle tracking analysis and protein content. 

 

The first approach for studying the role of EVs in our PCa model driven by the master 

regulator PGC1α was to corroborate EVs isolation and purity whilst performing a physical and 

molecular characterization, as recommended by the ISEV 2018 guidelines (Théry, Witwer, 

Aikawa, Jose Alcaraz, et al. 2018). Therefore, we first established the cell culture settings and 

isolation protocol for optimizing the extraction of EVs from three PCa cell lines (PC3 TRIPZ 

PGC1A, PC3 PGC1A sgERRα and PC3 TRIPZ) (FigR 8).  

Figure R 8. Schematic timeline of the optimized experimental conditions set to yield EVs from PCa 
cells.  

Next step was to confirm the enrichment in EVs after the ultracentrifugation steps 

protocol, and this was assessed by combining western blot analysis, electron microscopy imaging 

and nanoparticle tracking analysis (NTA) for particle size measurement. Western blot analysis of 

the cell lines interrogated confirmed EVs isolation purity by displaying an enrichment of exosome 

markers CD9 and CD63 and absence of intracellular membrane markers (endoplasmic reticulum 

GRP78 and mitochondrial COX IV) that were only found in the producer cell-extracts (FigR 9A-

C). Merely a minor contamination of COX IV marker was detected in the EVs isolated from cell 

lines with differential expression of PGC1α (FigR 9A). Of note, we did consistently observe a 

reduction of CD9 and increase of CD63 marker levels in those EVs isolated from PGC1α-

expressing cells (FigR 9A). In the same line, EVs produced by PCa cells with combined 

expression and deletion of PGC1α and ERRα also displayed decrease of CD9 marker levels 

when produced by PGC1α and ERRα-expressing cells. No consistent changes in CD63 

expression levels were observed in these cell lines (FigR 9B). Finally, as expected, no changes 

in CD9 levels were found in EVs produced by control cell lines (FigR 9C).  
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Figure R 9. Western blot analysis of EVs derived from PCa cells confirms sample purity. A-B-C. 
Western blot analysis confirming the purity of EVs harvested from PC3 TRIPZ PGC1A cells (A), PC3 PGC1A 

sgERRA cells (B) and PC3 TRIPZ cells (C). In A, n=3 and in B, one representative experiment out of three 

is shown and in C, n=1. Dox: doxycycline. 
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We then confirmed by electron microscopy the integrity and the presence of double 

membrane of the EVs isolated across the three cell lines (FigR 10A-B, and FigR 11).  

 
Figure R 10. Electron microscopy characterization of EVs from PCa cells. Individual images of EVs 

isolated from PC3 TRIPZ PGC1A (A) and PC3 PGC1A sgERRA (B) cell lines. In B, right table indicates 

PGC1α and ERRα status on producer cells for each EV condition. A and B, n=1. Bar, 200 nm. Dox: 

doxycycline. 
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Figure R 11. Electron microscopy characterization of EVs produced by doxycycline-induced and 

non-induced PC3 TRIPZ cells. (n=1). Bar, 200 nm. Dox: doxycycline. EVs derived from cells untreated with 

doxycycline. EVs+Dox: EVs derived from cells treated with doxycycline.  

 

Next, using NTA device, we characterized the number and mean size of the vesicles 

produced by PC3 cells with PGC1α differential expression, revealing non-significant differences 

in the number of EVs produced by PGC1α-expressing cells when compared with -Dox control 

(FigR 12A). In terms of dimension, EVs isolated from both, PGC1α-expressing (EVs+Dox) and 

non-PGC1α expressing (EVs-Dox) cells, displayed similar sizes (FigR 12B), with highest 

abundance of particles ranging large-very large sizes (150-250 nm) (FigR 12B-C). These size 

distributions were in line with previous data published in a study involving BPH and PCa-derived 

EVs isolated by serial ultracentrifugation steps (Royo et al. 2016).  

 
Figure R 12. Physical characterization by NTA of EVs produced by PC3 PGC1α-expressing and non-
expressing cells A. Quantification of the number of particles per milliliter normalized to the number of 

producer cells (n=4). B. Particles mean size measured by NTA (n=4). C. Size distribution of particles 

determined by NTA (n=3). In A data is normalized to the EVs–Dox condition, depicted as a black dotted line. 

Statistical analysis: In A, one sample t-test establishing 1 as hypothetical value is applied. In B and C, an 

unpaired parametric two tailed t-test is applied. In C, statistic test is applied in each range of size. p, p-value, 

n.s.=not significant. Error bars indicate s.e.m. 
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We next wondered whether EVs production rate and size could be under the influence of 

the PGC1α-ERRα transcriptional axis, and we therefore analyzed by NTA the EVs produced by 

PC3 cells with combined expression of PGC1α and deletion of ERRα. Yet, although no 

remarkable changes were observed in the number of particles produced among the different 

groups, expression of PGC1α in combination with ERRα deletion slightly blunted EVs production 

number (FigR 13A). Following the same trend, the EVs mean size was similar between all groups, 

although a small increase in the size of EVs produced by cells with ERRα deletion was noticed 

(FigR 13B). Regarding size distribution, as noted in EVs isolated from PC3 TRIPZ PGC1A cells, 

the highest abundance of EVs produced by PC3 PGC1A sgERRA cells happened to be within 

the large-very large population (150-250 nm) (FigR 13C). In addition, we observed statistically 

significant differences on the size of EVs ranging 250-300 nm. EVs produced by PGC1α-ERRα 

expressing cells had smaller sizes than other experimental groups. In addition, EVs produced by 

cells expressing PGC1α but in the absence of ERRα, reached larger sizes than any other of the 

groups. These results suggest an ERRα dependent and independent mechanisms governing the 

production of large vesicles. 

 
Figure R 13. NTA characterization of EVs isolated from PC3 PGC1α-expressing and non-expressing 

cell lines in combination with ERR⍺ deletion. A. Quantification of the number of particles per milliliter 

normalized to the number of producer cells (n=3). B. Particles mean size measured by NTA (n=3). C. Size 

distribution of particles determined by NTA (n=3). In A data is normalized to the EVs_sgCtl–Dox condition, 

depicted by a black dotted line. Statistical analysis: In A, a one sample t-test establishing 1 as hypothetical 

value and an unpaired parametric two-tailed t-test are applied. In B and C, an unpaired two tailed t-test is 

applied. Asterisks indicate statistical differences between EVs_sgCtl-Dox and the rest of the conditions and 

the dollar symbol indicates the statistical differences between EVs_sgCtl+Dox and EVs_sgERRα#2+Dox. p, 

p-value. */$p<0.05, **p<0.01, ****p<0.0001, n.s.=not significant. Error bars indicate s.e.m. 

 

Finally, EVs protein content was measured by BCA assay and then was normalized to 

the producer-cell number. This assay revealed an increase of EVs protein content upon 

expression of PGC1α in the producer cells (FigR 14A). Protein content of EVs happened to be 

ablated upon deletion of ERRα, thus suggesting an ERRα-mediated EVs protein content 

regulation (FigR 14B). 
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Figure R 14. EVs protein content measured by BCA. A. Micrograms of protein contained in EVs and 

normalized to the cell number of PGC1α-expressing and non-expressing PC3 cells (n=14). B. EVs protein 

content normalized to cell number of PC3 producer cells with PGC1α expression in combination of ERRα 

deletion (n=3). In A, data is normalized to the EVs-Dox condition, represented as a black dotted line. In B 

data is normalized to EVs_sgCtl–Dox condition, depicted as a black dotted line. Statistical analysis: One 

sample t-test establishing 1 as hypothetical value (A). Unpaired parametric two-tail t-test (B). Asterisk 

indicates statistical differences between EVs-Dox and EVs+Dox (A). The dollar symbol indicates the 

statistical differences between EVs_sgCtl+Dox and EVs_sgERRα#2+Dox. p, p-value. */$p<0.05, n.s.=not 

significant. Error bars indicate s.e.m. 

 

 Importantly, we wanted to corroborate whether we could use total protein content as a 

parameter for administering equal EVs in our in vitro and in vivo experiments. Therefore, we 

performed a correlation analysis between EVs protein content and EVs number, which, revealed 

a clear link between the two variables examined (FigR15). This analysis made us conclude that 

the use of protein content is an accurate quantitative methodology for performing treatments using 

equal amounts of EVs produced by PGC1α-expressing and non-expressing cells.  

 
Figure R 15. Correlation analysis between number of EVs and EVs protein content. (n=4). Statistical 

analysis: Pearson’s coefficient (R). R>0: direct correlation, R<0: inverse correlation.  

 

Overall, the EVs physical and molecular characterization we performed evidenced the 

harvest of pure and entire EVs from PC3 PCa cell lines, and with highest density of vesicles 

ranging 150-250 nm size.  
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II.1.2 EVs proteomics analysis  
 

EVs are small extracellular vesicles formed by a lipid bilayer. Importantly, EVs carry 

nucleic acids, lipids, glycans, metabolites and proteins that can be within the luminal side or 

associated to the vesicles, in a way that they are moved from the producer cells to the recipient 

cells, where they can modulate cell intrinsic responses (Antonyak et al. 2011; Mittelbrunn et al. 

2011; Cossetti et al. 2015; Camacho, Guerrero, and Marchetti 2013). As previously described, a 

predominant characteristic observed in EVs produced by PGC1α-expressing and non-expressing 

cells was the differences in their protein content. Therefore, we next performed a label-free LC-

MS proteomics analysis of the EVs isolated from doxycycline-induced and non-induced PC3 

producer cells. Forty differentially expressed proteins were identified, from which, 28 were 

decreased and 12 were increased in the EVs upon expression of PGC1α in the producer PC3 

TRIPZ PGC1A cell line (Table R1). As a cut-off, only proteins quantified with at least two peptides 

at false discovery rate (FDR) < 1%, as well as a p-value < 0.05 were considered. 

 

We found that several of the downregulated proteins (ITA2, CLD3, JAM1, CD44 and 

EDIL3) were linked to cell adhesion and motility functions as well as anchorage independent 

growth, key features along the process of metastasis (Ziaee and Chung 2014; Agarwal, D’Souza, 

and Morin 2005; Elaine A McSherry 2011; Hiraga, Ito, and Nakamura 2013; Jiang et al. 2015).  

(Stipp, Kolesnikova, and Hemler 2001) (Levina et al. 2015; Zhang et al. 2003). Proteins involved 

in intracellular membrane trafficking STXB2 and RAB13 were also found to be downregulated in 

EVs upon expression of PGC1α in the producer cells. RAB13 was described to be involved in the 

regulation of cell migration, invasion, and proliferation (Ioannou et al. 2015). On the other hand, 

no studies have focused on the role of STXBP2 in cancer, although its mutation has been shown 

to occur in the context of familial hemophagocytic lymphohistocytosis type 5 (Pagel et al. 2012). 

It is also worth mentioning that although not included as a final differentially expressed protein as 

this observation was made in four out of seven of the proteomics experiments we performed, CD9 

levels in EVs isolated from PGC1α-expressing cells happened to be decreased. This is in line 

with the data we previously observed by western blot analysis (FigR 9).  

Three proteins involved in vesicle trafficking functions (TMED2, LMAN2, PKHB2) were 

found upregulated in EVs derived from PGC1α-expressing cells. Protein LG3BP (also termed 

90K) happened to be increased in EVs produced by PGC1α-expressing cells. This protein, which, 

was initially identified as a tumor secreted antigen (Ullrich et al. 1994) was shown to induce 

angiogenesis in BCa and was associated to therapy resistance in patients with lymphoma 

(Fornarini et al. 2000; Piccolo et al. 2013).  
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Table R 1. List of proteins differentially present in EVs produced by PGC1α-expressing and non-

expressing PC3 cells. Label-free LC-MS proteomics analysis (n=7). Uncolored rows indicate proteins found 

decreased. Light blue rows include increased proteins. Dox: doxycycline. 

 
Trying to get a broader view and biological meaning to the candidates found differentially 

present in EVs derived from PGC1α-expressing and non-expressing cells we sought at 

conducting an enrichment analysis. For that, we first converted the protein name of our list of 

candidates to their corresponding gene name and performed a gene enrichment analysis using 

Cancertool interface (Cortazar et al. 2018). The reason for conducting the analysis using genes 

instead of protein names resides in the fact that up to date, more functional annotations for genes 

than for proteins exist, thus allowing a more extensive analysis of the data (D. W. Huang, 

Name p value +Dox/-Dox Description
MARCS  0,0194 0,1704 Myristoylated alanine-rich C-kinase substrate 
IGSF8  0,0006 0,1711 Immunoglobulin superfamily member 8 

MUC5B  0,0022 0,1777 Mucin-5B 
KIF23  0,0281 0,2210 Kinesin-like protein KIF23 

STXBP2  0,0491 0,2965 Syntaxin-binding protein 2 
IMA1  0,0125 0,2997 Importin subunit alpha-1 

RGAP1  0,0236 0,3422 Rac GTPase-activating protein 1 
NRP1  0,0028 0,3709 Neuropilin-1 
CD81  0,0000 0,3830 CD81 antigen 
VIME  0,0115 0,3982 Vimentin 
ITA2  0,0250 0,4084 Integrin alpha-2 
AAAT  0,0001 0,4251 Neutral amino acid transporter B(0) 
AMPN  0,0007 0,4327 Aminopeptidase N 
CLD3  0,0026 0,4349 Claudin-3 
RAC1  0,0017 0,4467 Ras-related C3 botulinum toxin substrate 1 
JAM1  0,0008 0,4818 Junctional adhesion molecule A 
ITB1  0,0027 0,5126 Integrin beta-1 

ADAM10  0,0086 0,5308 Disintegrin and metalloproteinase domain-containing protein 10
CD70  0,0399 0,5336 CD70 antigen 

MFGM  0,0063 0,5514 Lactadherin
CD44  0,0354 0,5549 CD44 antigen 
SC5A3  0,0373 0,5586 Sodium/myo-inositol cotransporter
FA49B  0,0461 0,5713 Protein FAM49B 

EDIL3  0,0148 0,5741 EGF-like repeat and discoidin I-like domain-containing protein 3 

RAB13  0,0054 0,5800 Ras-related protein Rab-13 
EHD4  0,0004 0,5808 EH domain-containing protein 4 
GNAI2  0,0292 0,6381 Guanine nucleotide-binding protein G(i) subunit alpha-2
TMED2  0,0001 1,7160 Transmembrane emp24 domain-containing protein 2 

MVP  0,0029 1,7723 Major vault protein 
TR10B  0,0195 2,1890 Tumor necrosis factor receptor superfamily member 10B 
ADT2  0,0231 2,5084 ADP/ATP translocase 2 
CATD  0,0011 2,5843 Cathepsin D 

LMAN2  0,0019 2,7663 Vesicular integral-membrane protein VIP36 
AATM  0,0423 2,7878 Aspartate aminotransferase, mitochondrial 
RAI3  0,0383 2,9948 Retinoic acid-induced protein 3 

ANX11  0,0011 3,1125 Annexin A11 
LG3BP  0,0092 3,6435 Galectin-3-binding protein 
PKHB2  0,0012 3,9288 Pleckstrin homology domain-containing family B member 2
ATP1B1  0,0007 6,9987 Sodium/potassium-transporting ATPase subunit beta-1 

AATC  0,000003 7,1029 Aspartate aminotransferase, cytoplasmic 
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Sherman, and Lempicki 2009). Gene ontology (GO) cellular component analysis revealed that 

most of the differentially expressed proteins (77.5%) had functionalities associated to 

‘’extracellular vesicular EVs’’, which, was in line with what expected for a proteomics analysis of 

secreted vesicles. This category was followed by ‘’plasma membrane’’ and ’cell adhesion’’ 

processes that represented a 52.5% and 22.5% of the differentially expressed proteins, 

respectively (FigR16A). GO molecular function analysis revealed a high number of molecular 

events related to adhesion processes, such as ‘’integrin binding’’, ‘’MHC class II protein binding’’ 

or ‘’adhesion to the ECM’’. Functions linked to metabolism were also enriched (FigR 16B).   

 
Figure R 16. Gene Ontology analysis of the genes encoding for the proteins found altered in EVs 

upon expression of PGC1α in the producer cell lines. A. GO Cellular component analysis. B. GO 

Biological processes analysis. The red dotted lines indicate p=0.05. p, p-value.  
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In line with the cellular component and molecular function analyses, information obtained 

from the GO biological processes analysis again displayed an enhancement of functions linked 

to cell metabolism, cell migration, adhesion and extracellular matrix degradation (FigR 17A). 

Finally, being PGC1α a transcriptional co-factor, we wondered which would be the putative 

transcription factor that cooperates with PGC1α on the regulation of the genes coding for the 

differentially present proteins identified in EVs. Hence, taking again advantage of Cancertool, we 

performed a promoter enrichment analysis that revealed the presence of genes presumably 

regulated by different transcription factors (TFs), among which, ERRα was included (FigR 17B).  

 
Figure R 17. Gene set enrichment analysis of the genes encoding for the significantly altered 
proteins associated to EVs. A. GO biological processes analysis. B. Promoter enrichment analysis. The 

red dotted lines indicate p=0.05. p, p-value 
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II.2 Biological impact of the EVs: in vitro and in vivo assays 

II.2.1 In vitro EVs uptake  
 

It has been previously described how the presence of certain proteins in both EVs and 

target cells is a constraining factor for the vesicle’s uptake (Escrevente et al. 2011; Horibe et al. 

2018; Franzen et al. 2014). Thus, our first approach was to evaluate if EVs derived from PGC1α-

expressing and non-expressing cells were both and equally internalized by recipient cells. To do 

so, using DilC18 (3) lipophilic dye, we fluorescently labelled EVs from PGC1α-expressing 

(EVs+Dox) and non-expressing (EVs-Dox) PC3 cells, and further used them to treat PC3 recipient 

cells. In order to have a wider perspective, we first assessed EVs uptake by PC3 cells at three 

different time-points and using 2 µg of labelled EVs. Uptake was analyzed by flow cytometry, and 

we observed that both, EVs-Dox (median fluorescence values: 6 h: 543, 3 h: 133 and 1 h: 32,16) 

and EVs+Dox (median fluorescence values: 6 h: 738, 3 h: 196 and 1 h: 43,6) were internalized 

by recipient cells in a time-dependent manner (FigR 18A). As expected, median fluorescence 

value of the control remained lower than any other condition (with a median fluorescence value 

of 16,7).  Once uptake of both types of EVs was confirmed, we performed a series of independent 

experiments using again 2 µg of labelled EVs and 3 hours incubation-time. Data was variable, 

and no significant differences in uptake between EVs-Dox and EVs+Dox by PC3 recipient cells 

were observed (FigR 18B). 

 
Figure R 18. EVs uptake by PC3 recipient cells. A. PC3 recipient cells uptake capacity of 2 µg of labelled 

EVs analyzed at three incubation time-points (1 h, 3 h and 6 h). As a negative control, PBS with DilC18 (3) 

is included. Data is represented as the median of fluorescence. B. Analysis of EVs uptake by PC3 cells after 

3 hours of incubation with EVs (n=3). EVs-Dox: EVs produced by non-PGC1α expressing cells. EVs+Dox: 

EVs produced by PGC1α-expressing cells.  Statistical analysis: Unpaired parametric two-tail t-test. n.s.=not 

significant. Error bars indicate s.e.m. 
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II.2.2 Role of EVs in 2D cell growth and migration 
 

Once EVs uptake by PC3 recipient cells was confirmed, we next wondered if, due to their 

differential protein cargo, EVs would exert distinct biological outcomes on the recipient cells. 

Based on our previous data, demonstrating the anti-proliferative features of the whole cell 

secretome produced by PGC1α-expressing cells, we first evaluated proliferation of PC3 cells that 

had been previously educated for five and seven days with the differential EVs (FigR 19A). No 

changes in cell growth were observed, neither at day 5, nor at day 7 of treatment (FigR 19B). 

Moreover, no apparent differences in morphology or growth pattern were noticed in the PC3 cells 

treated with any of the two types of EVs (FigR 19C).  

 
Figure R 19. Impact of EVs in 2D proliferation. A. Schematic view of the steps followed for treating PC3 

recipient cells with EVs and assess their proliferation capacity. B. Cell proliferation measured by crystal violet 

staining of PC3 cells treated throughout five (n=4) and seven days (n=5) with the differential EVs. C. 
Representative images of PC3 cells treated with EVs obtained from PGC1α-expressing and non-expressing 

cells for seven days. Bar, 100µm. EVs+Dox: EVs produced by PGC1α-expressing cells.  In B, data is 

normalized to the EVs-Dox condition depicted by a black dotted line. P: EVs-producer cells, R: recipient 

cells. Statistical analysis: One sample t-test establishing 1 as hypothetical value. n.s.=not significant. Error 

bars indicate s.e.m.  

 

Next and in line with the proteomics data indicating a possible role of EVs on mediating 

processes related to cell motility, we treated throughout six days PC3 recipient cells with EVs 

isolated from PGC1α-expressing and non-expressing PC3 cells. After this time, we performed a 

Boyden chamber migration assay with the pre-conditioned PC3 recipient cells (FigR 20A), finding 

-Dox

Day 5

P: PC3 TRIPZ PGC1A / R: PC3

+Dox -Dox +Dox

Day 7

A

B EVs+Dox C

EVs+Dox

EVs-Dox

100 µm

0.0

0.5

1.0

1.5

2.0

2D
 g

ro
w

th
 (F

ol
d 

ch
an

ge
)

n.s.

0.0

0.5

1.0

1.5

2.0

2D
 g

ro
w

th
 (F

ol
d 

ch
an

ge
)

n.s.



Results II
 

148 

no changes in the migration ability of the cells that had been treated with the distinct EVs (FigR 

20B).  

 
Figure R 20. Impact of EVs in the migration capacity of recipient cells. A. Overview of the protocol 

followed for the education and f migration assay of EVs-educated PC3 cells. B. PC3 transwell migration 

capacity upon treatment with EVs derived from PGC1α-expressing and non-expressing PC3 cell lines (n=3). 

P: EVs-producer cells, R: recipient cells. EVs+Dox: EVs produced by PGC1α-expressing cells.  Data is 

normalized to the EVs-Dox condition, represented as a black dotted line. Statistical analysis: One sample t-

test establishing 1 as hypothetical value. n.s.=not significant. Error bars indicate s.e.m.  

 

II.2.3 Role of EVs in an in vivo metastasis assay 
 

EVs are known to be active mediators of cancer progression (Peinado, Alečković, et al. 

2012; J. Liu et al. 2020; Gyukity-Sebestyén et al. 2019; Hoshino et al. 2015; Zhao et al. 2016; 

Albino et al. 2021; DeRita et al. 2019; Hashimoto et al. 2018). Proteomics analysis performed on 
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in different cancer types, thus suggesting that their higher presence in EVs derived from non-
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(Ziaee and Chung 2014; Agarwal, D’Souza, and Morin 2005; Elaine A McSherry 2011; Hiraga, 
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injection of highly aggressive PCa cells. Metastasis formation in the mice was monitored with IVIS 

device throughout five weeks and after this time, data was further corroborated ex vivo.  

Overall, in vivo whole-body quantification of the metastases established in mice educated 

with EVs-Dox or EVs+Dox, showed no significant differences between both experimental groups 

(FigR 21B-C).  

 
Figure R 21. In vivo study of the impact of EVs on the preparation of the pre-metastatic niche. A. 
Schematic view of the protocol followed for the in vivo metastasis assay using PCa-derived EVs. B. 
Representative images at the day of the PC3 TGL IC-injection (day 0), day 1 post-injection and day 35 after 

cells injection and formation of metastases. C. In vivo mice dorsal quantification of the luciferase signal 

intensity derived from the PC3 TGL cells injected into mice of the 3 different experimental groups. Signal 

intensity is normalized to the day 0. (n=4 / condition). Three conditions of metastatic tumor-bearing mice are 

included in the experiment: mice treated with PBS (Control), mice treated with EVs derived from PGC1α-

expressing cells (EVs+Dox) and mice educated with EVs isolated from non-PGC1α expressing PC3 cell 

lines (EVs-Dox), (n=10 mice/ experimental group). Statistical analysis: In C, a two tailed Mann-Whitney U 

test is applied. n.s.=not significant. Error bars indicate s.e.m. 
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Figure R 22. Ex vivo luciferase signal intensity of PCa cells measured in legs (A), lungs (B), ribs (C) 
and spinal cord (D) after mice sacrifice, at day 35. For each organ (asides for ribs), a representative 

image of specimens that are close to the median signal is shown (n=4 / condition). Three conditions of 

metastatic tumor-bearing mice are included in the experiment: mice treated with PBS (Control), mice treated 

with EVs derived from PGC1α-expressing cells (EVs+Dox) and mice educated with EVs isolated from non-

PGC1α expressing PC3 cell lines (EVs-Dox), (n=10 mice/ experimental group). Statistical analysis: two tailed 

Mann-Whitney U test (A, B, C and D). n.s.=not significant. Error bars indicate s.e.m.  
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by isolating vesicles from patients’ biological fluids (such as lymphatic drainage, urine or plasma) 

A

1×100

1×101

1×102

1×103

1×104

1×105

1×106

1×107

1×108

1×109

1×1010

E
x 

vi
vo

P
ho

to
n 

Fl
ux

 (p
/s

)

n.s.
n.s. n.s.

1×100

1×102

1×104

1×106

1×108

1×1010

1×1012

E
x 

vi
vo

P
ho

to
n 

Fl
ux

 (p
/s

)

n.s.
n.s. n.s.

1×100

1×101

1×102

1×103

1×104

1×105

1×106

1×107

1×108

1×109

1×1010

E
x 

vi
vo

P
ho

to
n 

Fl
ux

 (p
/s

)
n.s.

n.s. n.s.

0

2×108

4×108

6×108

8×108
E

x 
vi

vo
P

ho
to

n 
Fl

ux
 (p

/s
)

n.s.
n.s.

n.s.

Lung MetastasisLegs Metastasis

Ribs Metastasis Spinal Column Metastasis

EVs-Dox EVs+DoxControl

C
on

tro
l

E
V

s+
D

ox
E

V
s-

D
ox

Color Scale
Min = 4.43e5
Max = 5.63e7

Color Scale
Min = 6.69e6
Max = 5.13e8

Color Scale
Min = 3.74e6
Max = 2.95e8

C
on

tro
l

E
V

s+
D

ox
E

V
s-

D
ox

Control EVs+DoxEVs-Dox

B

C D



Results II
 

                                                                                                                          151 

and using their nucleic acids or protein content to monitor disease progression, malignancy and 

risk of recurrence(Torrano, Royo, et al. 2016).  

Nowadays, PCa screening is done by measuring prostate-specific antigen (PSA) levels 

in the blood, which has proved to be key for reducing patient’s mortality due to early disease 

detection (Catalona 2018). However, this marker has limitations, as high PSA levels can be 

caused by different factors such as BPH conditions, inflammation or infections. In addition, PSA 

cannot distinguish between aggressive and non-aggressive PCa. Hence, a high number of 

biopsies need to be conducted in order to confirm the presence or absence of cancerous lesions 

on individuals with medium-high PSA levels (Catalona 2018; Pienta 2009). Therefore, there is a 

need of identifying novel and non-invasive biomarkers for PCa diagnosis, surveillance as well as 

for avoiding unnecessary biopsies.  

The promoter enrichment analysis we performed on the genes encoding for the proteins 

found differentially present in EVs, pointed towards a PGC1α transcriptional control mediated by 

ERRα. These data together with PGC1α’s prognostic and stratification value in PCa (Torrano, 

Valcarcel-Jimenez, et al. 2016) suggest that cell intrinsic transcriptional events driven by PGC1α-

ERRα might be monitored through EVs, hence presenting them as non-invasive bystanders of 

PCa disease. In line with this idea, we wondered which would be the status in the producer cell 

lines of those genes encoding for the proteins differentially identified in the EVs. Therefore, we 

first performed RT-qPCR analyses in PC3 cell lines with differential expression of PGC1α. Once 

we corroborated the induction of PGC1A upon doxycycline treatment (FigR 23A), gene 

expression levels of three decreased candidates identified in the proteomics analysis (CD44, 

STXBP2 and ADAM10) were assessed and showed to be downregulated upon expression of 

PGC1α (FigR 23B). 

 
Figure R 23. Candidates identified by EVs proteomics analysis are transcriptionally regulated by 
PGC1α in PCa producer cells. A. PGC1A expression measured by RT-qPCR in PC3 TRIPZ PGC1A 

producer cells treated with doxycycline (n=3). B. Analysis of gene expression by RT-qPCR of CD44, 

STXBP2 and ADAM10 genes (n=3). Data are normalized to the –Dox condition (non-PGC1α expressing 

condition), depicted by a black dotted line. +Dox: PGC1α-expressing condition. Statistical analysis: One 

sample t-test establishing 1 as hypothetical value. p, p-value. *p<0.05, **p<0.01. Error bars indicate s.e.m. 
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lines by PGC1α (Torrano, Valcarcel-Jimenez, et al. 2016; Valcarcel-Jimenez et al. 2019). We 

then wondered if this transcriptional regulation of EVs proteomics candidates proven to be cell-

intrinsically mediated by PGC1α would be dependent on its transcriptional partner ERRα. We 

therefore took advantage of our PC3 producer cell lines with differential expression of PGC1α in 

combination with ERRα deletion (FigR 24A) and tested by RT-qPCR gene expression levels of 

five downregulated candidates (CD44, ADAM10, STXBP2, CLDN3, F11R and EDIL3). (FigR 

24B).  

 
Figure R 24. The PGC1a-ERRa transcriptional axis regulates the genes encoding for the proteins 
differentially present in PCa EVs. A. Western blot analysis verifying expression of PGC1α upon 

doxycycline treatment and in combination with the CRISPR/Cas9-mediated deletion of ERRA. One 

representative experiment out of 3 is shown. B. Analysis by RT-qPCR of the gene expression levels of 

candidates (CD44, ADAM10, STXBP2, CLDN3, F11R and EDIL3) identified by EVs proteomics analysis 

(n=3). Data are normalized to the sgCtl–Dox condition, depicted by a black dotted line. +Dox: PGC1α-

expressing condition. Statistical analysis: One sample t-test establishing 1 as hypothetical value. Unpaired 
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parametric one-tail t-test. Asterisks indicate statistical differences between sgCtl-Dox and the rest of the 

conditions and the dollar symbol indicates the statistical differences between sgCtl+Dox and 

sgERRα#1/#2+Dox. p, p-value. */$p<0.05, **/$$p<0.01, ***/$$$p<0.001, $$$$p<0.001. n.s.=not significant. 

Error bars indicate s.e.m. 

 

Finally, we confirmed that the use of the tetracycline doxycycline for inducing the 

expression of PGC1α did not affect the expression levels of the genes tested, thus corroborating 

the PGC1α (and ERRα)-dependent transcriptional regulation of the genes encoding for the 

differentially present proteins in PCa-derived EVs (FigR 25).   

 
Figure R 25. Doxycycline treatment exerts no effect on expression levels of candidate genes. CD44, 
STXP2 and ADAM10 gene expression levels are analyzed by RT-qPCR in PC3 TRIPZ cells (n=3). Data 

is normalized to the –Dox condition, represented with a black dotted line. +Dox: treatment with doxycycline. 

Statistical analysis: One sample t-test establishing 1 as hypothetical value. n.s.=not significant. Error bars 

indicate s.e.m.  

 

Thus, our data confirmed the idea of EVs as bystanders of their cell of origin, reinforcing 

the concept of ``EVs as non-invasive biomarkers´´. These facts made us wondered whether any 

of the candidates identified by proteomics analysis of EVs obtained from PCa cell lines would also 

be reflected in PCa patients. Therefore, taking advantage of publicly available PCa datasets 

(Kumar et al. 2011; Fraser et al. 2017; Glinsky et al. 2004; Grasso et al. 2012; Lapointe et al. 

2004; Varambally et al. 2005; Tomlins et al. 2007; Taylor et al. 2010), we performed correlation 

analyses of PGC1A against all 40 genes encoding for the differentially present proteins found in 

EVs. Importantly, for these analyses, only candidates that showed a consistency of at least half 

of the datasets analyzed and an adjusted p-value < 0.05 were considered. 

Among the genes analyzed in primary tumors, three genes, CLDN3 (6 out of 9), KPNA2 

(5 out of 8) and STXBP2 (4 out of 7) showed to be inversely correlated with PGC1A in most of 

the datasets interrogated. In addition, and although it appeared in only half of the datasets 

analyzed ATP1B1 (4 out of 8) showed to be directly correlated with PGC1A (FigR 26). Hence, 

this data suggests the transcriptional regulation of EVs-identified proteomics candidates, shown 

to be mediated by the PGC1α-ERRα axis in vitro, may also be extended to PCa patients. 
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Figure R 26. Correlation analyses between CLDN3, KPNA2, STXBP2 and ATP1B1 against PGC1A 

mRNA expression in PCa patients. From the nine datasets analyzed, only Grasso, Taylor and TCGA 

correlations are shown. Each dot corresponds to a patient, and expression values correspond to log2 

normalized mRNA levels of each gene in X and Y axis. Black line represents the linear regression, and the 

grey area limits the intervals of confidence. Statistic test: Spearman correlation coefficient (R). Adj. p-val= 

adjusted p-value. 
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Overview 
 

  

o Levels of CD9 and CD63 are altered in EVs produced by PGC1α-expressing cells compared 

to non-PGC1α expressing produce cells.  

 

o Expression of PGC1α in PCa cells does not influence the number and size of EVs produced.   

 

o Protein content is increased in EVs produced by cells with an activated PGC1α-ERRα 

transcriptional axis.  

 

o EVs protein content is correlated to the number of EVs.  

 

o Recipient cells educated with EVs produced by PGC1α-expressing or non-expressing cells, 

show no differences on their 2D proliferation and migration capabilities.  

 

o In vivo metastasis assay demonstrates that EVs produced by PCa cells with differential 

expression of PGC1α do not play distinct biological roles on preparing the sites of metastasis. 

Tumor formation rates and organ tropism were equal among the PBS-treated and the EVs-

treated groups.  

 

o Expression levels of the genes encoding for proteomics candidates analyzed by RT-qPCR in 

producer cell lines shows a PGC1α-ERRα-dependent transcriptional regulation, thus 

confirming the concept of EVs as fingerprints of their cell of origin.  

 

o Correlation analyses performed on PCa patient’s data reveals that among the 40 candidates 

analyzed, CLDN3, STXBP2 and KPNA2 are inversely correlated and ATP1B1 is directly 

correlated to PGC1A mRNA expression. 

 

o EVs have the potential to be used as non-invasive biomarkers and help on the diagnosis and 

prognosis of PCa as surrogates of the status of PGC1α in patients.  
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III Study and description of the soluble factors fraction of the cell 
secretome 

 

As we previously showed, PGC1α exerts a tumor suppressive activity in PCa by means 

of regulating cellular functions of intrinsic nature (Torrano, Valcarcel-Jimenez, et al. 2016; 

Valcarcel-Jimenez et al. 2019). Our data suggests that the anti-tumoral activity of the metabolic 

co-regulator could go beyond the regulation of cell-intrinsic events, and thus could be involved on 

the regulation and production of a tumor-suppressive secretome. As previously shown, the whole 

cell secretome associated to PGC1α re-expression blunts cell proliferation whilst EV-fraction 

showed no clear anti-tumoral role in our PCa model when produced in a cellular context regulated 

by PGC1α. Nevertheless, due to their protein cargo differences, EVs have potential as non-

invasive biomarkers of PCa surveillance. Hence, once EVs role as non-cell autonomous 

proliferation, migration and metastasis suppressors was discarded, we hypothesized that the cell-

extrinsic PGC1α-driven anti-proliferative activity could be owing to the soluble factors (SFs) 

fraction of the cell secretome.  

Besides EVs, the cell secretome includes a plethora of molecules such as proteins, amino 

acids, fatty acids, nucleotides and gases that mediate a wide number of biological functions, 

including cell signaling, inflammation or apoptosis. It is well known that tumor cells secrete in an 

autocrine and paracrine manner proteins (cytokines, growth factors, ECM proteins, proteases…) 

to the extracellular milieu in order to promote cell proliferation, self-sustenance, trigger matrix 

remodeling and to promote tumor invasion and metastasis among others (Abounader and Laterra 

2005; Cox et al. 2016; Brady et al. 2016; Mendez et al. 2018). Given the fact that our previous 

data pointed towards the secretome fraction bigger than 10 KDa (which, due to size cutoff is 

enriched in proteins) as a non-cell autonomous mediator of cell proliferation braking, we targeted 

our work towards deeper studying the SFs fraction of the secretome, and more concretely 

proteins. 

 

 
 

III.1 Biological impact of the soluble factors fraction of the secretome: in 
vitro and in vivo assays 

III.1.1 In vitro study of the soluble factors effect in PCa cell proliferation 
 

Taking advantage of the same experimental settings we established for whole secretome 

production and subsequent treatment of recipient cells, PGC1α-expressing and non-expressing 

HYPOTHESIS 
The soluble fraction of the cell secretome regulated by PGC1α plays a non-

cell autonomous anti-tumoral role in PCa 
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PC3 producer cells were seeded to generate the soluble factors fraction (SFs) of the secretome. 

Briefly, this fraction was obtained by serial ultracentrifugation steps of the whole cell secretome, 

allowing the depletion of EVs and remaining only the SFs fraction of the cell secretome (see 

Materials and Methods, section II.1.3). Once obtained, SFs were used to treat PC3 recipient 

cells and assess their proliferation capacity, which is an early feature required by the cells to 

initiate tumor formation (FigR 27A). Results showed that PC3 recipient cells grown with the SFs 

secretome fraction produced by PGC1α-expressing cells had lower proliferation capacity 

compared to those recipient cells treated with SFs produced by non-PGC1α expressing cells 

(FigR 27B). Interestingly, and in line with what observed with whole secretome treatments (FigR 

2A), at day 2 of SFs treatment, still no differences in proliferation were observed. These 

differences became evident at day 5 of treatment with the differential SFs, together with changes 

in the growth pattern and morphology of the recipient cells, which became more elongated (FigR 
27C). These observations made evident the non-cell autonomous anti-proliferative role of the 

PGC1α-derived SFs fraction of the secretome. 

 
Figure R 27. PGC1α-derived SFs reduce 2D growth of aggressive PCa cells. A. Overview of the process 

for the production of SFs and treatment of PC3 recipient cells. B. Proliferation assay of PC3 recipient cells 

treated with SFs produced by PGC1α-expressing and non-expressing PC3 producer cells after two and five 

days of SFs treatment. A representative image of the crystal violet staining is included (n=3-4). C. 
Representative images in bright field of PC3 recipient cells at days 2 and 5 of treatment with the differential 

SFs. Bar, 50µm. In B, data is normalized to the SFs-Dox condition, depicted by a black dotted line. SFs+Dox: 

soluble factors produced by PGC1α-expressing cells. Statistical analysis: One sample t-test establishing 1 

as hypothetical value. p, p-value. *p<0.05, n.s.=not significant. Error bars indicate s.e.m.  
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III.1.2 Role of the soluble factors in an in vivo model of metastasis 
 

Given the results we obtained from our in vitro experiments showing a blunt of cell 

proliferation upon treatment with SFs produced by PGC1α-expressing cells compared to the SFs 

produced by non-PGC1α expressing cells, we next decided to study the impact of the SFs in later 

events concerning progression of PCa disease. A growing number of studies, especially in the 

field of regenerative medicine, showed the potential of the cell secretome on the remodeling and 

healing of tissues as well as in reverting neurodegenerative diseases (Khatab et al. 2018; 

Maadawi 2017; Santamaria et al. 2021). In a cancer context, using in vivo BCa models in 

combination with cell secretome infusions, two studies were able to show the impact of secreted 

factors on tumor growth (Dickson, Mcmanaway, and Lippman 1986; Gurzov et al. 2007). Hence, 

having previously demonstrated that EVs are not key mediators on the preparation of the pre-

metastatic niches in our PCa model driven by PGC1α, we reasoned that the SFs could be 

contributors of cancer progression by means of priming the pre-metastatic niches. In order to test 

this idea, we designed an experimental setup in which athymic nude mice were treated throughout 

two weeks with 10 µg of concentrated SFs produced by PGC1α-expressing and non-expressing 

PC3 cells that were injected retro-orbitally (see Materials and Methods, section IV.1.5). After 

this time, metastatic PC3 GFP-luc cells were inoculated into the mice via intra-cardiac injection 

and formation of metastases was monitored throughout two weeks (FigR 28). 

 

 
Figure R 28. Schematic view of the protocol followed for the in vivo metastasis assay using SFs 
produced by PCa cells with differential expression of PGC1α.  

 

First, as a control, we evaluated in vitro the effect of the whole cell secretome, 

corroborating the blunt of PC3 recipient cells proliferation upon treatment with the secretome 

produced by PGC1α-expressing producer cells (FigR 29A). Once luciferase transduced PC3 cells 

were injected into the mice, cell homing, and tumor formation were monitored throughout thirteen 

days using the fluorescence imaging device IVIS. Whole mouse body imaging quantifications 

showed that opposite to what was hypothesized, PC3 cells injected into mice that had been 

treated with SFs derived from PGC1α-expressing cells had higher tumor formation capacity 

compared to the mice treated with SFs produced by non-PGC1α expressing SFs (FigR 29B). 

Moreover, ex vivo analyses confirmed the metastasis formation tracked in vivo, displaying those 

mice treated with SFs derived from PGC1α-positive cells increased metastatic lesions in femur, 

lung and brain compared to the mice challenged with SFs produced by PGC1α-negative cells 

(FigR 29C-E).  
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Figure R 29. Study of the impact of the SFs on the preparation of the pre-metastatic niche. A. The 

anti-proliferative effect of SF derived from PGC1α-expressing PCa cells was confirmed in vitro (n=4). B. In 

vivo whole-body quantification of luciferase signal intensity derived from the PC3 GFP-luc cells injected into 

the mice, measured with IVIS imaging devise (n=4 mice / experimental group). Signal intensity is normalized 

to the day 0. C- E. Evaluation of the metastasis capacity of PC3 GFP-luc cells at the end point (day 13) in 

femur (C), lungs (D) and brain (E). Photon flux is measured in each organ ex-vivo. For each organ, a 

representative image of specimens that are close to the median signal is shown (n=4 mice / experimental 

group). Experimental conditions of mice treated with SFs produced by non-PGC1α expressing (SFs-Dox) 

and PGC1α-expressing cells (SFs+Dox). S: secretome, SFs: soluble factors.  In A, data is normalized to the 

S-Dox condition that is represented by a black dotted line. Statistical analysis: One sample t-test with 1 as 

an established hypothetical value (A). Two tailed Mann-Whitney U test (B, C, D and E). p, p-value. *p<0.05, 

**p<0.01, n.s.=not significant. Error bars indicate s.e.m.  

 

Overall, our in vitro and in vivo assays suggest a complex functionality of the SFs fraction 
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showed to impact differently on tumor cells in an in vitro context compared to the stromal 

compartment in an in vivo setting. In addition to the cell compartments studied, cell features 

analyzed in both assays were different and therefore, assessing in vivo the role of SFs on both 

tumor initiation and tumor growth would be of great interest.   

 

III.2 Proteomics characterization of the secretome and its cell-intrinsic 
regulation by the producer cells 

III.2.1 Proteomics characterization of the secretome 
 

We showed in our previous experiments how the soluble fraction of the secretome plays 

a dual and opposite role in terms of regulating cell proliferation in vitro and modulation of 

metastatic sites in vivo. Based on that, we reasoned that the SFs produced by PCa cells in the 

presence or absence of PGC1α would present a different composition, and therefore aimed at 

identifying which factor/s could be mediating the previously described biological effects. Thus, we 

performed a label-free LC-MS proteomics analysis of the whole cell secretome that was produced 

by PGC1α-expressing and non-expressing PC3 cells. Cell viability is an essential aspect for the 

obtention of a reliable secretome (Villarreal et al. 2013). Cells need to undergo serum starvation 

during the production of the secretomes in order to avoid interference of the fetal bovine serum 

with the proteomics analysis. Nonetheless, serum starvation may cause cellular stress, leading 

to the activation of apoptosis, which, in turn affects the quality of the secretome. We initially 

monitored the producer cells for a 24-hour period of serum deprivation but observed signs of 

cellular stress. Although previous studies (Deshmukh et al. 2015; Cox et al. 2016; Brady et al. 

2016) obtained cell secretomes after 12-24 hours of serum deprivation, we established a shorter 

three-hour period to ensure secretome reliability. After 3 hours, secretomes produced by PGC1α-

expressing and non-expressing PC3 cells were collected and processed to further perform 

proteomics analysis (FigR 30).  

 
Figure R 30. Overview of the experimental time-points set for obtaining pure cell secretomes and 
performing label-free LC-MS proteomics analysis.  

 

Importantly, prior to the proteomics analysis, producer cell extracts and their secretomes 

were analyzed by western blot. This analysis confirmed the expression of both PGC1α in the 

doxycycline-treated conditions and detection of alpha tubulin only in the cell extracts (FigR 31). 
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Indeed, the absence of alpha tubulin signal in the secretomes further suggested secretome 

reliability. 

 
Figure R 31. Western blot analysis of the secretome quality produced by PC3 TRIPZ PGC1A cells. 
(n=3). +Dox: PGC1α-expressing conditions, -Dox: non-PGC1α expressing conditions.   

 

Re-expression of PGC1α in PC3 cells resulted in a distinct cell secretome protein 

composition compared to the secretome produced by PGC1α-negative PC3 cells. A total number 

of 185 differential proteins were identified in the secretomes, from which, 100 were decreased 

and 85 increased in the context of intrinsic PGC1α re-expression (Table R 2). As a cut-off, only 

proteins quantified with at least two peptides at FDR < 1%, as well as a p-value < 0.05 were 

considered. 
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Table R 2. Panel of proteins found significantly altered by proteomics analysis of the secretome 

produced by PGC1α-expressing and non-expressing PCa cell lines. (n=3). Dox: doxycycline. Uncolored 

rows include decreased proteins, and light- blue rows include increased proteins.  

 
 

 

 

Name p value +Dox/-Dox Description
CTHRC1 0.001 0.106 Collagen triple helix repeat-containing protein 2
K1C16 0.017 0.138 Keratin, type I cytoskeletal 17
PLTP 0.000 0.144 Phospholipid transfer protein 

FGFP1 0.004 0.163 Fibroblast growth factor-binding protein 2
HPLN1 0.003 0.198 Hyaluronan and proteoglycan link protein 2
GLNA 0.003 0.218 Glutamine synthetase 

MUC5B 0.003 0.242 Mucin-5B 
TENA 0.011 0.247 Tenascin 
GDN 0.002 0.258 Glia-derived nexin 

COR1C 0.007 0.262 Coronin-1C 
IMDH2 0.025 0.267 Inosine-5'-monophosphate dehydrogenase 3
AAAT 0.010 0.271 Neutral amino acid transporter B(0)
K1C14 0.036 0.273 Keratin, type I cytoskeletal 15
TENX 0.001 0.341 Tenascin-X 
PXDN 0.049 0.381 Peroxidasin homolog 
NOV 0.049 0.382 Protein NOV 
NRP1 0.000 0.384 Neuropilin-2
SPB5 0.022 0.412 Serpin B6

KRT34 0.004 0.421 Keratin, type I 
F10A1 0.020 0.422 Hsc70-interacting protein 
FABP5 0.004 0.430 Fatty acid-binding protein
NUCL 0.010 0.434 Nucleolin 
BZW2 0.043 0.435 Basic leucine zipper and W2 domain-containing protein 3
CD166 0.004 0.443 CD166 antigen 
DDX21 0.003 0.452 Nucleolar RNA helicase 3

FST 0.003 0.462 Follistatin
TFPI1 0.005 0.465 Tissue factor pathway inhibitor 
HS105 0.000 0.472 Heat shock protein 105 kDa 
SF3B2 0.037 0.475 Splicing factor 3B subunit 3
NEST 0.006 0.482 Nestin 
PCNA 0.003 0.482 Proliferating cell nuclear antigen
RAN 0.016 0.483 GTP-binding nuclear protein Ran 

PDIA4 0.007 0.491 Protein disulfide-isomerase A5
P4HA1 0.003 0.494 Prolyl 4-hydroxylase subunit alpha-2
RS13 0.021 0.495 40S ribosomal protein S14

TNPO1 0.000 0.496 Transportin-2
1433S 0.042 0.499 14-3-3 protein sigma 

SET 0.011 0.500 Protein SET 
S10A4 0.000 0.501 Protein S100-A5
ANXA2 0.014 0.506 Annexin A3
GBB2 0.001 0.510 Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-3
GGH 0.037 0.517 Gamma-glutamyl hydrolase 
PRS7 0.023 0.528 26S protease regulatory subunit 8
TBB5 0.005 0.536 Tubulin beta chain 

LA 0.027 0.552 Lupus La protein 
SRSF5 0.008 0.553 Serine/arginine-rich splicing factor 6
SPEE 0.023 0.554 Spermidine synthase 
RAC1 0.013 0.562 Ras-related C3 botulinum toxin substrate 2
K2C78 0.003 0.567 Keratin, type II cytoskeletal 79
HS90A 0.001 0.571 Heat shock protein HSP 90-alpha 
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YBOX1 0.045 0.577 Nuclease-sensitive element-binding protein 2
RS4X 0.024 0.581 40S ribosomal protein S4, X isoform

AN32A 0.007 0.599 Acidic leucine-rich nuclear phosphoprotein 32 family member A 
DDX5 0.039 0.600 Probable ATP-dependent RNA helicase DDX6
CD44 0.004 0.603 CD44 antigen 
ENPL 0.042 0.603 Endoplasmin 

HNRH3 0.010 0.605 Heterogeneous nuclear ribonucleoprotein H4
PNPH 0.042 0.610 Purine nucleoside phosphorylase 

H4 0.009 0.624 Histone H5
PRDX4 0.029 0.634 Peroxiredoxin-5
TIMP2 0.011 0.636 Metalloproteinase inhibitor 3
G6PD 0.013 0.638 Glucose-6-phosphate 1-dehydrogenase 
NPM 0.017 0.639 Nucleophosmin 
GNA1 0.001 0.640 Glucosamine 6-phosphate N-acetyltransferase 
RS5 0.002 0.643 40S ribosomal protein S6

IMB1 0.025 0.645 Importin subunit beta-2
COF1 0.041 0.650 Cofilin-2

FSCN1 0.017 0.653 Fascin
GSTP1 0.007 0.668 Glutathione S-transferase P 
MARCS 0.002 0.678 Myristoylated alanine-rich C-kinase substrate 
HS90B 0.031 0.680 Heat shock protein HSP 90-beta 
ROA1 0.002 0.684 Heterogeneous nuclear ribonucleoprotein A2
A2MG 0.035 0.684 Alpha-2-macroglobulin 
TCPE 0.001 0.685 T-complex protein 1 subunit epsilon 
TCPZ 0.002 0.685 T-complex protein 1 subunit zeta 

ANXA5 0.048 0.686 Annexin A6
ROA3 0.009 0.692 Heterogeneous nuclear ribonucleoprotein A4
ARPC4 0.000 0.698 Actin-related protein 2/3 complex subunit 5
K2C1 0.037 0.698 Keratin, type II cytoskeletal 2
PUR9 0.005 0.703 Bifunctional purine biosynthesis protein PURH

NACAM 0.006 0.703 Nascent polypeptide-associated complex subunit alpha, muscle-specific
H2A1B 0.018 0.717 Histone H2A type 1-B/E 
RL18 0.013 0.719 60S ribosomal protein L19
RS27 0.016 0.721 40S ribosomal protein S28
RS3A 0.006 0.725 40S ribosomal protein S3a 

ACTN1 0.011 0.732 Alpha-actinin-2
HNRPR 0.040 0.764 Heterogeneous nuclear ribonucleoprotein R 
RL7A 0.012 0.771 60S ribosomal protein L7a 

LMNA 0.000 0.781 Prelamin-A/C 
TCPQ 0.050 0.799 T-complex protein 1 subunit theta 
RS18 0.001 0.809 40S ribosomal protein S19
RL12 0.028 0.814 60S ribosomal protein L13
K1C9 0.011 0.826 Keratin, type I cytoskeletal 10

IGHA1 0.044 0.830 Ig alpha-1 chain C region 
TFR1 0.019 0.836 Transferrin receptor protein 2

LKHA4 0.037 0.840 Leukotriene A-4 hydrolase 
PROF1 0.045 0.873 Profilin-2
HNRPQ 0.028 0.908 Heterogeneous nuclear ribonucleoprotein Q 

PSA1 0.009 0.910 Proteasome subunit alpha type-2
CNPY2 0.021 0.917 Protein canopy homolog 3
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TALDO 0.000 1.120 Transaldolase
GLCM 0.000 1.161 Glucosylceramidase
DAF 0.021 1.162 Complement decay-accelerating factor 

PEBP1 0.033 1.165 Phosphatidylethanolamine-binding protein 2
MOES 0.011 1.236 Moesin 
PPIF 0.026 1.248 Peptidyl-prolyl cis-trans isomerase F, mitochondrial 

TXD17 0.027 1.285 Thioredoxin domain-containing protein 18
GSHR 0.000 1.357 Glutathione reductase, mitochondrial 
SYNC 0.015 1.376 Asparagine--tRNA ligase, cytoplasmic 
NET4 0.009 1.380 Netrin-5

THOC4 0.039 1.387 THO complex subunit 5
SAHH2 0.033 1.389 Adenosylhomocysteinase 3
PYGB 0.016 1.405 Glycogen phosphorylase, brain form 
WDR1 0.017 1.413 WD repeat-containing protein 2
PEPD 0.026 1.435 Xaa-Pro dipeptidase 
NDKB 0.015 1.454 Nucleoside diphosphate kinase B 
TKT 0.008 1.469 Transketolase 
EZRI 0.001 1.485 Ezrin 

PLIN3 0.003 1.496 Perilipin-4
C1TC 0.010 1.527 C-1-tetrahydrofolate synthase, cytoplasmic 

CATL1 0.015 1.541 Cathepsin L2
LONM 0.000 1.543 Lon protease homolog, mitochondrial 
CH10 0.045 1.550 11 kDa heat shock protein, mitochondrial 

PRDX5 0.006 1.573 Peroxiredoxin-5, mitochondrial 
6PGD 0.002 1.574 6-phosphogluconate dehydrogenase, decarboxylating 
TPIS 0.018 1.599 Triosephosphate isomerase 

AMPL 0.022 1.655 Cytosol aminopeptidase 
MDHM 0.020 1.709 Malate dehydrogenase, mitochondrial 
AT1A1 0.001 1.715 Sodium/potassium-transporting ATPase subunit alpha-2
CH60 0.001 1.776 61 kDa heat shock protein, mitochondrial 

PFKAP 0.010 1.838 ATP-dependent 6-phosphofructokinase, platelet type 
ECH1 0.015 1.861 Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase, mitochondrial 
RADI 0.012 1.959 Radixin 
DLDH 0.000 1.982 Dihydrolipoyl dehydrogenase, mitochondrial 
SPB6 0.000 1.999 Serpin B7

FUMH 0.000 2.017 Fumarate hydratase, mitochondrial 
ATPA 0.000 2.025 ATP synthase subunit alpha, mitochondrial 
SYSC 0.002 2.061 Serine--tRNA ligase, cytoplasmic 
6PGL 0.000 2.107 6-phosphogluconolactonase 
CERU 0.029 2.140 Ceruloplasmin 
AGAL 0.001 2.141 Alpha-galactosidase A 

ALDOA 0.000 2.184 Fructose-bisphosphate aldolase A
S10A6 0.044 2.217 Protein S100-A7
IDHC 0.007 2.292 Isocitrate dehydrogenase [NADP] cytoplasmic 
FPPS 0.007 2.298 Farnesyl pyrophosphate synthase 

ALDOC 0.010 2.304 Fructose-bisphosphate aldolase C 
ACADM 0.002 2.357 Medium-chain specific acyl-CoA dehydrogenase, mitochondrial 
ACADV 0.002 2.403 Very long-chain specific acyl-CoA dehydrogenase, mitochondrial 
NUCB1 0.013 2.433 Nucleobindin-2
NNRE 0.010 2.470 NAD(P)H-hydrate epimerase 
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ACON 0.003 2.473 Aconitate hydratase, mitochondrial 

UGPA 0.012 2.480 UTP--glucose-1-phosphate uridylyltransferase 

CYC 0.008 2.502 Cytochrome c 

SYG 0.006 2.514 Glycine--tRNA ligase 

KAP0 0.018 2.632 cAMP-dependent protein kinase type I-alpha regulatory subunit 

SIAS 0.012 2.669 Sialic acid synthase 

PGAM1 0.030 2.720 Phosphoglycerate mutase 2

IMPA1 0.003 2.723 Inositol monophosphatase 2

DOPD 0.007 2.784 D-dopachrome decarboxylase 

AIFM1 0.000 2.810 Apoptosis-inducing factor 1, mitochondrial

IDH3A 0.000 2.816 Isocitrate dehydrogenase [NAD] subunit alpha, mitochondrial 

ECI1 0.048 2.826 Enoyl-CoA delta isomerase 1, mitochondrial 

ATPB 0.001 2.968 ATP synthase subunit beta, mitochondrial 

CATD 0.006 3.037 Cathepsin D 

SODE 0.001 3.038 Extracellular superoxide dismutase [Cu-Zn] 

LYAG 0.039 3.052 Lysosomal alpha-glucosidase 

PGM1 0.000 3.164 Phosphoglucomutase-2

SIAE 0.003 3.280 Sialate O-acetylesterase 

STAT1 0.001 3.539 Signal transducer and activator of transcription 1-alpha/beta 

GSTK1 0.000 3.609 Glutathione S-transferase kappa 2

AATM 0.006 3.661 Aspartate aminotransferase, mitochondrial 

K2C8 0.002 3.907 Keratin, type II cytoskeletal 9

CISY 0.000 3.927 Citrate synthase, mitochondrial 

SODM 0.002 4.178 Superoxide dismutase [Mn], mitochondrial 

MDHC 0.001 4.640 Malate dehydrogenase, cytoplasmic 

OPLA 0.000 5.217 5-oxoprolinase 

KAD1 0.000 5.829 Adenylate kinase isoenzyme 2

RNT2 0.047 6.208 Ribonuclease T3

DECR 0.000 6.966 2,4-dienoyl-CoA reductase, mitochondrial 

ATP1B1 0.003 7.493 Sodium/potassium-transporting ATPase subunit beta-2

GLGB 0.003 8.798 1,4-alpha-glucan-branching enzyme 

KCRB 0.001 12.603 Creatine kinase B-type 

AATC 0.001 16.335 Aspartate aminotransferase, cytoplasmic 

MX1 0.009 16.448 Interferon-induced GTP-binding protein Mx2

ECM1 0.000 44.487 Extracellular matrix protein 2
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 We then analyzed by western blot some of the candidates that were found differentially 

present in the proteomics analysis of the secretome (STAT1, ITGβ4 and cofilin). These 

candidates were only detected in the producer cell extracts and not in their secretomes, probably 

due to technical issues (FigR 32).  

 
Figure R 32. Western blot analysis of proteins found altered in the proteomics analysis of the 
secretome produced by PGC1α-expressing and non-expressing PC3 producer cells. STAT1, ITGβ4 

and cofilin, candidates are analyzed (n=3). +Dox: PGC1α-expressing conditions, -Dox: non-PGC1α 

expressing conditions. 

 

Of note, the proteome here analyzed was of the whole cell secretome, thus being the 

EVs fraction also included, albeit in a minor proportion. Indeed, for performing proteomics analysis 

of the whole cell secretome, 1 ml out of 20 ml of cell secretome from each condition was used, 

whereas for performing the proteomics analysis of EVs, the enrichment of EVs was performed 

from a secretome volume of 110 ml. Therefore, the proteins obtained in the whole secretome 

analysis, most probably come from the soluble rather than the EVs fraction. Ten proteins 

(MUC5B, AAAT, NRP1, RAC1, CD44, MARCKS, CTSD, AATM, ATP1B1 and AATC) were 

common in the EVs and whole secretome proteomics analysis, and all of them followed the same 

trend in terms of being up or downregulated. On the other hand, in line with the role of PGC1α as 

a master regulator of mitochondrial metabolism, we found that several enzymes linked to this 

process (ACON, IDH3A, AATM, SODM, among others) were increased in the secretome upon 

re-expression of PGC1α in the producer cell lines. Top protein found depleted in the secretome 

was CTHRC1, and opposite to it, ECM1 happened to be 44-fold times increased in the PGC1α-

regulated secretome, followed by the interferon-induced protein MX1. 

 

To functionally contextualize the differences between both groups (secretome produced 

by PC3 cells with or without PGC1α expression), we followed the same strategy than for the 

analysis of the EVs proteomics data. First, to take advantage of gene ontology annotations, which 

are broader than the ones available for proteins, we converted protein name of all the differentially 

identified secreted candidates and transformed them into their coding gene name. Then, taking 

advantage of Cancertool application (Cortazar et al. 2018), we performed an enrichment analysis 

of the entire gene list. This brought us to observe an enrichment of GO biological processes linked 
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almost entirely to metabolism, rising merely additional functions related to viral processes, 

regulation of cell death and osteoblast differentiation (labelled with orange stars) (FigR 33).  

 
Figure R 33. Gene ontology analysis showing the biological processes related to the genes encoding 
for the proteins found differentially present in the cell secretomes. The red dotted line indicates p=0.05, 

p=p-value. 

 

In line with what was previously described on the cancer cells secretome (Villarreal et al. 

2013), GO cellular component analysis revealed an enrichment of proteins tied to the extracellular 

milieu (extracellular organelle, extracellular region, extracellular space). On the other hand, 

enrichment of other cellular compartments such as ‘’extracellular vesicular exosome’’, ‘’cytosol’’, 

‘’mitochondria’’ or ‘’nucleus’’ suggested presence of unconventional secreted proteins (FigR 

34A). In addition, and in line with the biological processes analysis, GO molecular function 

analysis revealed functionalities associated to metabolic enzymes activities, but also novel 

features related to cell surface and cytoskeleton proteins binding (orange stars) (FigR 34B). 
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Figure R 34. Gene ontology analysis showing the cellular component (A) and molecular functions 

(B) associated to the genes encoding for the proteins found differentially present in the cell 
secretomes obtained from PGC1α-expressing and non-expressing PCa cell lines. The red dotted line 

indicates p=0.05, p=p-value. 

 

Next, trying to deepen the analysis on our proteomics candidates, we separated the up 
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performed enrichment analyses. These analyses separated the molecular functionalities of the 

secretome in two branches; on one hand upregulated candidates showed molecular features 

mainly related to metabolism and moreover, in the promoter enrichment analysis ERRα emerged 

as the top-transcription factor to mediate their regulation at the transcriptional level (FigR 35).  
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Figure R 35. Molecular functions and transcription factor enrichment analyses of upregulated genes 

encoding for the proteomics-identified candidates. The red dotted line indicates p=0.05, p=p-value. 

 

On the other hand, among the downregulated candidates, despite metabolic functions 

also appeared, novel functions linked to cell surface and cytoskeleton proteins binding processes 

or binding to RNA rose. Interestingly, promoter enrichment of these downregulated genes 

revealed a potential transcriptional regulation mediated by MYC/MAZ/MAX transcription factors 

(FigR 36). This data was in line with previous studies showing cell-intrinsic functions that link 

PGC1α to ERRα and to MYC, on regulating cell metabolism and cytoskeleton rearrangements in 

PCa cells (Torrano, Valcarcel-Jimenez, et al. 2016; Valcarcel-Jimenez et al. 2019; Kaminski et 

al. 2019). It is also interesting to highlight that E2F family of transcription factors also happened 

to be enriched among the transcription factors to mediate regulation of genes found decreased.  
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Figure R 36. Molecular functions and transcription factor enrichment analyses of downregulated 

genes encoding for the proteomics-identified candidates. The red dotted line indicates p=0.05, p=p-

value. 

 

Following the same rationale as for the proteomics candidates identified in EVs, we 

decided to explore cell-intrinsic expression levels of the genes encoding for proteins differentially 

present in the cell secretomes produced by PGC1α-expressing and non-expressing PC3 cells. 
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Figure R 37. RT-qPCR analysis reveals that genes coding for altered proteins found in the cell 
secretome are transcriptionally regulated by PGC1α in the producer cells. A-B. Expression levels of 

upregulated MX1, STAT1, SOD3 and PGAM1 (A) and downregulated genes RAC1, YBX1, FGFP1, TNXB, 

NRP1, CFL1, SERPINB5 and GNB2 (B) measured by RT-qPCR in PGC1α-expressing and non-expressing 

PC3 cells (n=3-5). +Dox:  PGC1α-expressing condition. Data is normalized to the –Dox condition, depicted 

by a black dotted line. Statistical analysis: One sample t-test establishing 1 as hypothetical value. p, p-value. 

*p<0.05, **p<0.01, ***p<0.001. Error bars indicate s.e.m. 

 

Next, we wondered whether these genes would be under the transcriptional control of 

ERRα, and we therefore once again, took advantage of the PC3 cells with differential expression 

of PGC1α combined with the presence or absence of ERRα (FigR 38). We observed that gene 

expression levels of MX1, STAT1, SOD3 and ECM1 were increased upon expression of PGC1A, 

showing MX1 and ECM1 correspondingly an unquestionable and almost probable transcriptional 

regulation dependent on ERRα. On the other hand, genes (RAC1, YBX1, FGFP1, TNXB and 

NRP1) previously shown to be downregulated at protein level in the secretome and cell-

intrinsically downregulated upon expression of PGC1α, happened to be transcriptionally 

dependent on ERRα.  
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Figure R 38. ERRα mediates transcriptional regulation of most of the genes encoding for the altered 

proteins identified in the cell secretome. Gene expression levels measured by RT-qPCR of MX1, STAT1, 

SOD3, ECM1, RAC1, YBX1, FGFP1, TNXB and NRP1 in producer cell lines with differential expression of 

PGC1α in combination with ERRα deletion (n=3-4). Data are normalized to the sgCtl–Dox condition, depicted 

by a black dotted line. Dox: doxycycline. Statistical analysis: One sample t-test establishing 1 as hypothetical 

value. Unpaired parametric one-tail t-test. Asterisks indicate statistical differences between sgCtl-Dox and 

the rest of the conditions and the dollar symbol indicates the statistical differences between sgCtl+Dox and 

sgERRα#1/#2+Dox. p, p-value. */$p<0.05, **/$$p<0.01. n.s.=not significant. Error bars indicate s.e.m.  
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recapitulating the genotype induced by PGC1α and suggesting a transcriptional regulation 

independent of c-MYC (FigR 39). 

 
Figure R 39. Silencing of c-MYC in producer cell lines. Quantification of c-MYC gene expression 

levels and the genes of interest (FGFP1, TNXB and YBX1) by RT-qPCR. Two doxycycline-inducible 

shRNAs targeting c-MYC gene sequence are used (sh41 and sh42), (n=3). Data is represented by fold 

change relative to each –Dox condition, depicted by a black dotted line. Dox: doxycycline. Statistical 

analysis: One sample t-test establishing 1 as hypothetical value. p, p-value. *p<0.05, **p<0.01. n.s.=not 

significant. Error bars indicate s.e.m. 

 

Finally, we once again corroborated that the use of doxycycline in our cell system did not 

affect the experimental outcomes (FigR 40). Although a statistically significant reduction of MX1 

gene expression levels were observed, this was opposite to our previous data on cells treated 

with doxycycline to induce expression of PGC1α. STAT1 expression levels remained unchanged 

in the doxycycline-treated and untreated conditions.  

 
Figure R 40. Gene expression levels analysis by RT-qPCR of proteomics candidates in control PC3 
producer cell lines reveal no changes in gene expression produced by the treatment with 

doxycycline. MX1 and STAT1 gene expression levels are analyzed. (n=3). Dox: untreated cells. +Dox: 

doxycycline-treated cells. Data is normalized to the –Dox condition, depicted by a black dotted line. Statistical 

analysis: One sample t-test establishing 1 as hypothetical value. p, p-value. **p<0.01, n.s.=not significant. 

Error bars indicate s.e.m.  
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On the other hand, the second mouse model we took advantage from presents a prostate 

epithelium specific deletion of Pten in combination with two copy loss of Pgc1α (Ptenpc-/- Pgc1αpc-

/-) (Torrano, Valcarcel-Jimenez, et al. 2016). These mice develop cancer lesions at three months, 

and at later time-points present metastasis in the lymph nodes and dissemination to the bones. 

We isolated tumor interstitial liquid (TIL) obtained from three-month Ptenpc-/- mice and 

Ptenpc-/- Pgc1αpc-/- mice (termed hereafter KO and DKO, correspondingly). The interstitial fluid (IF) 

consists of a fluid phase that bathes the cells that compose the tissue. Indeed, lately a great 

interest was set on the TIL for the discovery of novel biomarkers of different types of cancer (Ura 

et al. 2018; Haslene-Hox et al. 2011; Hsu et al. 2019). Interestingly, the analysis revealed a list 

of 44 differentially present proteins detected in TIL from KO and DKO mice (establishing a cut-off 

of at least two peptides at FDR < 1%, and a p-value < 0.05) (Table R 3).  

Among the differential proteins that were found in the TIL, three (Ak1, Atp1b1 and Srm) 

where common to the proteins found differentially present in the proteomics of the cell secretome 

(Table R 2). Atp1b1 and Srm increased or decreased regarding the presence or absence of 

Pgc1α in the same line as it happened in the secretome of PCa epithelial cells with differential 

expression of PGC1α. Opposite to them, Ak1 did not follow the same expression levels in the TIL 

and in the cell secretome. It should be kept in mind that the analysis of the cell secretome 

performed in vitro, was obtained from a sole cell population of PCa epithelial cells with differential 

expression of PGC1α. On the other hand, TIL was isolated from a more complex environment, 

where different cell populations secrete proteins to the extracellular milieu. Despite this point, only 

epithelial cells in the murine prostate present differential expression of Pgc1α, therefore allowing 

a certain degree of resemblance between both systems.  
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Table R 3. Proteomics analysis identifies a panel of 44 proteins differentially present in the TIL from 

DKO mice compared to the TIL from KO mice. Label-free LC-MS proteomics analysis (n=9 KO mice and 

n=12 DKO mice). KO: mice with prostate-specific epithelial deletion of Pten. DKO: mice with prostate-specific 

epithelial deletion of Pten and Pgc1a. Uncolored rows include decreased proteins, and light blue rows 

include increased proteins. 

 
 

We next converted mouse protein names to human gene names and performed a 

Cancertool-based enrichment analysis (Cortazar et al. 2018) that revealed biological pathways 

linked to the innate immune system and cell cycle-related processes (orange stars) (FigR 41A). 

The GO cellular component was linked the differentially present proteins with extracellular 

Name p value DKO/KO Description
Atp1b1 0.034 0.559 Sodium/potassium-transporting ATPase subunit beta-1  
Chid1 0.042 0.566 Chitinase domain-containing protein 1  

Pnliprp1 0.039 0.672 Inactive pancreatic lipase-related protein 1  
Mme 0.044 0.721 Neprilysin
Ace 0.003 0.742 Angiotensin-converting enzyme 
Esd 0.005 1.405 S-formylglutathione hydrolase  
Acly 0.014 1.540 ATP-citrate synthase  

Rpl10 0.045 1.567 60S ribosomal protein L10  
Tpd52 0.049 1.608 Tumor protein D52  
Pcyox1 0.022 1.649 Prenylcysteine oxidase  

F12 0.032 1.699 Coagulation factor XII  
Psme3 0.011 1.714 Proteasome activator complex subunit 3  

Rpl5 0.011 1.732 60S ribosomal protein L5  
Eif3f 0.028 1.746 Eukaryotic translation initiation factor 3 subunit F  

Anxa13 0.037 1.774 Annexin A13  
Srm 0.012 1.774 Spermidine synthase  

Gstz1 0.028 1.918 Maleylacetoacetate isomerase  
Acp1 0.038 1.942 Low molecular weight phosphotyrosine protein phosphatase  
Cmbl 0.044 1.948 Carboxymethylenebutenolidase homolog  
App 0.040 1.951 Amyloid-beta A4 protein  
Cfh 0.010 1.960 Complement factor H  

Mapre1 0.036 1.962 Microtubule-associated protein RP/EB family member 1  
Pgrmc1 0.033 1.984 Membrane-associated progesterone receptor component 1  
Diaph1 0.014 1.988 Protein diaphanous homolog 1  

Serpina1f 0.010 2.032 Alpha-1-antitrypsin 1-6  
Pls3 0.029 2.052 Plastin-3  

Khsrp 0.038 2.057 Far upstream element-binding protein 2  
Pi16 0.026 2.168 Peptidase inhibitor 16  

Copg2 0.008 2.220 Coatomer subunit gamma-2  
Phldb2 0.006 2.240 Pleckstrin homology-like domain family B member 2  
Rpl21 0.034 2.292 60S ribosomal protein L21  
Anxa8 0.004 2.325 Annexin A8  

Tmpo 0.039 2.333 Lamina-associated polypeptide 2  isoforms 
beta/delta/epsilon/gamma  

Stk24 0.027 2.338 Serine/threonine-protein kinase 24  
Saa4 0.007 2.362 Serum amyloid A-4 protein  
Pvalb 0.021 2.378 Parvalbumin alpha  

Serping1 0.024 2.387 Plasma protease C1 inhibitor  
Gbp2 0.020 2.404 Guanylate-binding protein 2  

Psmd7 0.047 2.536 26S proteasome non-ATPase regulatory subunit 7  
Csk 0.000 2.584 Tyrosine-protein kinase CSK  

Ppme1 0.003 2.659 Protein phosphatase methylesterase 1  
Ces1d 0.007 2.732 Carboxylesterase 1D 

Ak1 0.015 2.963 Adenylate kinase isoenzyme 1  
Sec14l2 0.006 3.252 SEC14-like protein 2  
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components such as ‘’ extracellular organelle’’ ‘’vesicle’’ and ‘’membrane’’. In this category, also 

terms tied to ribosomes emerged. (FigR 41B). Finally, the transcription factor enrichment analysis 

revealed AP1 and NFE2 transcription factors as plausible mediators on the regulation of the 

genes encoding for the proteins differentially present in the proteomics analysis of the TIL (FigR 
41C).  

 
Figure R 41. Cancertool enrichment analysis of the genes encoding for the proteins differentially 
present in the proteomics of the TIL of KO and DKO mice. A-B-C. Reactome analysis (A), cellular 

component analysis (B) and transcription factor enrichment analysis are shown (C). The red dotted lines 

indicate p=0.05, p=p-value.  

 

We finally wondered if the proteomics candidates would be related to the status of PGC1α 
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directly or inversely correlated to PGC1A, including the genes that were only found in half of the 

datasets analyzed (highlighted in blue) (Table R 4).  

 
Table R 4. Correlation analysis of proteomics-identified candidates against PGC1A in PCa datasets. 
In red, genes that follow the same trend as in vitro data are shown. Blue-highlighted genes appear only in 

half of the datasets analyzed. Statistic test: Spearman correlation coefficient (R).  R>0: direct correlation. 

R<0 inverse correlation.I:inverse, D:direct. Adj. p-v= adjusted p-value. 

 
 

From this list of genes, BZW2, CNPY2, GNB2, ALDOC, ATP1B1 and NTN4 followed the 

same trend as in the proteomics data of the cell secretome in terms of being up or downregulated 

based on the status of PGC1α (FigR 42). 
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Figure R 42. Analyses of the genes found correlated to PGC1A in PCa datasets. For each gene, 

Grasso, Taylor, and TCGA, analyses are shown. Each dot corresponds to a patient, and expression values 

correspond to log2 normalized mRNA levels of each gene in X and Y axis. Black line represents the linear 

regression, and the grey area limits the intervals of confidence. Statistic test: Spearman correlation 
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coefficient (R). Adj. p-val= adjusted p-value. Statistic test: Spearman correlation coefficient (R). Adj. p-val= 

adjusted p-value. 

 

 Of note, as mentioned earlier, two of the proteins found deregulated in the TIL (Atp1b1 

and Srm) where common to the proteins found differentially present in the proteomics of the cell 

secretome and followed the same direction in terms of being increased or decreased. As shown 

above, ATP1B1 directly correlates with PGC1A in PCa patients’ data. In addition, ATP1B1 is part 

of a gene signature that predicts recurrence in PCa (Torrano, Valcarcel-Jimenez, et al. 2016). 

Yet, results showed no correlation consistency between SRM and PGC1A, although most of the 

datasets tilted towards an inverse correlation (1 out of 9 direct significant correlation and 4 out of 

9 inverse significant correlations) (FigR 43).  

 
Figure R 43. Correlation analysis in PCa datasets shows no relation between PGC1A and SRM. Only 

Grasso, Taylor, and TCGA and Fraser correlations are shown. Each dot corresponds to a patient, and 

expression values correspond to log2 normalized mRNA levels of each gene in X and Y axis. Black line 

represents the linear regression, and the grey area limits the intervals of confidence. Statistic test: Spearman 

correlation coefficient (R). Adj. p-val= adjusted p-value. Statistic test: Spearman correlation coefficient (R). 

Adj. p-val= adjusted p-value 

 

Overall, LC-MS proteomics analysis revealed a cell secretome composition that is 

transcriptional and intrinsically governed by the axis PGC1α-ERRα, thus displaying a different 

protein content in the secretome produced by PGC1α-expressing and non-expressing PCa cell 

lines. Cancertool-based enrichment analysis unveiled that among the upregulated and 

downregulated candidates, functions linked to metabolism were enhanced in the secretomes 

produced by PGC1α-expressing PC3 cells. Nonetheless, novel functions linked to cell surface 

and cytoskeleton proteins as well as RNA binding processes were enriched, especially among 

the downregulated proteins identified in the secretomes produced by cells expressing PGC1α. In 

addition, secretome purity was confirmed and interrogation of some of the candidates by RT-

qPCR analysis in the producer cell lines revealed that most of them were tightly regulated by the 

PGC1α-ERRα transcriptional axis. In addition, we observed that as it happened with the 

expression of PGC1α, deletion of c-MYC triggered the downregulation of YBX1, thus suggesting 

a PGC1α-mediated transcriptional regulation of this gene, mediated by the oncogene c-MYC.  
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Finally, proteomics analysis revealed a differential protein composition of the TILs 

obtained from KO and DKO mice, including some candidates that where common to the ones 

identified in the proteomics analysis of the cell secretome. 

III.3 Molecular events triggered upon treatment of PCa recipient cells with 
the differential secretomes 

III.3.1 RNA sequencing analysis of PCa recipient cell lines 
 

Having previously shown the anti-proliferative role of the secretome driven by the 

metabolic regulator PGC1α, naturally, the question about the molecular events triggered in those 

cells that receive this secretome rose. We therefore focused our studies on understanding the in 

vitro anti-proliferative molecular cues activated on PCa recipient cell lines upon treatment with the 

distinct cell secretomes. Based in the central dogma of molecular biology stating that information 

harbored in the genes is transcribed from DNA to RNA (Crick FH 1958), we next performed an 

RNA sequencing experiment in which, we hypothesized that treatment of PCa recipient cells with 

the differential secretomes would render information about altered genes and their correspondent 

pathways. Although our data shows that the reduction in proliferation of recipient cells becomes 

evident after, at least, five days of treatment with the differential secretomes, RNA sequencing 

analysis was performed on PC3 recipient cells treated throughout 48 hours with the distinct 

secretomes. This decision aimed at having a clean system for detecting early molecular events 

activated in the recipient cells upon treatment with the differential secretomes, and that could 

explain the anti-proliferative effects observed at later time-points. Thus, differential secretomes 

obtained from PGC1α-expressing and non-expressing PC3 producer cells were used to treat PC3 

recipient cell lines for a 48-hour period, time after which, samples were collected and subjected 

to RNA sequencing analysis (FigR 44). 

 

 
Figure R 44. Overview of the experimental setting followed for performing RNA sequencing analysis 
of PC3 recipient cells treated with differential secretomes. 

 

First, we performed a PCA that revealed no differences between both groups in sample 

clustering when filtering the results by establishing an adjusted p-value of 0.05 (FigR 45A). We 

therefore changed strategy and removed outlier samples (S_05 and S_06) which, led to the 

separation of the samples in two clusters (on one side S_01 and S_03, on the other side S_02 

and S_04) (FigR 45B). Data was then reanalyzed establishing a p-value smaller than 0.0015 as 
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filtering criteria, whilst bearing in mind that only two samples per condition were included for these 

analyses.  Based on the expression pattern, genes were gathered in a heatmap that allowed us 

to observe at a first glance groups of genes differentially expressed in PC3 cells treated with 

secretomes coming from producer cells with or without expression of PGC1α (FigR 45C).  

 

 
Figure R 45. PCA from the RNA sequencing analysis performed on PC3 recipient cells treated with 
differential secretomes. A. PCA of the RNA sequencing data from PC3 recipient cells (n=3/ condition). B. 

PCA of the RNA sequencing data from PC3 recipient cells after removal of outlier samples (n=2/ condition). 

C. Heatmap displaying the clusters of genes differentially expressed in PC3 cell lines treated with the distinct 

secretomes (n=2/ condition). Analysis of DESeq2 platform is shown. PC3_S-Dox: PC3 recipient cells treated 

with secretomes obtained from non-PGC1α expressing cells (blue). PC3_S+Dox: PC3 recipient cells treated 

with secretomes obtained from PGC1α-expressing (red). Sample IDs can be found next to each colored dot 

(A and B) and in the bottom of the heatmap (C). PC: principal component. In A, p-value<0.05, In B and C p-

value<0.0015. 
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Supervised clustering of the RNA sequencing data was done using DESeq2 (Anders and 

Huber 2010), although, EdgeR  (M. D. Robinson, McCarthy, and Smyth 2009) and LimmaVoom 

(Ritchie et al. 2015) were also considered as control, displaying these platforms the same list of 

genes than the ones found differentially expressed using DESeq2 (FigR 46A). DESeq2 included 

a wider number of genes than the other two platforms used, and therefore was considered for 

further analysis of the data, which displayed five top-upregulated candidates in recipient cells 

treated with secretomes obtained from PGC1α-expressing PCa cells (FigR 46B).  

 

 
Figure R 46. Analysis of the RNA sequencing performed on PC3 cells treated with differential 
secretomes. A. Venn diagram shows the differentially expressed genes identified by analyzing the data 

with three different platforms (DESeq2, EdgeR and LimmaVoom). B. Volcano plot displays differentially 

expressed genes in PC3 cells treated with the differential secretomes. In B, genes with a p-value<0.05 are 

included. Genes represented in red are filtered through an adj. p-value<0.05 and a FC>1.5. FC: fold change. 

 

With the aim of obtaining a broader view of the molecular events altered in our system, 

we established the following cut-offs for the analysis: differences in genes expression must be 

higher than 1.5-fold-changes and lower than 0.5 between control and experimental samples, in 

both cases with a p-value lower than 0.0015. The analysis of the data revealed a list of 55 genes 

differentially expressed in PC3 cells treated with the distinct secretomes (Table R5). Thirteen of 

these genes happened to be downregulated and 42 upregulated in the PC3 cells that were grown 

with the secretomes produced by PGC1α-expressing PCa cells compared to the non-PGC1α 

expressing ones. Interestingly, two candidates (FGFBP1 and GBE) identified by RNA sequencing 

of the recipient cells were also found in the proteomics analysis of the cell secretome.  
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Table R 5. Genes found differentially expressed by RNA sequencing analysis of PC3 recipient cell 

lines treated with distinct secretomes for 48 hours. Uncolored rows include the downregulated 

candidates, whereas pink-colored rows stem for genes found upregulated. A p-value<0.0015 and fold 

change higher than 1.5-fold and lower than 0.5-fold are established as cut-off. FC: fold change. 

 

 
 

 

Ensembl Symbol FC p value Name

ENSG00000099864 PALM -1,649 0,0003 Paralemin

ENSG00000152082 MZT2B -1,393 0,0005 Mitotic-spindle organizing protein 2B

ENSG00000104833 TUBB4A -1,379 0,0001 Tubulin beta 4A class IVa

ENSG00000002330 BAD -1,370 0,0007 BCL2 associated agonist of cell death 

ENSG00000125534 PPDPF -1,357 0,00001 Pancreatic progenitor cell differentiation and 
proliferation factor

ENSG00000187244 BCAM -1,352 0,0009 Basal cell adhesion molecule

ENSG00000125520 SLC2A4RG -1,280 0,0008 SLC2A4 regulator

ENSG00000175745 NR2F1 -1,272 0,0014 Nuclear receptor subfamily 2 group F member 1

ENSG00000182871 COL18A1 -1,266 0,0004 Collagen type XVIII alpha 1 chain

ENSG00000071564 TCF3 -1,265 0,0009 Transcription factor E2-alpha

ENSG00000101210 EEF1A2 -1,257 0,0000 Eukaryotic translation elongation factor 1 alpha 
2

ENSG00000233276 GPX1 -1,255 0,0011 Glutathione peroxidase 1

ENSG00000159184 HOXB13 -1,235 0,0001 Homeobox B13

ENSG00000134294 SLC38A2 1,180 0,0015 Solute carrier family 38 member 2

ENSG00000161011 SQSTM1 1,208 0,0014 Sequestosome 1

ENSG00000141458 NPC1 1,226 0,0008 NPC intracellular cholesterol transporter 1

ENSG00000114480 GBE1 1,232 0,0014 1,4-alpha-glucan branching enzyme 1

ENSG00000197930 ERO1A 1,243 0,0010 Endoplasmic reticulum oxidoreductase 1 alpha

ENSG00000109929 SC5D 1,269 0,0003 Sterol-C5-desaturase

ENSG00000152952 PLOD2 1,272 0,0003 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 
2

ENSG00000052802 MSMO1 1,281 0,0015 Methylsterol monooxygenase 1

ENSG00000152818 UTRN 1,281 0,0009 Utrophin

ENSG00000171451 DSEL 1,287 0,0015 Dermatan sulfate epimerase like

ENSG00000132432 SEC61G 1,289 0,0007 SEC61 translocon subunit gamma

ENSG00000107798 LIPA 1,299 0,0001 Lipase A, lysosomal acid type

ENSG00000099194 SCD 1,307 0,0000 Stearoyl-CoA desaturase

ENSG00000204592 HLA-E 1,309 0,0006 Major histocompatibility complex, class I, E

ENSG00000130513 GDF15 1,311 0,0013 Growth differentiation factor 15

ENSG00000101255 TRIB3 1,324 0,0009 Tribbles pseudokinase 3
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To have an overview of the molecular processes associated with the genes differentially 

expressed (p-value < 0.0015 cut-off) by the PC3 recipient cells treated with the differential 

secretomes, we performed a Cancertool-based enrichment analysis (Cortazar et al. 2018). 

Pathway enrichment analysis revealed an enhancement of processes linked with the immune 

system that were also accompanied by an enrichment of lipid metabolism pathways (FigR 47A). 

In the same sense, GO biological process analysis showed enrichment on metabolic functions, 

mainly related to lipids. On the other hand, immune system processes specially related to 

interferon (flagged with orange stars) and cell death-related (yellow stars) biological functions 

ENSG00000137440 FGFBP1 1,326 0,0016 Fibroblast growth factor binding protein 1

ENSG00000166710 B2M 1,336 0,0001 Beta-2-microglobulin

ENSG00000113739 STC2 1,341 0,0000 Stanniocalcin 2

ENSG00000112972 HMGCS1 1,346 0,0003 3-hydroxy-3-methylglutaryl-CoA synthase 1

ENSG00000067064 IDI1 1,360 0,0001 Isopentenyl-diphosphate delta isomerase 1 

ENSG00000186480 INSIG1 1,370 0,0006 Insulin induced gene 1

ENSG00000164211 STARD4 1,373 0,0001 StAR related lipid transfer domain containing 4

ENSG00000170006 TMEM154 1,375 0,0001 Transmembrane protein 154

ENSG00000136155 SCEL 1,379 0,0008 Sciellin

ENSG00000176171 BNIP3 1,385 0,0000 BCL2 interacting protein 3

ENSG00000059378 PARP12 1,424 0,0004 Poly(ADP-ribose) polymerase family member 12

ENSG00000166750 SLFN5 1,459 0,0000 Schlafen family member 5

ENSG00000095951 HIVEP1 1,464 0,0015 HIVEP zinc finger 1

ENSG00000128335 APOL2 1,477 0,0009 Apolipoprotein L2

ENSG00000049130 KITLG 1,495 0,00003 KIT ligand

ENSG00000175197 DDIT3 1,505 0,0002 DNA damage inducible transcript 3

ENSG00000154678 PDE1C 1,511 0,0000 Phosphodiesterase 1C

ENSG00000168209 DDIT4 1,529 0,0008 DNA damage inducible transcript 4

ENSG00000178685 PARP10 1,533 0,0001 Protein mono-ADP-ribosyltransferase PARP10

ENSG00000185880 TRIM69 1,572 0,0001 E3 ubiquitin-protein ligase TRIM69

ENSG00000170581 STAT2 1,634 0,00000 Signal transducer and activator of transcription 2

ENSG00000125347 IRF1 1,638 0,00000 Interferon regulatory factor 1

ENSG00000162772 ATF3 1,856 0,00002 Activating transcription factor 3

ENSG00000213928 IRF9 1,978 0,0010 Interferon regulatory factor 9

ENSG00000140853 NLRC5 2,061 0,00000 NLR family CARD domain containing 5

ENSG00000169203 NPIPB12 4,428 0,0002 Nuclear pore complex interacting protein family 
member B12
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happened to be enriched in the PC3 cells treated with secretomes derived from PGC1α-

expressing producer cells (FigR 47B and Table R6).  

 

 
Figure R 47. Pathway and GO biological process analyses of the genes found altered in recipient 

cells reveal an enrichment of functions linked to metabolism, immune system and cell death. A. 
Pathway analysis. B. GO biological process The red dotted lines indicate p=0.05, p=p-value.  
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Table R 6. Genes found enriched in the GO biological process analysis.  

 
 

Finally, transcription factor analysis revealed a high presence of TFs linked to interferon 

signaling such as STAT3, IRF7, IRF1, NFkB and STAT6 (FigR 48).  

 
Figure R 48. Transcription factor enrichment analysis of the genes found altered in recipient cells by 
RNA sequencing analysis. The red dotted lines indicate p=0.05, p=p-value. 

 

III.3.1.1 Validation of RNA sequencing candidates in PCa recipient cell lines 
 

Next step was performing RT-qPCR analysis on the PC3 recipient cells subjected to the 

RNA sequencing with the aim of validating some of the dysregulated candidates. For these 

validations, in order to assess ERRα-mediated transcriptional control, we additionally included 

four groups of recipient cells treated with secretomes produced by PGC1α-expressing and non-

Term Genes

defense response to virus B2M, BNIP3, IRF1, STAT2, IRF9, DDIT4, NLRC5

response to type I interferon HLA-E, IRF1, STAT2, IRF9, NLRC5

apoptotic signaling pathway DDIT3, KITLG, SQSTM1, ERO1L, DDIT4, TRIB3

interferon-gamma-mediated signaling pathway B2M, HLA-E, IRF1, IRF9

immune system process BNIP3, GPX1, PDE1C, STAT2, SQSTM1, IRF9, DDIT4, 
TRIB3, NLRC5

intrinsic apoptotic signaling pathway in response to 
endoplasmic reticulum stress DDIT3, ERO1L, TRIB3

response to interferon-gamma B2M, HLA-E, IRF1, IRF9

neurotrophin TRK receptor signaling pathway BAD, KITLG, PDE1C, SQSTM1, DDIT4, TRIB3

type I interferon signaling pathway HLA-E, IRF1, IRF9

positive regulation of cell killing B2M, BAD, HLA-E

positive regulation of neuron death BAD, DDIT4

antigen processing and presentation of exogenous peptide 
antigen via MHC class I, TAP-independent B2M, HLA-E

antigen processing and presentation of exogenous peptide 
antigen via MHC class I, TAP-dependent B2M, HLA-E, SEC61G

positive regulation of autophagy BAD, BNIP3

positive regulation of T cell mediated cytotoxicity B2M, HLA-E
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expressing cells in combination with ERRα deletion. We first checked gene expression levels of 

type I interferon-related candidates found upregulated in PC3 cells upon treatment with 

secretome obtained from PGC1α-expressing cell lines (FigR 49).  

 

 
Figure R 49. RT-qPCR analysis of genes found altered by RNA sequencing analysis of recipient cells. 
Gene expression levels of STAT2, IRF1, NLRC5, HLA-E, IRF9, IFNA1, IFNB1, MX1 and STAT1 in PC3 

recipient cell lines treated with secretomes derived from cells with combined expression of PGC1α and 

deletion of ERRα for a 48-hour period (n=3-4). Dox: doxycycline. Data is normalized to the S_sgCtl–Dox 

condition, depicted by a black dotted line. Statistical analysis: One sample t-test establishing 1 as 

hypothetical value. Unpaired parametric one-tail t-test. Asterisks indicate statistical differences between 

S_sgCtl-Dox and the rest of the conditions and the dollar symbol indicates the statistical differences between 

S_sgCtl+Dox and S_sgERRα#1+Dox/ S_sgERRα#2+Dox. p, p-value. */$p<0.05, $$p<0.01. n.s.=not 

significant. Error bars indicate s.e.m.  
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All candidates interrogated (STAT2, IRF1, NLRC5, HLA-E and IRF9) showed to be 

upregulated in PC3 cells treated with secretome produced in the presence of both PGC1α and 

ERRα. Overall, all these genes reflected a trend towards an ERRα-mediated effect on regulating 

the secretome composition that consequently led to the activation of different cell-intrinsic 

pathways in the recipient cell lines. Additionally, although not identified as RNA sequencing 

candidates, IFNA1 and IFNB1 genes were included in the RT-qPCR analysis due to their strong 

link as drivers of the type I IFN pathway activation. We found no IFNA1 induction in any of the 

recipient cells conditions. On the other hand, IFNB1 gene expression levels showed to be slightly 

increased in the recipient cells treated with secretomes produced by cells with an activated 

PGC1α-ERRα transcriptional axis. Both, IFNA1 and IFNB1 showed no clear dependence on 

ERRα. (FigR 49). MX1 and STAT1, candidates identified upregulated in the cell secretome 

proteomics analysis as well as cell-intrinsically in the producer cell lines, were also tested in the 

recipient cells. Both candidates are known to be induced by type I IFNs (Medrano et al. 2017b) 

and we observed a trend towards being increased in recipient cells treated with secretomes 

derived from PGC1α-ERRα positive cells. No major changes in MX1 and STAT1 expression 

levels were observed in the conditions where ERRα was ablated (FigR 49).  

 

Then, following with the validation of RNA sequencing candidates, we did also check by 

RT-qPCR expression levels of genes related to ER stress, and cell death processes. Interestingly, 

both type I IFN response and ER stress are tightly connected: ER stress regulates type I IFNs 

production and on the other hand, ER stress can be induced by type I IFNs (Sprooten and Garg 

2020). Of note, only two experiments were included for the analysis of gene expression levels of 

ATF3, DDIT4, ERO1A and PDE1C as the outlier experiment that was removed for the final 

analysis of the RNA sequencing data was also excluded for all the RT-qPCR analyses that were 

performed. Therefore, this data still needs to be completed with additional experiments (FigR 50).  

 
Figure R 50. RT-qPCR analysis of genes found altered by RNA sequencing analysis of recipient cells. 
ATF3, DDIT4, ERO1A and PDE1C gene expression levels in PC3 recipient cell lines treated with secretomes 

derived from cells with combined expression of PGC1α and deletion of ERRα for a 48-hour period are 

assessed (n=2). Dox: doxycycline. Data is normalized to the S_sgCtl–Dox condition, depicted by a dotted 

line. Error bars indicate s.e.m.  
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Finally, some of our genes of interest were interrogated in PC3 cells that had undergone 

secretome treatments for a period of seven days, time after which, secretomes’ biological effect 

on in vitro 2D proliferation is evident. We assessed gene expression levels by RT-qPCR and 

found that none of the genes displayed differences in PC3 recipient cells treated with any of the 

six different types of secretomes, suggesting an early onset of the molecular mechanisms 

triggered upon treatment with the differential secretomes (FigR 51). This data made also evident 

the importance of using adequate and controlled systems for the study of molecular biology.  

 
Figure R 51. Gene expression levels of candidates found altered by RNA sequencing analysis of 

recipient cells assessed at later secretome treatment time-points. MX1, STAT1, IRF9, ATF3 and 

NLRC5 gene expression levels in PC3 recipient cell lines treated with secretomes derived from cells with 

combined expression of PGC1α and deletion of ERRα for a 7-day period are assessed (n=3). Data is 

normalized to the S_sgCtl–Dox condition, depicted by a black dotted line. Statistical analysis: One sample 

t-test establishing 1 as hypothetical value. Unpaired parametric one-tail t-test. p, p-value. n.s.=not significant. 

Error bars indicate s.e.m.  
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molecular events within the producer cell lines. We therefore could suggest that the secretome 

reflects the status of the cell that produces it. At the same time, the way the cell secretome affects 

recipient cells is subjected to its composition, thus evidencing how the transcriptional control that 

governs tumor cells’ intrinsic events goes beyond the cell itself and impacts on the surrounding 

ones. 
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Overview 

 

 

 

 

 

 

 

 

o The SFs fraction of the cell secretome produced by PGC1α-expressing PCa cell lines has an 

in vitro non-cell autonomous antiproliferative effect on PCa recipient cell lines.  

o The in vivo metastasis assay showed an increased tumor cell nesting and growth on those 

mice that were challenged with SFs derived from PGC1α-expressing PCa cell lines compared 

to the mice that were treated with SFs derived from non-PGC1α expressing PCa cell lines. 

Together, in vitro and in vivo data suggest a complex and variable role of the SFs along PCa 

progression and dependent on the cell compartment studied. 

o Short time secretome production in the absence of serum is key for the obtention of reliable 

secretomes for performing proteomics analysis.  

o Proteomics analysis of the whole cell secretome evidenced a PGC1α-dependent regulation 

of the secretome composition, identifying a total number of 185 proteins differentially present 

on the secretomes produced by PGC1α-expressing and non-expressing PCa cell lines 

 

o Enrichment analysis performed with the genes coding for the proteins found differentially 

present in the proteomics analysis revealed an enrichment of metabolic functions and ERRα-

mediated transcriptional regulation of the upregulated candidates. On the other hand, 

downregulated candidates were linked to cell surface and cytoskeleton proteins as well as 

RNA binding processes, rising MYC/MAZ/MAX as potential transcriptional regulator.  

o Candidates identified in the proteomics analysis of the secretome were cell-intrinsically 

interrogated by RT-qPCR in the producer cell lines, revealing that all of them were 

transcriptionally regulated by PGC1α. Moreover, most of the candidates analyzed showed to 

be under the control of the PGC1α-ERRα transcriptional axis. Transcriptional control of YBX1 

seems to be under the influence of c-MYC.  

o Proteomics analysis of the TIL obtained from KO and DKO mice displayed a panel of 44 

proteins differentially present. Among these proteins, three (Atp1b1, Ak1 and Srm) where 

common to the proteins identified in the in vitro cell secretome proteomics analysis.  

o The genes encoding for twenty of the candidates identified by proteomics analysis of the 

secretome were shown to be directly or inversely correlated to PGC1A in PCa patients’ 

datasets. Seven genes (BZW2, CNPY2, GARS, GNB2, ALDOC, ATP1B1 and NTN4) 

followed the same trend (upregulated or downregulated upon expression of PGC1α) as 

observed in in vitro data 
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o RT-qPCR analysis of the PC3 recipient cells revealed that most of the RNA sequencing 

candidates tested (STAT2, IRF1, NLRC5, HLA-E and IRF9) where upregulated on the 

conditions where cells had been treated with secretomes produced by cells with an activated 

PGC1α-ERRα transcriptional axis. Overall, these genes showed a trend towards being 

transcriptionally regulated by ERRα.  

 

o RT-qPCR analyses performed on PC3 recipient cells treated for seven-day periods showed 

no changes in gene expression levels, suggesting an early onset of the molecular 

mechanisms that are triggered by the distinct secretomes.  

 

  

o RNA sequencing analysis of the PC3 recipient cells treated for 48 hours with secretomes 

obtained from PGC1α-expressing and non-expressing cell lines, identified 55 genes 

differentially expressed between both conditions. Functions associated to lipid metabolism, 

immune system processes related to interferon response together with cell death processes 

were enriched in the recipient cells treated with the secretome produced by PGC1α-

expressing cells.  
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IV To examine the cell-intrinsic molecular events triggered by 
PGC1α in PCa producer cells that could mediate the effects of 
the secretome 

 

We finally aimed at deeper exploring the cell-intrinsic molecular events that are 

associated with the extrinsic events that we have previously observed. The following hypothesis 

was proposed: 

 

 
 

As previously shown in the present thesis work, the effect of PGC1α on the secretome 

composition seems to be directed by its cell-intrinsic transcriptional regulation. Indeed, in vitro 

proteomics analysis of the soluble factors and extracellular vesicles as well as the in vivo data 

obtained from the proteomics analysis of the TIL, demonstrated the presence of differential 

proteins that were conditioned by the presence of PGC1α. Furthermore, most of these candidates 

found altered in the proteomics analyses were shown to be cell-intrinsically regulated at a 

transcriptional level by the PGC1α-ERRα axis. Despite a microarray profiling of PGC1α-

expressing and non-expressing PC3 cells was previously done by the group, identifying 174 

altered genes (Torrano, Valcarcel-Jimenez, et al. 2016), we realized that most of the candidates 

identified in the proteomics analysis of the cell secretome, and that were further examined cell-

intrinsically at mRNA level in the producer cell lines, had not been detected in the mentioned 

microarray. We therefore decided to perform a more extensive study of the cells with differential 

expression of PGC1α, and therefore conducted an RNA sequencing analysis. Compared to 

microarray hybridization, RNA sequencing technology allows a more sensitive detection of 

differentially expressed genes, especially the ones that have low expression levels (C. Wang et 

al. 2014), and we therefore expected to have a boarder view of the cell-intrinsic PGC1α-driven 

transcriptional programs. 

 

IV.1 Molecular cues activated in PCa producer cells upon expression of 
PGC1α 

 

Prior to the experiment seeding, PC3 producer cells were induced with doxycycline 

throughout three days, time after which, cells were counted and seeded refreshing the 

HYPOTHESIS 
The cell-intrinsic transcriptional reprogramming induced by PGC1α impacts 

on the secretome composition, which further drives the activation of 
molecular events in the cells in an autocrine and paracrine manner 
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doxycycline in the induced condition. Cells were then collected and processed for RNA 

sequencing analysis (FigR 52).  

 

 
Figure R 52. Experimental overview of the steps followed for performing RNA sequencing of PGC1α-

expressing and non-expressing PCa cells.  

 

PCA analysis nicely displayed two groups of samples: PGC1α-expressing and non-

PGC1α expressing cells (FigR 53A). In the same way, the heatmap evidenced two well-

differentiated clusters of genes differentially expressed between both conditions by establishing 

an adjusted p-value < 0.01 and a 2-fold change cut-off (FigR 53B).  

 
Figure R 53. PCA and heatmap displaying two clusters of samples and genes identified by RNA 
sequencing analysis of PGC1α-expressing and non-expressing PCa cells. A. PCA of the RNA 

sequencing data from PGC1α-expressing (blue) and non-expressing (red) PC3 cells (n=4/condition). B. 

Heatmap displaying clusters of genes differentially expressed in PGC1α-expressing and non-expressing 

cells. Sample ID can be found next to each colored dot and in the heatmap’s bottom. Dox: doxycycline, PC: 

principal component. Adj.p-value<0.01 and FC=2 filters are applied. 
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We took advantage of DESeq2 analysis tool, which revealed a total number of 3747 

differentially expressed genes between the PGC1α-expressing and non-expressing PC3 cell lines 

(FigR 54A). We found 1130 of these genes downregulated and 2617 upregulated upon re-

expression of PGC1α (FigR 54B and Annex Table 1).  

 
Figure R 54. Venn diagram and volcano plot of the RNA sequencing analysis performed on PGC1α-
expressing and non-expressing PC3 cells. A. Venn diagram shows a common number of 3747 

differentially expressed genes identified by analyzing the data with three different platforms (DESeq2, EdgeR 

and LimmaVoom). B. Volcano plot displays downregulated and upregulated genes upon expression of 

PGC1α in PC3 cells. Adj.p-value<0.01 and FC=2 filters are applied. 

 

In order to get a wider view of the processes enhanced in the differentially expressed 

genes, we performed a Cancertool-based enrichment analysis (FigR 55A-B) that, in line with 

what was previously described by the group (Torrano, Valcarcel-Jimenez, et al. 2016), revealed 

a high number of enriched categories linked to metabolism, especially related to the mitochondria. 

In addition, several categories found, especially in the GO biological processes analysis, were 

related to ECM functions such as collagen deposition or degradation. Genes linked to these 

processes encoded for collagen fiber chains, matrix metallopeptidases as well as integrins. 

Accordingly, matricellular candidate TNXB gene expression levels were found downregulated. 

This was in line with the proteomics data and with the validations performed previously in producer 

cell lines. Of note, once again, type I IFN signaling rose as one of the top enriched processes 

(flagged with orange stars). Indeed, this matched with the idea of activation of functionalities 

between cells through their secretome as IFN-associated responses were also shown to be 

enriched in the cells receiving secretomes produced by PGC1α-expressing cells (FigR 47).  
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Figure R 55. Gene ontology analysis displaying biological process and pathway enrichment from the 
genes found differentially expressed by RNA sequencing of PGC1α-expressing and non-expressing 

PCa cells. A. Biological processes analysis shows an enrichment of functions linked to metabolism, ECM 

and to IFN signaling (orange stars). B. Pathway analysis displays enrichment in metabolism-associated 

processes and response to type I IFNs (orange stars). The red dotted lines indicate p=0.05. p=p-value. 

 

This data was corroborated with Gene Set Enrichment Analysis (GSEA), where type I 

IFNα (IFNα; Normalized enrichment score=2.7137; Nominal p-value=0.000) and type II IFNɣ 

(IFNɣ; Normalized enrichment score=2.5994; Nominal p-value=0.000) happened to be enhanced 

in the PGC1α-expressing cells (FigR 56).   
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Figure R 56. Gene Set Enrichment Analysis reveals an increase of type I and type II IFN response in 

PGC1α-expressing PC3 cells. IFNα; NES=2.7137; NOM p-value=0.000. IFNɣ; NES=2.5994; NOM p-

value=0.000.  

 

Regarding the TF enrichment analysis, MAZ and ERRα emerged among the top 

transcription factors to mediate transcriptional activity of PGC1α (FigR 57).  

 

 
Figure R 57. MAZ and ERRα emerge among the top TFs to mediate transcriptional control of the 
genes found differentially expressed in PGC1α-expressing and non-expressing PC3 cells. The red 

dotted line indicates p=0.05. p=p-value. 

 

To gain a deeper insight into the processes linked to the expression of PGC1α, we did 

also perform enrichment analyses dividing the genes found up and downregulated. Genes found 

upregulated were linked to metabolic processes and to IFN response, emerging ERRα as the top 

transcription factor to mediate transcriptional regulation (FigR 58A-B).  
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Figure R 58. Enrichment analyses of the genes found upregulated upon expression of PGC1α in PC3 
cells. A-B. Pathway (A) and transcription factor (B) enrichment analyses. The red dotted lines indicate 

p=0.05. p=p-value.  

 

On the other hand, it was interesting to observe that genes found downregulated upon 

expression of PGC1α were related to cell cycle and seemingly under the transcriptional control of 

LEF1, MAZ, MYC and E2F1, among others (FigR 59A-B). 

Finally, we compared data from the present RNA sequencing against the data we 

obtained from the RNA sequencing of the PC3 recipient cell lines, which, revealed a common 

number of 19 genes altered in both analyses. Among these genes, STAT2, NLRC5, IRF1, IRF9, 

PDE1C, ATF3, DDIT3, HLA-E and FGFP1 (the latter also identified in the proteomics of the cell 

secretome) were included. Overall, data suggests that PGC1α transcriptional control goes beyond 

cell metabolism and extends towards the regulation of novel cellular functions such as interferon 

signaling and cell cycle. 
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Figure R 59. Enrichment analyses of the genes found downregulated upon expression of PGC1α in 
PC3 cells. A-B. Pathway (A) and transcription factor (B) enrichment analyses. The red dotted lines indicate 

p=0.05. p=p-value.  

 

IV.1.1 In vitro and in vivo validation of RNA sequencing candidates 
 

We next focused on validating by RT-qPCR analysis IFN-related genes that were found 

differentially expressed in the producer PCa cell lines. In accordance with the data observed in 
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the RNA sequencing, STAT2, IRF1, IRF9 and NLRC5 were significantly upregulated upon 

expression of PGC1α. We also checked gene expression levels of IFNB1 and IFNA1. As it 

happened in the PC3 recipient cell lines treated with the differential secretomes, only IFNB1 

showed to be increased in the presence of PGC1α, finding no changes in the levels of IFNA1 

(FigR 60).  

 
Figure R 60. RT-qPCR analysis reveals that IFN-related genes are upregulated in PGC1α-expressing 
cells compared to non-expressing ones. STAT2, IRF1, IRF9, NLRC5, IFNA1 and IFNB1 are analyzed 

(n=3). Data is represented as fold change and normalized to each –Dox condition, depicted by a black dotted 

line. +Dox: PGC1α-expressing condition. Statistical analysis: One sample t-test establishing 1 as 

hypothetical value. p, p-value. *p<0.05, **p<0.01, n.s.=not significant. Error bars indicate s.e.m. 

 

We also tested IRF1, IRF9 and IFNB1 gene expression levels in control PC3 TRIPZ cells, 

observing no changes and thus confirming that doxycycline had no effect in the experimental 

system (FigR 65).  

 
Figure R 61. Doxycycline treatment does not alter expression levels of candidate genes. IRF1, IRF9 
and IFNB1 are analyzed by RT-qPCR in PC3 TRIPZ cells. (n=3). +Dox: cells treated with doxycycline. 

Data is represented as fold change and normalized to each –Dox condition (untreated cells), depicted by a 

black dotted line. Statistical analysis: One sample t-test establishing 1 as hypothetical value. p, p-value, 

n.s.=not significant. Error bars indicate s.e.m. 

 

Then, taking advantage of an in vivo xenograft assay where tumor formation and growth 

capacity of PC3 cells with combined expression and deletion of PGC1α and ERRα respectively 

were assessed (Valcarcel-Jimenez et al. 2019), we attempted to check gene expression levels of 

some of our candidates. First, we confirmed expression of PGC1A in those tumors inoculated into 
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mice that had been exposed to doxycycline diet and corroborated that the increase of ERRA upon 

expression of PGC1A was blunted in those tumors formed by cells with CRISPR-Cas9-based 

ERRA ablation (FigR 62). We confirmed a statistically significant upregulation of MX1, STAT1 

and IRF1 on those tumors formed by cells with an activated PGC1α-ERRα transcriptional axis. 

Finally, IRF9 and IFNB1 gene expression levels remained similar among the four groups tested, 

thus suggesting a PGC1α and ERRα independent transcriptional regulation in an in vivo context.   

 
Figure R 62. RT-qPCR analysis of IFN-related genes in an in vivo xenograft mouse model. Expression 

of PGC1A and blunt of ERRA are confirmed in the tumors extracted from athymic mice. MX1, STAT1, IRF1, 

IRF9 and IFNB1 gene expression levels are assessed in mouse xenograft samples. (n=4-6 mice/ group). 

+Dox: PGC1α-expressing condition. Statistical analysis: One tailed Mann-Whitney U test. Asterisks indicate 

statistical differences between sgCtl-Dox and the rest of the conditions and the dollar symbol between 

sgCtl+Dox and sgERRα#1+Dox. p, p-value, */$p<0.05, **/$$p<0.01. n.s.=not significant. Error bars indicate 

s.e.m.  

 

Further in vivo validations were performed in our three-month Pten pc-/- (KO) and Pten pc-

/- Pgc1α pc-/- (DKO) mice samples. Candidates Mx1, Stat1, Tnxb and Fgfp1, found deregulated in 

the cell secretome proteomics analysis as well as cell-intrinsically in the producer cells (RT-qPCR 

analyses and RNA sequencing analysis) were assessed. In addition, we interrogated the 

expression levels of IFN-related genes Stat2, Irf1, Irf9 and Nlrc5. First, Pgc1a downregulation in 

the DKO mice was confirmed. No changes in the expression levels in Mx1, Tnxb, Fgfp1, Stat2, 

Irf9 and Nlrc5 were observed between KO and DKO mice, but a trend towards decreased Irf1 and 

increased Stat1 gene expression levels in DKO mice were found (FigR 63). In the same line, 
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transcription factors Atf3 and Ddit3, both linked to ER stress, showed to be slightly decreased in 

the DKO mice compared to the KO ones.  

 
Figure R 63. RT-qPCR analysis in KO and DKO mice of gene candidates identified by RNA 

sequencing and proteomics analysis of the cell secretome from PGC1α-expressing and non-
expressing cells. Gene expression levels of Pgc1α, Mx1, Stat1, Tnxb, Fgfp1,-Stat2, Irf1, Irf9, Nlrc5, Atf3 

and Ddit3 are analyzed (KO mice n=12, DKO mice n=22). KO: mice with prostate-specific epithelial deletion 

of Pten. DKO: mice with prostate-specific epithelial deletion of Pten and Pgc1a. Statistical analysis: One 

tailed Mann-Whitney U test. p, p-value, n.s.=not significant. Error bars indicate s.e.m.  

 

 Type I IFN signaling 
 

Once we confirmed changes in the expression levels of some of the genes involved in 

type I IFN response, we next aimed at analyzing if there was an activation of the mentioned 

pathway in the producer cell lines. IFNs are cytokines known to trigger anti-viral, anti-proliferative 

and immunomodulatory responses in the cells, and in the context of cancer they have been 

extensively studied as they have been linked to disease-improving conditions (Medrano et al. 

2017b). Briefly, the IFN family is classified in type I, type II and type III. Regarding type I IFNs, 
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once produced, they are released from the cell, and bind they cognate receptors IFNAR1/IFNAR1 

that are associated to tyrosine kinases JAK1 and TYK2. These kinases phosphorylate STAT1 

and STAT2 proteins, which then bind to IRF9, conforming the ISGF3 complex that is translocated 

into the nucleus. Once in the nucleus, the ISGF3 complex binds to the ISREs located in the 

promoter regions of ISGs to activate transcription (Platanias 2005). Thus, taking these facts into 

consideration, we first checked by western blot if there were changes in STAT1 phosphorylation 

(pSTAT1) levels, which would indicate activation of the JAK-STAT signaling cascade. Expression 

of PGC1α upon treatment with doxycycline throughout three days was confirmed, and this was 

accompanied by an increase in the levels of pSTAT1 compared to the non-PGC1α expressing 

conditions (FigR 64).  

 

 
Figure R 64. JAK-STAT signaling pathway is activated upon expression of PGC1α in vitro. Western 

blot analysis displaying protein expression of PGC1α, pSTAT1, total STAT1 and housekeeping GAPDH in 

PGC1α-expressing and non-expressing cells. (n=8). Right panel displays quantification of pSTAT1. Levels 

of pSTAT1 are normalized to total STAT1 levels and to GAPDH. Data is represented as relative to the –Dox 

condition (no expression of PGC1α). +Dox: PGC1α-expressing condition, Dox: doxycycline. Statistical 

analysis: One sample t-test. p= p-value, **p<0.01, n.s.=not significant. Error bars indicate s.e.m.  

 

We then aimed at analyzing time at which pSTAT1 levels increased upon the induction 

of PGC1α. Therefore, we performed a time course experiment based on increasing PGC1α 

induction time-points. On the other hand, it was reported that c-MYC suppresses STAT1 levels 

and therefore type I IFN signaling in cancer (Schlee et al. 2007; Muthalagu et al. 2020a). Indeed, 

as previously mentioned, c-MYC is known to be repressed by PGC1α in the context of PCa 

(Valcarcel-Jimenez et al. 2019). Taking these facts into consideration, we took once again 

advantage of PC3 PCa cell lines with differential expression of PGC1α and performed western 

blot analysis at 8, 16, 24, 48 hours and 6 days after expression of PGC1α (FigR 65). We first 

confirmed c-MYC downregulation upon expression of PGC1α in the doxycycline-treated cells, 

which occurred at early time points after induction of PGC1α. Increased pSTAT1 in PGC1α-

expressing cells only became evident after 24 hours of expression of PGC1α. Hence, data shows 

that the activation of STAT1 happens after the drop of c-MYC levels, thus suggesting STAT1 is 

downstream c-MYC.   
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Figure R 65. Western blot time-course analysis of JAK-STAT signaling pathway reveals STAT1 

activation is downstream c-MYC. Western blot time-course analysis displaying protein expression of 

PGC1α, c-MYC, pSTAT1 and total STAT1 assessed at 8 h, 16 h, 24 h, 48 h and 6 days upon expression of 

PGC1α. One representative experiment out of three is shown. Dox: doxycycline. 

 

IV.1.1.1 Detection of IFN-β in the cell secretomes 
 

Overall, all data here provided suggest a PGC1α-driven transcriptional regulation of type 

I IFN signaling. At gene level, we confirmed in vitro upregulation of IFNB1 upon expression of 

PGC1α, which, was in line with the upregulation of ISGs MX1, IRF1 and IRF9 found in vitro and 

in vivo. Moreover, levels of MX1, IRF1 and IRF9 were also enhanced in recipient cell lines treated 

with secretomes obtained from PGC1α and ERRα-expressing cell lines (FigR 49). Within this 

context, we next wondered whether interferon type I levels secreted to the extracellular milieu 

would be different between PGC1α-expressing and non-expressing PC3 cells. Therefore, we next 

monitored the secretion of IFN-β, a 187 amino acid cytokine that due to its small size is not easily 

detected by proteomics analysis. Only newly developed proteomics devices have enough 

sensitivity to detect IFN-β, and thus, we performed an IFN-β immunoassay designed to detect 

IFN-β levels in the cell secretomes. Briefly, to obtain the secretomes, PGC1α-expressing and 

non-expressing producer PC3 cells were seeded and induced with doxycycline for three days. 

Cells were then seeded into 12-well plates at high densities and the differential secretomes were 

collected three and six days after cell seeding for measuring IFN-β levels (FigR 66).  

 
Figure R 66. Timeline of the experimental flow to produce and collect the secretomes produced by 
PGC1α-expressing and non-expressing cells for measuring levels of IFN-β. 
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At day 3 of secretome production, there was a trend towards detecting higher amounts 

of IFN-β in secretomes produced by PGC1α-expressing PC3 cells compared to non-expressing 

ones, although data was dispersed, and no statistical significance was found between both groups 

(FigR 67A). Nonetheless, at day 6 after cell seeding and secretome production, levels of IFN-β 

in the secretomes obtained from PGC1α-expressing cells were considerably higher compared to 

secretomes obtained from non-PGC1α expressing cells (FigR 67B). Both, days 3 and 6, 

displayed lower cell confluence in the PGC1α-expressing conditions compared to non-PGC1α 

expressing ones (FigR 67C). Indeed, we observed that at day 6 PGC1α-expressing cells started 

to die, probably caused by the lack of space for adhering, due to their large size compared to the 

non-PGC1α expressing cells. Hence, despite we could observe changes in the levels of interferon 

in the secretomes produced by PGC1α-expressing and non-expressing cells, we concluded that 

these experiments should be further refined by seeding lower cell confluences.  

In parallel to the detection of IFN-β in the cell secretomes, we performed RT-qPCR 

analysis to confirm induction of PGC1A in the cells treated with doxycycline at days 3 and 6 (FigR 

67D). IFNB1 gene expression levels were also analyzed at both experimental time-points, 

showing increased expression levels in the PGC1α-expressing cells compared to the non-

expressing ones (FigR 67E). Of note, this increase in IFNB1 levels was not that high at later time 

points, perhaps reflecting the main role of type I IFNs on mediating acute responses, and 

therefore being negatively regulated at later time points.  

Finally, activation of JAK-STAT signaling pathway depends on IFNs binding to their 

cognate receptor, which is composed of two subunits: IFNRA1 and IFNAR2. The density of type 

I IFN receptors is a limiting factor for the sensitivity of cancer cells to type I IFNs (T. C. Wagner et 

al. 2004). Knowing this, we analyzed gene expression levels of both subunits of type I IFN 

receptor, finding no relevant differences either at day 3 or day 6 between both PGC1α-expressing 

and non-expressing cells. Merely IFNRA1 subunit gene expression levels were slightly decreased 

at day 6 in PGC1α-expressing cells (FigR 67F). This observation led us to conclude that gene 

expression levels of IFNRA1 and IFNAR2 receptor subunits are similar in PGC1α-expressing and 

non-expressing PC3 cells, thus indicating that the mechanism by which JAK-STAT pathway is 

differentially activated in both cell lines is not due to differences in receptor densities. 
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Figure R 67. IFN-β levels are increased in the secretomes produced by PGC1α-expressing PC3 cells 
compared to the non-expressing ones. A-B. IFN-β levels measured by enzyme-linked immunosorbent 

assay (ELISA) in the secretomes produced by PGC1α-expressing and non-expressing PC3 cells at days 3 

(A) and 6 (B) of secretome production. C. Representative crystal violet staining showing cell proliferation at 

days 3 and 6 of secretome producing PC3 cells expressing or not PGC1α. One experiment out of three is 

shown. D. Expression of PGC1A upon treatment with doxycycline is confirmed in the producer PC3 cell 

lines. E. IFNB1 gene expression at days 3 and 6 in PGC1α-expressing and non-expressing PC3 cells. F. 

Gene expression levels of subunits IFNRA1 and IFNRA2 analyzed in PGC1α-expressing and non-

expressing PC3 cells. (n=3).  In D, E, and F, data are normalized to the –Dox condition (no PGC1α 

expression), depicted by a black dotted line. +Dox: PGC1α-expressing condition. Statistical analysis: One 

tailed unpaired t-test (A and B) and one sample t-test establishing 1 as hypothetical value (D and F). One 

tailed one sample t-test establishing 1 as hypothetical value (E). p=p-value, *p<0.05, n.s.=not significant. 

Error bars indicate s.e.m.  

 

As a general perspective derived from this work, we have shown that PGC1α regulates 

the secretome composition of aggressive PCa cells. Secretomes can therefore be considered as 

molecular fingerprints of the cell of origin. Differences observed in the molecular content of the 

secretome drive changes in the proliferative capacities of recipient cells, which seem to be due 

to the activation of type I IFN response. Indeed, our data points towards JAK-STAT signaling 

pathway being regulated by PGC1α via c-MYC downregulation. The anti-proliferative and tumor-

suppressive effects observed in PGC1α-expressing cells has up to date been attributed to cell-
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impact on the own cell seems highly probable. Nevertheless, for answering this question, still 

additional experiments need to be performed. In addition to IFN response, we cannot ignore that 

ATP1B1, found upregulated in the presence of PGC1α in EVs, whole cell secretome, mouse TIL 

and in the RNA sequencing performed on the PCa producer cells with differential expression of 

PGC1α makes this protein a highly interesting candidate to be further studied. Indeed, ATP1B1 

was also found to be directly correlated to PGC1A in PCa datasets.  

Therefore, we can conclude that the role of PGC1α (and its transcriptional partner ERRα) 

goes beyond the regulation of cell metabolism and extends to other novel functions linked to 

triggering type I IFN response.  

  



Results IV
 

                                                                                                                          207 

                                              Overview 
 

 

 

 

 

 

 

o Western blot analysis of a time course experiment based on different PGC1α induction time-

points revealed c-MYC downregulation occurred prior to STAT1 phosphorylation, thus 

suggesting STAT1 activation is downstream c-MYC.  

 

 

o RNA sequencing analysis of PC3 producer cell lines with differential expression of the 

transcriptional regulator PGC1α revealed a total number of 3747 differentially expressed 

genes (adj. p-value<0.01, fold change>2 cut-off).  

o Gene enrichment analyses displayed mitochondrial metabolism, ECM-related processes, and 

type I IFN signaling as the main enriched categories linked to the genes differentially 

expressed between PGC1α-expressing and non-expressing cells. MAZ and ERRα emerged 

as the top transcription factors to mediate transcriptional regulation. 

 

o A total number of 19 genes were found to be commonly altered in the RNA sequencing 

performed on PC3 cells treated with PGC1α-regulated secretomes and PC3 cells with 

differential expression of PGC1α. Data suggest that novel functions that go beyond the 

regulation of cell metabolism are associated to PGC1α, including regulation of IFN and ER 

stress responses.   

o IFN-related genes found altered in the RNA sequencing analysis were validated in vitro by 

RT-qPCR in the producer cells. IFNB1 but not IFNA1 gene expression levels were increased 

upon expression of PGC1α in the producer cells.  

o MX1, STAT1 and IRF1 showed to be transcriptionally regulated by the PGC1α-ERRα 

transcriptional axis in an in vivo mouse xenograft model. By contrast, IRF9 and IFNB1 showed 

no changes in expression levels among experimental groups.  

o In vivo RT-qPCR validations of candidates were performed in 3-month KO and DKO GEMMs, 

showing slight changes in gene expression levels of Irf1, Stat1, Atf3 and Ddit3.  

o Western blot analysis confirmed activation of the JAK-STAT signaling cascade upon 

expression of PGC1α in PC3 cells.  

o IFN-β immunoassay performed to detect levels of IFN-β in the cell secretomes, revealed 

higher levels of the cytokine at days 3 and 6 in the secretomes produced by PGC1α-

expressing PC3 cells compared to the non-expressing ones.  
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o Increased IFN-β levels were accompanied by decreased cell proliferation in the PGC1α-

expressing cells, nonetheless, cell death was observed at day 6 in the PGC1α-expressing 

cells, therefore evidencing those experimental settings need to be refined.  

o IFNB gene expression levels were shown to be increased in PGC1α-expressing PC3 cells at 

days 3 and 6. Gene expression levels were higher at day 3 than day 6. 

o No significant differences in gene expression levels of type I IFN receptor subunits IFNRA1 

and IFNAR2 were found between by PGC1α-expressing and non-expressing PC3 cells.  
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I PGC1α: beyond the cell boundaries 
 

Prostate cancer accounts for the second type of cancer most diagnosed among men 

worldwide. A high percentage of men suffering from PCa may only need active surveillance or 

first-line therapy, but a fraction of these patients (close to 17%) develop resistance and progress 

towards advanced disease (Cui et al. 2020; Castro et al. 2013). Indeed, up to date, metastatic 

disease entails a major burden for the survival of PCa patients as no efficient therapies exist. 

Although PCa is intimately related to advanced age, family history of PCa suggests the 

importance of genetics driving the disease (Castro et al. 2013). In this regard, the dysregulation 

of different genes is known to occur in PCa (D. Robinson et al. 2015b) and this is allowing the 

development of specific therapies and the design of protocols with the sight set on personalized 

medicine. Such is the case of somatic and germline mutations in DNA damage repair (DDR) 

genes BRCA1/2, associated with an aggressive PCa phenotype (Castro et al. 2013). Patients 

harboring mutations in these genes seem to benefit from platinum therapy and PARP inhibitor 

Olaparib (H. H. Cheng et al. 2016; Mateo et al. 2015). Another biomarker being used in clinics is 

PTEN loss, which is common in metastatic CRPC patients, and is often accompanied by an 

overactivation of AKT. Ongoing clinical trials suggest prognosis of these patients could be 

improved by administering combined ADT and AKT inhibitors (Sweeney et al. 2021). 

With no doubt, a key aspect for handling PCa is the stratification of patients (indolent or 

aggressive) and prediction on treatment response, for what specific biomarkers are required. The 

extensive research along the last years allowed the discovery of novel biomarkers and 

consequent development of tests that aim at predicting and diagnosing PCa through the detection 

of tissue, urine, or serum-based markers. For example, Oncotype DX (www.oncotypeiq.com) is 

based on the detection in biopsies of a 17-gene signature composed of 5 control genes and 12 

active genes specific to PCa and involved in AR signaling, cellular organization, stromal response, 

and cellular proliferation that have the power of predicting PCa aggressiveness. Another genome-

based test is Prolaris (www.prolaris.com), that relies on 31 genes involved in cell-cycle 

progression and 15 normalizer genes measured in tumor biopsies. Altogether, these genes 

determine how aggressive the cancer is and provide information on the risk of metastasis and 

biochemical recurrence of the patient. In addition, the 4Kscore (www.4kscore.com) measures four 

prostate-specific kallikreins (total PSA, free PSA, intact PSA and hK2) in the serum, and together 

with other clinical data of the patient, an algorithm is applied to predict the risk of aggressive PCa. 

Lastly, ExoDX Prostate (www.exosomedx.com) measures the RNA levels of three biomarkers 

(PCA3, SPDEF and ERG) contained in urine-derived EVs.  

It is important to highlight that lately only few tests, which include measuring PSA or 

prostate cancer associated 3 (PCA3) as well as the prostate health index (PHI), have overcome 

approval by the Food and Drug Administration (FDA), evidencing how challenging the 

implementation of novel biomarkers is (Kohaar, Petrovics, and Srivastava 2019). Most of the tests 

herein presented rely on the measurement of markers that have not been shown to functionally 

promote PCa progression. Yet, for a better disease management, a deep understanding on how 

http://www.oncotypeiq.com/
http://www.prolaris.com/
http://www.4kscore.com/
http://www.exosomedx.com/
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and why some forms of PCa progress is needed. Therefore, causal contributors of the disease 

may provide not only with stratification potential, but also with novel and specific treatment 

options. In this sense, our group previously demonstrated the tumor and metastasis suppressive 

role of PGC1α in PCa (Torrano, Valcarcel-Jimenez, et al. 2016; Valcarcel-Jimenez et al. 2019). 

In addition, the metabolic regulator PGC1α showed to have stratification potential, as its 

expression levels are associated to the disease-free survival and risk of metastasis in PCa 

patients. In fact, PGC1α together with ERRα regulates the expression of a transcriptional program 

from which, a signature comprising ten genes showed to be of prognostic value (Torrano, 

Valcarcel-Jimenez, et al. 2016). Within this context, the present thesis work, aimed at studying 

the mechanisms by which PGC1α exerts its tumor suppressive role in PCa. A deeper 

understanding of the PGC1α-driven anti-tumoral events may set light on novel therapeutic 

strategies for blocking PCa progression as well as identifying non-invasive biomarkers of disease 

progression. 

The study of cell biology from a reductionist point of view, has revealed that cell-intrinsic 

signaling needs to be further integrated in the surrounding environment, at a cellular and systemic 

level. The response a cell generates to a given stimulus is dependent on genetic and non-genetic 

variables. Genetic alterations, for example, may lead to the production of altered secretomes, 

which can further corrupt cellular and intercellular dynamics. Mutations may affect signal 

recognition particle sequences, affecting secreted protein translocation and degradation 

(Tikhonova et al. 2019). Mutations or loss of p53 have also been described to alter the secretome 

composition, rendering it pro-tumorigenic (Lujambio et al. 2013; Neilsen et al. 2011). In the same 

line, the study by Wang and colleagues showed how deletion of PTEN and SMAD4 in PCa 

epithelial cells led to an increased Hippo-YAP pathway-mediated secretion of CXCL5 chemokine. 

CXCL5 was shown to recruit myeloid-derived suppressor cells (MDSCs) which induced an 

immunosuppressive environment, thus promoting PCa progression (G. Wang et al. 2016). In 

addition to genetic alterations, epigenetics and other non-genetic variables mostly rising from cell-

extrinsic phenomena, such as nutrient and oxygen availability, composition and stiffness of the 

ECM, as well as cell densities (among other elements) also impact on the myriad of responses a 

cell may trigger upon a stimulus (Wellen and Thompson 2010; Frechin et al. 2015; Lun and 

Bodenmiller 2020). All these factors further contribute to the generation of heterogeneous 

intercellular network (FigD 1).  

In this sense, hypothesizing that the metabolic co-regulator PGC1α could intrinsically 

regulate the secretome composition and further impact on cell the communication networks 

seems feasible. Indeed, PGC1α has the ability of ‘’sensing’’ different signaling pathways and 

regulates the metabolism in a tissue-specific manner (P. Puigserver 2005). These features make 

PGC1α as a candidate to orchestrate rapid responses that govern secretion of molecules under 

diverse conditions. Indeed, PGC1α was shown to downregulate the expression levels of genes 

encoding for proteins linked to ECM organization, proteinases, and cytokines in mouse embryonic 

fibroblasts (MEFs) and hepatocellular carcinoma cell line HepG2. In this study, several of the 

PGC1α-regulated candidates identified were further validated by proteomics analysis of the cell 
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secretome produced by MEFs (Minsky and Roeder 2017). This study is in line with the data 

presented in our study, by which we show how the transcriptional regulator impacts on the 

secretome composition of PCa epithelial cells, including ECM proteins and IFNs. These distinct 

secretomes were shown have distinct biological outcomes on the tumor and stromal 

compartments. 

Another interesting question concerns the fine-tuning by which the secretory pathway is 

regulated, responding to physiological and tissue-specific demands (Feizi et al. 2017). Although 

post-translational modifications (PTMs) are key for regulating protein secretion, the transcriptional 

control mediated by co-regulators could also be an efficient manner of regulating the secretion of 

proteins to the extracellular milieu. Understanding how is the cell secretome regulated may allow 

to better comprehend diseases, and thus might be a source for identifying novel therapeutic 

targets and disease biomarkers.  

 
Figure D 1. Heterogeneity of signaling networks. Genetic and non-genetic phenomena impact on the 

responses a cell executes upon a stimulus, further influencing cellular networks.  

 

I.1 Dissecting the cell secretome  
 

We have shown throughout the present work that the cell secretome regulated by PGC1α 

impacts on PCa epithelial cells and may alter the tumor microenvironment in vivo. Indeed, beyond 

the distinct roles that EVs and SFs may play in tumorigenesis, a key piece of data in this thesis 

work has been characterizing the protein content of the secretome regulated by PGC1α, in vitro 

(PCa epithelial cells) and in vivo (GEMMs TILs). This characterization also suggests EVs as 

bystanders of the status of the primary tumor. A recent study by Ramilowski and colleagues 

suggests that both secreted and plasma membrane proteins, present high cell-type-specific 

profiles. This implies that probably, during evolution, new types of cells originated and made 

necessary both, to generate membrane proteins that could tag these cells and secreted proteins 

for reporting their status to surrounding cells (Ramilowski et al. 2015). This concept could be 

applied to a malignant context, where tumor cells are subjected to selective pressures they need 



Discussion
 

214 

to overcome to survive and progress. Indeed, a nice example of it, is the inhibition of oncogenic 

drivers, which leads to secretome alterations that provide malignant cells with resistance to 

treatment (Obenauf et al. 2015). Hence, to understand the role a cell has within its environment, 

it is key to identify the protein messages that are passed between cells, as well as their 

directionality and roles on triggering specific signaling pathways. This may further allow the 

identification of mediators of disease progression that could be exploited for developing novel 

therapeutic strategies. Finally, the cell secretome can also be a potential reservoir of disease 

biomarkers. 

 

I.1.1 Extracellular vesicles 
 

The physical characterization of EVs produced by PGC1α-expressing and non-

expressing PCa cells revealed no major changes in EVs size and number, although protein 

content showed to be increased upon expression of PGC1α in the producer cells. Opposite to this 

observation, other studies involving lung adenocarcinoma and melanoma patients revealed a 

higher EV protein content in more malignant tumor stages compared to healthy controls. 

Furthermore, stage IV melanoma patients had an increased survival advantage when the EVs 

total protein concentration happened to be low (Rabinowits et al. 2009; Peinado, Alečković, et al. 

2012). We did not observe differences in the particle number upon expression of PGC1α, which 

was in line with the study by Lázaro- Ibáñez et al, where similar amounts of EVs were shown to 

be produced by metastatic PCa cell lines, malignant primary prostate cells, and benign prostate 

epithelial cells cultured in vitro (Lázaro-Ibáñez et al. 2017). On the other hand, works in which 

EVs were isolated from plasma of patients with prostate and gastric cancers showed increased 

EV numbers in cancer patients compared to healthy donors or compared to patients with a less 

advanced cancer stage (H. K. Kim et al. 2003; Tavoosidana et al. 2011). Indeed, the study by 

Tavoosidana and colleagues showed that levels of prostasomes detected in blood from PCa 

patients correlate with the Gleason score, making these EVs ideal candidates for diagnosis and 

prognosis of PCa (Tavoosidana et al. 2011). 

EVs obtained from PGC1α-expressing and non-expressing PCa cells displayed similar 

sizes to other studies in which EVs were isolated from the urine of PCa patients (size range: 150-

350 nm) and melanoma patients seroma (mean size: 179 nm) by serial ultracentrifugation (Royo 

et al. 2016; García-Silva et al. 2019). Another work in which EVs were isolated from different 

prostate cell lines (PC3, DU145, VCaP, LNCaP, C4-2 PCa cell lines and benign cells RWPE-1) 

reported smaller diameters than our EVs and to the previously mentioned studies, ranging 30-

100 nm (Hosseini-Beheshti et al. 2012).  

We noticed changes in the protein levels of tetraspanin CD9 upon expression of PGC1α 

in producer cells. Despite this observation could also be observed by western blot analysis, it also 

came up in the proteomics analysis we performed on the differential EVs (four out of seven 

independent experiments analyzed). Our observations are in line with the work published by 

Soekmadji and colleagues, where they showed that EVs obtained from PCa patients serum 
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compared to the EVs obtained from BPH patients, had increased CD9 levels. Furthermore, this 

same study observed CD63 marker and PSA levels remained unchanged between PCa and BPH-

diagnosed patients, thus revealing CD9 detected in EVs as potent candidate to stratify patients 

(Soekmadji et al. 2017). In the same line, another study showed that men suffering from PCa had 

increased levels of CD9 and CD63 markers in exosomes obtained from urine (Duijvesz et al. 

2015). Overall, data points towards CD9 marker levels being increased in prostate-related 

malignant phenotypes.  

Curiously, ADAM10, another protein found decreased in EVs produced by PGC1α-

expressing cells, showed to be part of a protein complex together with CD9 (Y. Yan, Shirakabe, 

and Werb 2002). In this study, authors demonstrated the requirement of ADAM10 

metalloproteinase activity to release HB-EGF ligand that mediates GPCR-induced transactivation 

of EGFR signaling. Indeed, other studies have proven production of EGF ligands by tumor cells, 

resulting in an autocrine activation of survival and proliferation signals (Salomon et al. 1995). We 

therefore could speculate about EGFR pathway activation being further extended through an EV-

mediated transfer of ADAM10 among tumor cells, thus promoting their survival and proliferation 

capacities. Furthermore, we observed decreased ADAM10 gene expression levels upon 

expression of PGC1α in the PC3 producer cells further supporting this idea and associating 

ADAM10 with a more aggressive PCa phenotype. Finally, another study linked ADAM10 with PCa 

progression via its translocation from the plasma membrane to the cell nucleus, where it seems 

to interact with AR, behaving as a transcription factor (Arima et al. 2007).  

EVs produced by PGC1α-expressing cells displayed increased levels of enzymes AATM 

and AATC. This data is in line with a previous study in BCa, where PGC1α was shown to 

upregulate expression of the genes encoding for AATM and AATC involved in the metabolism of 

glutamine (McGuirk et al. 2013). Compared to another study involving proteomics 

characterization of PCa EVs, few number of enzymes where found altered in EVs produced by 

PGC1α-expressing and non-expressing cells (Hosseini-Beheshti et al. 2012). It is also interesting 

to highlight that transfer of active enzymes between cells is known to happen, providing recipient 

cells with nutritional plasticity  (Iraci et al. 2017; Royo et al. 2017).  

Importantly, we have focused our study on analyzing EVs protein content, although other 

molecules such as nucleic acids can also be found and are known to exert biological responses 

in target cells (Yanfang Liu et al. 2016; Skog et al. 2008; Mittelbrunn et al. 2011). In fact, Probert 

and colleagues nicely showed how the transfer of RNA in PC3-derived EVs, supports PCa 

progression towards bone metastasis by influencing osteoblasts behavior (Probert et al. 2019).   

 

Overall, proteomic analysis of the EVs evidences a PGC1α-dependent regulation of the 

EVs protein cargo, and the enrichment analyses performed on the genes encoding for these 

proteins relates them to metabolism, cell migration and adhesion processes. Among the TFs 

identified as probable partners of PGC1α on mediating transcriptional regulation of the identified 

candidates, ERRα was of special interest. ERRα has mainly been associated to PGC1α in the 

context of regulating cell metabolism, including the control of fatty acid oxidation and oxidative 
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phosphorylation genes in the heart and skeletal muscle and the regulation of mitochondrial 

biogenesis in osteoblasts and in the skeletal muscle (Huss, Kopp, and Kelly 2002; Mootha, 

Handschin, Arlow, Xie, St Pierre, et al. 2004; Schreiber et al. 2004). In BCa, PGC1α together with 

ERRα confer metabolic reprogramming to cancer cells by means of regulating genes involved in 

glutamine metabolism (McGuirk et al. 2013). On the other hand, in PCa, it was shown by our 

group that the transcriptional control mediated by PGC1α-ERRα induces a metabolic switch in 

PCa cells from an anabolic towards a catabolic state, resulting in the suppression of prostate 

cancer progression and metastasis (Torrano, Valcarcel-Jimenez, et al. 2016). Studies mentioned 

above state an important role of PGC1α and its transcriptional partner ERRα on the control of 

metabolism in different cell types and under physiological and pathological conditions. However, 

a recent study by our group described the role of PGC1α-ERRα axis on the acquisition of invasive 

properties of PCa cells beyond metabolic perturbations, by means of regulating signaling 

pathways that are linked to cytoskeleton rearrangements and to the inhibition of adhesion 

molecules (Valcarcel-Jimenez et al. 2019). This last study stems for the notion that the role of 

PGC1α-ERRα is not only tied to metabolism but also to the regulation of novel and non-canonical 

cellular functions related to cell adhesion features, which further supports our EVs proteomics 

data, where an enrichment in processes linked to cell-matrix and cell-cell adhesion were 

observed. Among the dysregulated adhesion proteins, ITGB1, described in the work mentioned 

above (Valcarcel-Jimenez et al. 2019) was shown to be decreased in EVs produced by PGC1α-

expressing cells. Indeed, presence of ITGB1 in PCa-derived EVs was described to be crucial for 

stimulating anchorage-independent growth of circulating PCa cells (DeRita et al. 2019). ITGA2 

also happened to be decreased in EVs upon expression of PGC1α. This adhesion protein was 

shown to enhance PCa cells adhesion to the bone matrix favoring metastatic seeding (Ziaee and 

Chung 2014). EDIL3, found decreased in EVs produced by PGC1α-expressing cells, was 

identified in BCa-derived EVs, where it seems to foster in vivo lung metastasis formation by 

establishing interaction with integrins leading to the activation of a matrix metalloproteinase 

(MMP)-mediated degradation of the matrix (J. E. Lee et al. 2016b). Asides from cell-matrix 

adhesion proteins, cell-cell binding proteins were also found decreased in EVs upon expression 

of PGC1α in the producer cells. JAM1 (gene name F11R) and CLDN3, both tight junction proteins 

are known to, correspondingly, favor breast and ovarian cancer cells migration (Elaine A 

McSherry 2011; Agarwal, D’Souza, and Morin 2005). Finally, CD44 has been described to 

mediate both cell-cell (Draffin et al. 2004) and cell-matrix adhesion processes through its binding 

to hyaluronan (Bourguignon 2008; Hiraga, Ito, and Nakamura 2013). CD44 is highly expressed 

in melanoma, breast, lung, and prostate bone metastatic cell lines, suggesting it may play 

organotropic roles (Hiraga, Ito, and Nakamura 2013)  

 

To our knowledge no studies encompassing a PGC1α-ERRα-mediated EVs regulation 

have been published up to date. The differences in the protein cargo we observed in EVs 

produced by PGC1α-expressing and non-expressing PC3 cells make us wonder to which extend 

cargo selection and loading could be influenced by PGC1α-ERRα. Indeed, cargo sorting into EVs 
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is a process that is still not that well understood, but it is specific (finding concrete lipids, proteins, 

and nucleic acids) and it is influenced by the global state of the producer cell (Anand et al. 2019). 

In small EVs, cargo incorporation begins in the ILVs and happens through ESCRT-dependent 

and independent mechanisms. PTMs are key for directing cargo selection into the vesicles, and 

among the great variety of PTMs, ubiquitination and ubiquitin-like modifiers have been more 

extensively studied in this context. ESCRT-dependent sorting mechanism is known to involve 

HRS-STAM protein complex (also known as ESCRT-0) that recognizes ubiquitinated proteins and 

hands them over to ESCRT-I protein TSG101 (Vietri, Radulovic, and Stenmark 2020). Still, for 

final protein cargo sorting into the ILVs, deubiquitylation seems to be crucial (Moreno-Gonzalo, 

Fernandez-Delgado, and Sanchez-Madrid 2018). ESCRT-independent cargo loading is driven by 

other proteins, including Alix, CD81 and CD9, which can recognize and bind to non-ubiquitinated 

proteins (Vietri, Radulovic, and Stenmark 2020). From the RNA sequencing performed on the 

producer cells with differential expression of PGC1α, we found that asides from TSG101 (2.15-

fold increased), none of the above-mentioned proteins was altered at gene level. Yet, IFN-induced 

anti-viral ubiquitin-like protein, ISG15 also known to be involved in EVs cargo sorting by means 

of binding covalently to target proteins (process known as ISGylation) was found almost five-fold 

increased in PGC1α-expressing cells (Moreno-Gonzalo, Fernandez-Delgado, and Sanchez-

Madrid 2018). Finally, it is worth mentioning that recently, YBOX1 protein (found decreased in the 

whole secretome proteomics analysis and in producer cells upon expression of PGC1α) was 

shown to be involved in the exosome’s cargo sorting of small noncoding RNAs (Shurtleff et al. 

2017). Hence, in the light of our data, we cannot exclude that the transcriptional control exerted 

by PGC1α-ERRα impacts in a direct or indirect manner on the cargo sorting machinery of EVs. 

To answer these questions, silencing and overexpressing the mentioned candidates in the 

producer cell lines could provide with additional information. 

 

I.1.2 Soluble factors 
 

The GO cellular component analysis performed on the gene list of the proteins found 

altered in the secretomes of PGC1α-expressing and non-expressing cells, was enriched in 

‘’extracellular organelle’’, ‘’vesicle’’ and ‘’extracellular region’’ domains, although other non-

extracellular components such as ‘’cytosol’’, ‘’focal adhesion’’, ‘’mitochondria’’ also appeared. 

Classically, protein secretion was related to the conventional ER-Golgi conventional secretory 

pathway that is directed by the presence of a signal peptide. Yet, the recognition of the existence 

of other non-classical protein secretory pathways and the understanding on how disease corrupts 

or is a consequence of alterations in the secretory phenotype, is altogether challenging the 

definition on what is a ‘’normally-secreted protein’’. From an evolutionary point of view, the 

existence of more than one type of protein secretory mechanism could be due to the modifications 

that proteins suffer when they enter Golgi apparatus, which may affect protein conformation and 

hence its functionality. Such is the case of protein fibroblast growth factor 2 (FGF2), that when 

secreted to the extracellular space through the classical ER-Golgi pathway, undergoes 
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modifications that alter its extracellular function (Derek C. Radisky & Melody Stallings-Mann 

2009). Another example of unconventionally secreted protein, HMGA1, classically recognized as 

a chromatin-binding protein, was described to exert pro-oncogenic roles in TNBC when secreted 

to the extracellular milieu (Mendez et al. 2018). The total number of 185 differentially present 

proteins in the secretomes produced by PGC1α-expressing and non-expressing PCa cells 

probably encompass proteins secreted through classical and non-classical pathways. In this 

sense, the work herein presented lacks a better understanding on the secretory mechanisms that 

could be elucidated by confirming the proportion of proteins that present signal peptide. Still, ten 

proteins (MUC5B, AAAT, NRP1, RAC1, CD44, MARCKS, CATD, AATM, ATP1B1 and AATC) 

were commonly identified in the whole secretome and EVs proteomics analyses, which, may 

indicate that at least to some extend protein secretion is through an unconventional pathway 

involving EVs. 

Finally, special care was undertaken to produce the distinct secretomes, both for the 

serum removal in the media and for only submitting cells to a short three-hour serum starvation 

period to avoid contamination of the secretome with proteins released due to cell death.  

 

ECM-related proteins 

 

Matricellular proteins ECM1, TNXB, CTHRC1, SERPINB5, TNXB, FGFBP1, CATD and 

MUC5B, all previously described to be secreted, were found decreased in the secretomes 

produced by PGC1α-expressing cells. On the opposite side, ECM1 was the top increased protein 

found in the PGC1α-regulated secretome. This data suggests the composition and the 

organization of the ECM could be influenced by the expression of the coregulator PGC1α. The 

ECM is a highly complex scaffold of cross-linked proteins where different types of cells such as 

fibroblasts, endothelial cells and immune cells settle. The core ECM is composed of collagens, 

fibronectins, tenascins, laminins and glycoproteins and it constitutes an important reservoir for 

diverse factors (cytokines, enzymes) that can be mobilized. Mobilization of these factors 

contributes to the remodeling of the ECM and to the regulation of intracellular pathways regulated 

via cell-ECM interactions (Naba, Hoersch, and Hynes 2012). The definition on which molecules 

should be included as core matrisome constituents is still under debate, and in this regard, a new 

category, ‘’matrisome-associated proteins’’, was proposed. This group of matrisome-associated 

proteins includes secreted factors, ECM regulators and ECM affiliated proteins (Naba, Hoersch, 

and Hynes 2012). Malignant transformation is coupled with an increased ECM stiffness that can 

lead to the activation of oncogenic signaling, and inhibition of tumor suppressor genes, including 

PTEN. Therefore, ECM clearly contributes to cancer progression and thus has become an 

interesting compartment to be studied in the field of oncology (Mui et al. 2015; Mouw et al. 2014; 

Naba et al. 2011).  

Regarding the proteins mentioned earlier, the one found most increased in the secretome 

produced by PGC1α-expressing cells was ECM1. This protein is overexpressed in tumors of 

epithelial origin (including breast, esophagus, stomach, colon, and lung) and is preferentially 
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expressed in metastatic tumors (L. Wang et al. 2003). Another study by the same group, linked 

ECM1 with stimulation of proliferation and angiogenesis of endothelial cells (Han et al. 2001).  In 

a more recent study, in the context of PCa, ECM1 secreted by stromal cells was shown to inhibit 

transforming growth factor-β (TGF-β)- mediated PCa cells invasion. Authors in this study showed 

that increased ECM1 mRNA levels in PCa tumors were linked to an increased relapse free 

survival (al Shareef et al. 2018).  

Protein TNXB was shown to be increased in ovarian cancer tissues compared to healthy 

ones, finding also larger amounts of this protein in the serum of high-grade ovarian cancer 

patients compared to healthy donors (Kramer et al. 2015). Glycoprotein MUC5B was found 

decreased in the PGC1α-regulated secretome. Indeed, several types of mucins have been related 

to the development of tumor chemoresistance and to immunosuppressive effects by means of 

creating a physical layer that correspondingly protects tumor cells from drug exposure and 

immune cells (Jonckheere, Skrypek, and van Seuningen 2014). Increased levels of secreted 

SERPINB5 were found to correlate with pancreatic ductal adenocarcinoma patient’s bad 

prognosis. This protein seems to play an important role in the metastatic cascade by facilitating 

extravasation of tumor cells (C. Tian et al. 2020). On the other hand, FGFBP1 was also shown to 

enable cancer growth and metastasis through the promotion of angiogenesis (Zhu et al. 2016; 

Tassi et al. 2011; Zheng Zhang et al. 2019). Finally, top-decreased protein found in the secretome 

of PGC1α-expressing cells was CTHRC1. This is a known secreted glycoprotein that functions 

as a negative regulator of collagen deposition, therefore leading to an increased cell migration 

ability (Pyagay, 2004). CTHRC1 expression is increased in PCa and its silencing in PCa cells 

decreased their proliferation, invasion, migration, and colony formation capacities (Ma et al. 2020; 

C. Zhang, Zhong, and Huang 2017).   

The number of ECM-related proteins regulated by PGC1α is quite ample and the fact that 

all of them (asides from ECM1) are highly decreased in the secretomes produced by PGC1α-

expressing cells, stands out. Most of these candidates were also analyzed at gene level, showing 

to be under the transcriptional control of PGC1α-ERRα. The concept of tumor epithelial cells 

playing a role in the ECM deposition and remodeling processes is changing the classical view by 

which, fibroblasts are the only cells involved in this process. It is now recognized that tumor-

derived matrisome proteins can enable tumor progression enhancing cell survival and 

colonization at distal sites. (G.-F. Xiong and Xu 2016). Almost all the proteins that were shown 

decreased in the secretomes produced by PGC1α-expressing cells have been previously related 

to cancer-prompting roles, further granting consistency to our data. On the other hand, ECM1 

found 44-fold increased in the PGC1α-regulated secretome, was associated to a better prognosis 

of PCa patients. It is also worth mentioning that, as discussed earlier, integrins and other matrix-

adhesion proteins were found decreased in EVs and in the producer cells at gene level. This data 

is indeed complementary to each other and presents a plausible cell-extrinsic mechanism of 

tumor and metastasis suppression driven by PGC1α.  
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Secreted enzymes 

 

The aspartyl-protease cathepsin D (CATD), found increased in EVs and SFs produced 

by PGC1α-expressing cells is controversial regarding its tumor-promoting or suppressing role. 

CATD is known to be mainly present in endosomes and lysosomes, where apparently it is 

involved in the proteolytic processing of antigens and proteolysis of intra and extracellular 

proteins, correspondingly (Yamamoto 1999). CATD was described to be over-produced and 

secreted to the extracellular milieu by BCa cells. This BCa-derived secreted CATD seems to exert 

a pro-oncogenic role by promoting fibroblasts proliferation and invasive growth through the 

activation of MAPK pathway (Laurent-Matha et al. 2005). CATD was also linked to higher vessel 

density in BCa tumors (González-Vela et al. 1999). Opposite to this, CATD was found to be 

secreted by PCa cells, further suppressing angiogenesis, and preventing tumor growth in vivo 

(Morikawa et al. 2000). Finally, CATD is known to exert ECM-remodeling processes by cleaving 

laminin and fibronectin (Patel et al. 2018). 

PGC1α is an important regulator of ROS metabolism and was previously shown to 

increase the expression of various antioxidant enzymes with important oxidative-stress protective 

functions (Geng et al. 2011). Three different isoforms of SODs exist in humans, all of them 

involved on scavenging superoxide radicals. The three SOD isoforms have been reported to 

localize in the cell cytoplasm (SOD1), mitochondria (SOD2) and in the extracellular space (SOD3) 

(Marginean et al. 2016). Previous work in our laboratory showed how in our in vitro model SOD2 

levels increased upon expression of PGC1α. Regarding SOD3, it was previously reported to be 

secreted by PC3 cells, and to exert a tumor-suppressive role via accumulation of hydrogen 

peroxide in the extracellular milieu (J Kim et al. 2014). Apparently, this accumulation of free 

radicals was caused by the decreased levels of enzyme GSH, which lead to increased DNA 

damage levels, further affecting cell viability. SOD3 was also shown to reduce of tumor-associated 

vasculature leakage, allowing a better delivery of chemotherapeutics (Mira et al. 2018). Overall, 

these data suggest again that the protective roles tied to PGC1α involve the regulation of 

antioxidant enzymes with cell-intrinsic and extrinsic localization and functions. 

 

IFN-related proteins 

 

Top-two increased protein identified in the differential secretomes was MX1. This anti-

viral IFN-induced dynamin-like GTPase expression levels are known to be triggered under low 

levels of IFN (Medrano et al. 2017a). Expression levels of MX1 were correlated with BCa tumor 

grade and this protein was further proposed as metastasis-free survival marker for BCa patients 

treated with chemotherapy (Sistigu et al. 2014). Interestingly, MX1 was identified as a regulator 

of cell motility and metastasis in PCa, seemingly through its interaction with protein tubulin 

(Mushinski et al. 2009). Both, treatment with IFNα and small molecules induced MX1 expression 

and were able to block cell motility and invasion, presenting MX1 as an interesting target for 

avoiding PCa metastasis. In addition, the work by Brown et al revealed MX1 overexpression in 
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PCa cell lines induces cell cycle arrest and in contrast, MX1 silencing enhanced migration, 

invasion, and anchorage independent growth of DU145 cells. In this study and in line with the 

data provided by Mushinski and colleagues, treatment of PCa cells with tubulin-binding 

chemotherapeutic drug Docetaxel, showed to be more effective in MX1-expressing cells probably 

due to changes in the tubulin organization. MX1 localization was reported to be in the cell 

cytoplasm, apparently close to the ER (Accola et al. 2002). This localization may further suggest 

MX1 could be involved on the regulating trafficking of proteins or even be secreted, as we did 

observe in our PCa model. In fact, MX1 was reported to be secreted in EVs produced by PCa cell 

line VCaP (Hosseini-Beheshti et al. 2012).  

Another IFN-related protein identified increased in the PGC1α-regulated secretome was 

STAT1. This protein is key for type I and type III IFN response activation (Seliger, Ruiz-Cabello, 

and Garrido 2008), and to our knowledge, secretion of STAT1 has previously not been reported. 

The fact of MX1 and STAT1 proteins being increased in SFs and at gene level in PGC1α-

expressing cells is probably a bystander of the re-establishment of type I IFN signaling in the cells 

upon expression of PGC1α. Why these proteins are released into the extracellular milieu, remains 

to be elucidated. Still, one could imagine that transfer of STAT1 and MX1 among cells would play 

anti-tumoral roles in PCa and, furthermore, they could even become biomarkers of PCa 

aggressiveness.  

 

I.1.3 Tumor interstitial liquid (TIL) 
 

Organ-proximal fluids have demonstrated to be a fount for biomarker discovery in 

different types of cancer. Nipple aspirate fluid was shown to be a good source for identifying 

specific proteins associated to BCa or to healthy donors. Therefore, detection of specific proteins 

in the nipple aspirate could be a non-invasive manner for BCa early detection, risk assessment 

and monitoring of disease course and therapy response (Noble et al. 2007; Shaheed et al. 2018; 

Pawlik et al. 2005). Cancer-specific proteins were also shown to be detected in pancreatic juice 

and lung pleural effusion (R. Chen et al. 2006; 2007)(Tyan et al. 2005; Soltermann et al. 2008). 

In PCa, proteomic studies have mainly focused on analyzing urine and serum as a source of 

biomarker discovery (Swensen et al. 2021; Khanna et al. 2021; Øverbye et al. 2015; Principe et 

al. 2012). In addition, seminal plasma was analyzed and showed great potential for identifying 

biomarkers of prostate and testicular cancers (Pilch and Mann 2006). The use of naturally 

occurring proximal fluids therefore seems an interesting option for the identification of biomarkers, 

but one must keep in mind that finding proteins present in low proportions can be challenging. 

Indeed, these biofluids are often dependent on physiological variables such as patient’s hydration 

status, diet, or glomerular filtration rate. In addition, these fluids may collect proteins released by 

different tissues, generating a highly diverse and diluted pool of plausible biomarkers. Therefore, 

despite proteomics techniques are becoming more sensitive, getting closer to the origin (the 

tumor) may enable the identification of disease biomarkers due to their presence at higher 

concentrations (M. Wagner and Wiig 2015). In this sense, exploring the tumor interstitial liquid 
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(TIL) seems an interesting option. The TIL together with ECM structural proteins is the major 

constituent of the interstitial space. This area is made of connective tissue and is located outside 

the blood and lymph vessels, and parenchymal cells. Under physiological conditions, there is no 

net accumulation of fluid; the interstitial fluid flows from capillaries to lymph vessels, maintaining 

a net pressure close to 0 mmHg. Yet, tumors often experience leaky vasculature and impaired 

lymph drainage, leading to the accumulation of fluid (Ura et al. 2018) (FigD 2). Therefore, TIL, as 

it bathes the tumor microenvironment, can provide much information on secreted molecules and 

thus can be a good source for the study of cell communication and the identification of tumor-

associated biomarkers (Hsu et al. 2019; Haslene-Hox et al. 2011).  

 
Figure D 2. Overview of the normal (A) and tumor intersticium (B). Modified from Wagner & Wiig, Front. 

Oncol (2015). 

 

In order to explore this fluid, we took advantage of our GEMMs and performed LC-MS 

proteomics analysis of the TIL obtained from three-month KO and DKO mice. We focused on 

studying early PCa events, in which pro-tumorigenic features such as a reactive stroma can 

already be sensed (Berglund et al. 2018). Proteomics analysis of the TIL provided us with a list 

of 44 differentially present proteins between KO and DKO mice. From this list, three proteins (Ak1, 

Atp1b1 and Srm) were common to the proteomics analysis of the cell secretome. The in vivo 

model we used provides a more physiological scenario, and the proteins identified in the TIL may 

not be directly secreted by epithelial cells, rather than other cells in the prostate 

microenvironment. Therefore, GEMM-derived TILs may also provide with interesting information 

on the bi-directional communication between epithelial and stromal compartments.  

Among the proteins identified in the TIL, spermidine synthase (SRM or SPEE) was found 

decreased in vitro in PGC1α-expressing cells and their correspondent secretomes and increased 

in the TILs of DKO mice. This enzyme catalyzes the production of spermidine from putrescine 

and decarboxylated S-adenosylmethionine (dcSAM) in the polyamine synthesis pathway. An 

increased polyamine synthesis was previously described to sustain PCa (Zabala-Letona et al. 

2017), and indeed, PGC1α has been previously related to the regulation of this metabolic 

pathway. Kaminski and colleagues described a PGC1α/c-MYC/ODC axis involved in the 

regulation of polyamines synthesis. PGC1α through an ERRα-dependent mechanism was shown 

to inhibit c-MYC expression and ODC (Kaminski et al. 2019). Indeed, our group also described 

A B
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decreased levels of ODC in the presence of PGC1α, a well-known target of c-MYC (Valcarcel-

Jimenez et al. 2019). Hence, decreased levels of polyamine pathway enzymes (SRM and ODC) 

are related to a more benign status, based on the expression of PGC1α. Why SRM is secreted 

within the tumor interstitial space is an interesting aspect, perhaps related to the transfer of 

enzymes between cells for sustaining polyamine biosynthesis. In this sense, increased 

microenvironmental levels of polyamines were related with immunosuppression and cancer 

outgrowth (Alexander et al. 2017). Altogether, these data open novel and interesting questions 

tied to PGC1α, polyamines and regulation of the tumor microenvironment. It would be therefore 

interesting to elucidate polyamine concentrations in KO and DKO prostates and correlate this 

data with the presence of immune-suppressive and cytotoxic T-cells, responsible for tumor cells 

killing. In this line, the enrichment analysis we performed on the candidates identified differentially 

present in the mice TILs revealed terms linked to immunity. One of the candidates included in the 

mentioned category was the 11S proteasome subunit Psme3, described to play a protective role 

under bacterial infections in mice by stabilizing transcription factor NFkB (Sun et al. 2016). 

Opposite to this protective function, Psme3 expression has been reported to be increased in lung, 

and colorectal cancers (S. Xiong et al. 2014; Roessler et al. 2006). In BCa, Psme3 expression 

levels are also increased, and it seems to promote malignant outgrowth by inducing T-cell 

apoptosis (Yi et al. 2017).  

Other interesting candidates found differentially present in the TILs, are ribosomal 

proteins (RPs). Four RPs (Rpl10, Rpl5, Rpl21 and Rpl15) were found to be increased in mice 

where Pgc1α expression was abolished. In this line, it is interesting to mention that several RPs 

happened to be decreased in the secretomes produced by PGC1α-expressing cells (RL18, RL7A, 

RL12, RS27, RS3A, RS13 HNRH3, RS5, RS27, ROA1, ROA3, HNRPR, HNRPQ). RPs are 

involved in the synthesis of mRNA, a tightly regulated process needed to sustain cell growth 

(Tschochner and Hurt 2003). Under certain stress conditions, free RPs may accumulate, 

generating what is known as nucleolar stress, further inducing activation of p53 pathway that 

leads to cell cycle arrest, senescence, and autophagy (Yang, Yang, and Yi 2018). On the other 

hand, a growing number of studies have demonstrated RPs also play tumor prompting roles in 

ovarian, gastric, and prostate cancers (Artero-Castro et al. 2011; Yongquan Shi et al. 2004; 

Maruyama et al. 2014). Oncogene c-MYC and tumor suppressors PTEN, pRB and p53 were 

shown to regulate the production of ribosomes, key for protein production in proliferative cells 

(Ruggero and Pandolfi 2003; Artero-Castro et al. 2011). This would be in line with our data, in 

which a more proliferative state in the absence of PGC1α and presence of c-MYC would require 

a higher supply of ribosomal proteins to sustain cell proliferation. It would be though interesting 

to assess expression levels of c-Myc and RPs in KO and DKO mice. Finally, as an important fact 

to mention, RPs have lately emerged as important contributors of cancer development. Patients 

with ribosomopathies (defects in ribosomal proteins or the ribosomal assembly factors) have 

higher cancer risk (Girardi et al. 2018). 

Protein Khsrp, was found increased in the TILs of DKO mice, where Pgc1α was deleted. 

This protein was previously proposed to regulate c-MYC expression (He et al. 2000), and has 
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been linked with pro-oncogenic roles in non-small cell lung cancer (NSCLC), pancreatic and 

colorectal cancers (M. Yan et al. 2019; Taniuchi and Ogasawara 2020; Caiazza et al. 2019). 

Interestingly, in the context of colorectal cancer (CRC), authors described an altered secretome 

composition upon silencing of the protein in CRC cells, suggesting Khsrp may play an important 

role in the tumor microenvironment (Caiazza et al. 2019).  

Regarding the enrichment analysis we performed on the list of genes encoding the 

proteins found differentially present in the TILs, AP1 and NFE2 emerged as transcription factors 

to mediate transcriptional regulation. Interestingly, AP-1, a transcription factor member of Fos and 

Jun families has been previously described to mediate the regulation of the tumor cells secretome, 

promoting therapy resistance and malignant growth under environmental stress conditions 

(Obenauf et al. 2015; Abd et al. 2018). AP-1 was suggested to contribute to PCa growth and 

survival to radiation treatment in a PI3K-dependent manner (Kajanne et al. 2009). Evaluating the 

contribution of AP-1 activity in our GEMM could provide with novel data tied to malignant 

transformation via secreted factors in the context of Pgc1α loss. 

Finally, it is also interesting to highlight that older (six months onward) KO and DKO mice 

accumulate ascitic liquid in the prostates, which can be an interesting source for studying more 

advanced stages in our model of PCa. In this sense, ascites have shown to be attractive biofluids, 

mostly studied in ovarian and colorectal cancer (Ford et al. 2020; Choi et al. 2011; Gortzak-Uzan 

et al. 2008), and usually appearing in more advanced cancers and inked with poor outcome 

(Ayantunde and Parsons 2007). 

 

Overall, proteomics analysis revealed a list of proteins that were differentially present in 

the TILs obtained from KO and DKO mice, making them an attractive source for studying the 

cellular interactions in the tumor microenvironment through secreted factors. With no doubt, the 

GEMM provides with a more physiological context that should be exploited to unravel the cell 

interactions that underpin PCa evolution triggered by loss of PGC1α. 

 

I.2 Extracellular vesicles as a source for biomarker discovery 
 

Early disease detection and diagnosis is key for enhancing survival of cancer patients. 

Identifying sensitive and specific non-invasive disease biomarkers could allow a more accurate 

disease follow-up. In this sense, exploring biological fluids (urine, blood, cerebrospinal fluid, 

lymphatic drainage) as well as in vitro secretomes has proven to be an interesting source for the 

discovery of biomarkers and mediators of cancer progression (Lore et al. 2017; Royo et al. 2016; 

Blanco et al. 2012; Nurdin et al. 2016; García-Silva et al. 2019). In this sense, EVs are stable 

units that can be found at high concentrations in most biofluids. Indeed, plenty of clinical trials 

involving EVs are being carried nowadays (clinicaltrials.gov). Concretely, eleven clinical trials 

involving PCa and EVs are registered in the USA up to date, and all of them are focused on 

evaluating or finding EVs in biofluids as markers for monitoring disease progression or response 

to therapy.  
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An interesting feature about EVs concerns cargo protection, which can be composed of 

different molecules, including nucleic acids, proteins, and lipids (Torrano, Royo, et al. 2016). EV 

are good fingerprints as their cargo usually reflects the status of the cell or tissue of origin (Royo 

et al. 2016). Indeed, applied to our in vitro model, all candidates we found differentially present in 

the proteomics analysis of EVs, where shown to follow the same trend at mRNA level in the 

producer cells. We are aware that RNA and protein do not always follow the same expression 

dynamics due to post-translational regulation, therefore, his data should be validated at protein 

level. Strikingly, some of the candidates we found differentially present in the EVs produced by 

PGC1α-expressing and non-expressing cells, happened to be directly (ATP1B1) or inversely 

(CLDN3, KPNA2 and STXBP2) correlated to PGC1A in PCa datasets. This further suggests EVs 

could act as surrogate non-invasive markers of PGC1α status in patients with PCa. Indeed, the 

idea of generating an EV-based protein or mRNA-specific signature with prognostic potential has 

already been proposed in melanoma and in PCa (Peinado, Alečković, et al. 2012; Sequeiros et 

al. 2017; Torrano, Royo, et al. 2016; Royo et al. 2016), In PCa, due to the heterogeneity of the 

disease (Haffner et al. 2021), combining a panel of proteins might be a more accurate approach 

compared to the use of single markers. Our in vitro data together with the correlation analyses 

performed on data obtained from PCa patients, both support using multiple markers contained in 

vesicles as a robust method for the monitoring and the diagnosis of PCa. In this regard, some of 

the candidates identified as plausible constituents of an EV-based PCa signature have already 

been linked to this disease, although none of them in EVs. Tight junction protein CLDN3 was 

shown to be a good marker for PCa (Bartholow et al. 2011), and interestingly, this protein together 

with PTEN could be detected in the blood of PCa patients, thus, demonstrating its potential as a 

marker for PCa diagnosis (Ye, Zhao, and Kang 2019). Importin subunit alpha KPNA2 was also 

shown to be of prognostic potential in PCa, specially for tracking disease recurrence after radical 

prostatectomy (Grupp et al. 2014; Mortezavi et al. 2011). Regarding protein ATP1B1, it was 

included with another seven proteins as part of an AR-related signature that could be useful to 

monitor androgen dependent PCa transitioning toward castration resistant PCa (Capaia et al. 

2018). In addition, a previous study by our group showed ATP1B1 is part of a PGC1α-ERRα-

dependent transcriptional program involved in PCa suppression and was further included in a 

gene signature that predicts risk of recurrence of PCa patients (Torrano, Valcarcel-Jimenez, et 

al. 2016). 

Based on previous studies presenting EVs as good mirrors of the molecular scenario on 

the tissues of origin (Royo et al. 2016; Sequeiros et al. 2017), as a next step, it would be key to 

interrogate the status of our panel of proteins in EVs isolated from urine or serum obtained from 

PCa patients with a known status of PGC1α. If an association between our EVs-protein-based 

signature and PGC1α status is proven to exist in patients, this could certainly open new avenues 

for the development of non-invasive tools for the diagnosis and prognosis of PCa disease (FigD 

3). 
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Figure D 3. EVs as surrogate markers of PCa. An EV-based protein signature linked to PGC1α status is 

proposed as a non-invasive method for the diagnosis and prognosis of PCa. 

II Understanding the impact of the cancer secretome in the stromal 
compartment 

II.1 Cell secretome: priming the soil for metastatic cells seeding? 
 

Metastasis is a highly inefficient process, in which a low proportion of the cells released 

into circulation survive (Fidler 1970). One of the first theories presented, explaining the successful 

colonization of distal sites by metastatic cells was proposed by Paget with the ‘’seed and soli’’ 

hypothesis (Paget 1889). Following this idea, research in the last years has provided novel data 

supporting Paget’s hypothesis and has proven how primary tumor cells prime the sites of 

metastasis before their arrival. This concept could be understood from an ecological point of view 

in which, species settle in concrete ecosystems that provide them with the resources to progress. 

Indeed, these species may further modify and evolve, together with their environment to become 

a more complex community. This analogy stems for primary tumor cells secreting factors (soluble 

factors and extracellular vesicles) that in a paracrine manner, modify and instruct local cells to 

allow a successful metastatic seeding. These modified environments are known as pre-metastatic 

niches and are characterized by a series of features that include increased vascular leakiness, 

recruitment of bone marrow derived cells (BMDCs) as well as other types of immune cells, 

increased inflammation, and changes in the ECM  (Peinado, Alečković, et al. 2012; Hafner et al. 

1996; Männel et al. 1994; Yanfang Liu et al. 2016; Erler et al. 2009). Therefore, although tumor 

cells are the drivers of metastasis, a bi-directional communication between tumor cells and their 

environment is established and this is decisive for tumor progression.  

Two in vivo metastasis assays were performed in the present thesis work and for that, 

EVs and SFs produced by PGC1α-expressing and non-expressing PCa cells, were used for pre-

conditioning the microenvironment before inoculation of the metastatic cells. Trying to resemble 
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a paracrine communication between PCa epithelial cells and the stromal compartment, both 

experiments aimed at understanding how secreted factors could exert a modulatory effect for 

enabling metastatic seeding (FigD 4). Indeed, Handschin and colleagues previously reported how 

in the skeletal muscle, a PGC1α-dependent regulation of myokines influences the crosstalk 

between muscle and pancreatic islets for maintaining glucose homeostasis (Handschin, Chin, et 

al. 2007). Another study involving PGC1α expression in the muscle revealed the co-regulator’s 

role on ECM and basal lamina remodeling processes that influenced muscle stem cells towards 

a more effective response to injury (Dinulovic et al. 2016). On the other hand, liver-specific 

silencing of PGC1α in vivo showed to favor progression of non-alcoholic fatty liver disease, by 

means of regulating ECM proteins, pro-inflammatory and antioxidant enzymes (Besse-Patin et al. 

2017). Hence, these studies set a precedent on how PGC1α can exert protective roles in different 

scenarios via regulation of cell-cell and cell-ECM interactions. Indeed, as mentioned earlier, we 

previously showed the impact of PGC1α on the expression of adhesion molecules(Valcarcel-

Jimenez et al. 2019). This observation was also evident in EVs protein cargo, where a wide 

number of adhesion molecules happened to be decreased upon expression of PGC1α in the 

producer cells. Therefore, we could expect PGC1α roles extended to the regulation of the tumor 

microenvironment, on both cell populations and ECM.  

 
Figure D 4. Preparation of the pre-metastatic niches. Tumor-derived secreted factors (EVs and SFs) 

prime the sites of metastasis through the establishment of a paracrine communication with the stromal 

compartment. 

 

Of note, a limiting aspect from both in vivo experiments concerns the animal model used. 

Athymic Nude-Foxn1 mice were educated with either EVs or SFs to study their impact at a 

systemic level on enabling metastatic seeding of PCa cells. In this sense, the mouse strain we 

used is characterized by its deficiency on T-cells, a subtype of lymphocytes with important roles 

on detecting antigens and orchestrating cytotoxic responses that are pivotal for eliminating 

malignant cells (Waldman, Fritz, and Lenardo 2020). We do not know to which extend T-

lymphocytes could be affected by SFs and EVs produced by PGC1α-expressing and non-

expressing cells, an aspect that could be interrogated in vitro by treating these cells with both 

secretome fractions. Yet, finding a syngenic model in which immunocompetent mice would be 
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educated with PGC1α-regulated SFs/EVs and injected with murine PCa cells would perhaps 

provide with novel and more physiologically relevant data.   

 

II.1.1 Extracellular vesicles: on the road to the pre-metastatic niches 
 

Despite the differences in EVs protein cargo, no differences in metastases formation and 

tropism were observed in mice educated throughout two weeks with EVs produced by PGC1α-

expressing and non-expressing cells, as well as in control mice. We therefore could state that 

PGC1α-associated EVs do not play a role on priming the pre-metastatic sites in PCa. Indeed, this 

was unexpected, as several of the proteins found decreased in the EVs produced by PGC1α-

expressing cells benign-like context such as ITA2, CLDN3, JAM1, CD44, EDIL3, NRP1 and 

Rab13, were previously linked to metastasis-related features in different cancer types (Ziaee and 

Chung 2014; Agarwal, D’Souza, and Morin 2005; Elaine A McSherry 2011; Hiraga, Ito, and 

Nakamura 2013; S.-H. Jiang et al. 2015; Stipp, Kolesnikova, and Hemler 2001; Levina et al. 2015; 

X. A. Zhang et al. 2003; Beckham et al. 2014). We therefore could expect different roles of EVs 

produced by PGC1α-expressing and non-expressing cells. Yet, despite no differences on 

metastasis formation rates and sites were observed upon treatment of nude mice with EVs 

produced by cells with different aggressive features, still a deeper analysis of plausible 

microanatomical changes in the metastasis-harboring organs should be performed. It would be 

of great interest to treat mice with labelled EVs and track their uptake by different resident 

populations in the organs were metastasis formation was observed (bones and lungs). In addition, 

educating the mice with the differential EVs and performing a more exhaustive analysis of the 

tissues through different OMICs techniques could inform on tissue remodeling processes that 

might be taking place via transfer of bioactive molecules contained in the EVs.  

Uptake of EVs by recipient cells is known to happen through different mechanisms that 

include membrane fusion, phagocytosis and binding to specific receptors present in both, EVs 

and recipient cells, which, also determines organotropic features of tumors (Escrevente et al. 

2011; Hoshino et al. 2015). Nonetheless, it was recently shown how resident cells do also harbor 

mechanisms to avoid uptake of tumor derived EVs through the activation of type I IFN response 

(Ortiz et al. 2019). This study nicely described how melanoma-derived EVs inhibit IFN signaling 

activation through the downregulation of IFNAR1 and ISG 25-hydroxylase (CH25H) enzyme in 

normal cells. This enzyme produces antiviral compound 25-hydroxysterol (25HC), and by 

searching molecules that could mimic 25HC, reserpine was identified and shown to block EVs 

uptake by normal cells. Indeed, reserpine administration in vivo, was able to block the formation 

of pre-metastatic niches and suppress lung metastasis. Hence, this data provides a nice proof of 

concept on how understanding the impact of EVs on priming the sites of metastasis could be key 

for identifying ways of blocking uptake of malignant EVs by host cells and thus, blunting 

metastasis.  

Finally, from a technical point of view, compared to other in vivo studies in which EVs role 

on metastasis and/or tumor microenvironment remodeling was addressed, our education time 
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and final amount of EVs used for education of the mice were below (J. E. Lee et al. 2016a; 

Peinado, Alečković, et al. 2012; Hood, San Roman, and Wickline 2011; Hoshino et al. 

2015).(Peinado et al. 2012) (Hood, San Roman, and Wickline 2011) (Hoshino et al. 2015). The 

experimental details from the mentioned studies and our work can be seen in Table D 1. 

Performing a longer-term experiment or injecting higher quantities of EVs into the mice would 

perhaps lead to a different experimental outcome than the one we observed. It was recently 

reported that human plasma is mostly enriched in hematopoietic-derived EVs (99.8%), being the 

remaining 0.2% derived from other tissues (Yuchen Li et al. 2020). Therefore, estimating the 

amounts of EVs that should be injected into the plasma of mice to mimic PCa is a challenging 

aspect. In this sense, the field of EVs needs to overcome technical aspects that can allow a better 

understanding of EVs biogenesis, secretion dynamics, journey, and uptake by target cells. In this 

sense, novel techniques using high resolution microscopy imaging are enabling the study of EVs 

in vivo, and this will surely help on experimental refinement and open the roads towards a better 

comprehension of EVs functions under physiological and pathological conditions (Verweij et al. 

2021).  

 
Table D 1. Experimental details of experiments involving EVs-injection into mice. 

 
 

II.1.2 Soluble factors: unexpected role on priming the pre-metastatic niches 
 

Compared to EVs, which were only recently described to be involved in cell 

communication (Kowal, Tkach, and Théry 2014), soluble factors are well known mediators of 

paracrine communication. Secreted factors are known to alter resident cells behavior by means 

of triggering diverse processes such as inflammation, angiogenesis, ECM matrix remodeling and 

BMDCs recruitment (Kaplan et al. 2005; Cox et al. 2016; Peinado et al. 2017). Since SFs 

regulated by PGC1α exerted an in vitro effect on recipient PCa cells (reduction in proliferation), 

exploring other tumor-related biological events in an in vivo context seemed interesting. We 

therefore pre-conditioned nude mice with the concentrated-SFs produced by PGC1α-expressing 

and non-expressing cells and performed a metastasis assay. Unexpectedly, this experiment 

EV source Injection 
site

EV-protein dose/ mouse/ 
injection Frequence of injection

Total amount 
injected / 

mouse
Study

BCa Mammary 
fat pad 10 µg Three weeks

Three times/week 90 µg Lee et al. 2015

Melanoma Flank 10 µg Three weeks
Three times/week 90 µg Peinado et al. 

2012

Melanoma Footpad 50 µg 
Three injections 

separated each by 48 
hours

150 µg 
Hood, San 

Roman and 
Wickline. 2011

Breast and 
pancreati-

cancers

Retro-
orbital 10 µg Three weeks. Injections 

every other day 90 µg Hoshino et al. 
2015

PCa Retro-
orbital 10 µg Two weeks

Two injections/week 40 µg Our study
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revealed a higher metastasis formation capacity of cells inoculated into mice that were educated 

with SFs produced in the presence of PGC1α. A limiting aspect concerning this experiment was 

its shortness and the little in vivo monitoring of tumor formation we performed with Ivis device. 

Mice educated with the SFs-D had at day 6 extremely low luciferase signal intensity, which 

showed a trend towards being increased at day 13, when animals were sacrificed. Hence, 

probably by letting animals for one or two weeks longer, tumors would have reached higher 

volumes, a factor that in the SFs-D condition, happened to be especially critical. 

Bearing in mind that the experiment should be refined in the future, we observed that 

tropism happened to be to the bones and lungs, which are frequent sites of metastasis in PCa 

patients (Bubendorf et al. 2000). Nonetheless, metastasis formation in the brain, which accounts 

in PCa patients for a 2% (Macedo et al. 2017), was also observed and furthermore, was increased 

in mice educated with SFs derived from PGC1α-expressing cells. The model used for cell 

inoculation was intra-cardiac injection, which, compared to tail vein injection that favors lung 

metastasis formation, allows tumor cells to engraft in any tissue depending on their inherent 

features (Simmons et al. 2015).  

Taking advantage of the enrichment analysis we had performed on the data obtained 

from the proteomics analysis of the cell secretome, some of the proteins differentially present in 

the secretomes produced by PGC1α-expressing and non-expressing cells, have been previously 

linked to brain-related processes. These proteins include SERPINE2 (also termed GDN), RAC1, 

NRP1, NES, EZR1, CKB and G6PD. Asides from CKB and EZR1, all proteins were found 

decreased in the secretomes upon expression of PGC1α. Proteins SERPINE2 and NRP1 were 

previously described to promote brain metastasis (Valiente et al. 2014; Arpel et al. 2016), thus 

not making them candidates for the increased brain metastasis formation observed in the mice 

treated with secretomes from PGC1α-expressing cells. Nonetheless, levels of creatine kinase B 

(CKB) were described to be increased in serum from patients harboring brain tumors (Tadele et 

al. 2019). On the other hand, ezrin (EZR1) expression is increased in human astrocytoma tissues 

compared to healthy ones. This protein links the actin cytoskeleton with the plasma membrane 

and is known to boost metastasis (Mao et al. 2013). Indeed, EZR1 was reported to be increased 

in prostate neoplastic tissues (Pang et al. 2004). We therefore could hypothesize about both 

candidates, CKB and EZR1, as mediators of the increased brain metastasis formation observed 

in mice that were educated with secretomes produced by PGC1α-expressing cells. Still, 

colonizing the brain implies bypassing the blood brain barrier (BBB), a tightly regulated 

microvascular system conceived for avoiding the unspecific entry of cells and molecules 

(Daneman and Prat 2015).  

The bone happened to be an important site of metastasis formation in EVs and SFs-

educated mice. Indeed, bone tissue is a major site of metastatic PCa, specially in patients 

developing CRPC that usually die within a period of 12-24 months after its detection (Sharma et 

al. 2013). The PC3 cell line used for IC injection and for production of the SFs derived from a 

bone metastasis. Indeed, among the biological processes found enriched in the SFs proteomics 

analysis, ‘’osteoblast differentiation’’ emerged. From the candidates associated to this function 
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THOC4, SYNC, CH10, and ATPB were found increased in the secretome produced by PGC1α-

expressing cells. On the other hand, proteins TENA, PRS7 and DDX21 where found decreased 

in the secretome produced by PGC1α-expressing cells. Thus, it would be interesting to deeper 

analyze the contribution of these specific proteins on fostering bone metastasis. Maintaining a 

balance between osteoblasts and osteoclasts is essential for the bone homeostasis, and this 

happens through the release of endocrine and paracrine factors. PCa metastases to the bone are 

more often osteoblastic than osteolytic, although mixed lesions also happen (Sturge, Caley, and 

Waxman 2011). PCa cells corrupt bone homeostasis by means of secreting factors that alter 

osteoblast functions leading to an abnormal deposition of bone matrix (Logothetis and Lin 2005). 

On the other hand, PCa cells are also dependent on factors released by osteoblasts for their 

growth. Thus, disrupting communication between PCa and bone-resident cells seems an 

interesting approach to avoid bone remodeling and blunting metastasis. Indeed, although 

conventional therapies (chemotherapy, hormonal therapy, and bisphosphonates) for bone 

metastatic PCa have shown to improve quality life of patients, metastatic outgrowth is not 

prevented. Research is providing with novel therapeutic targets, setting great interest in disrupting 

bone remodeling induced by tumor cells (Sturge, Caley, and Waxman 2011).  

 It is also interesting to mention that the PC3 cell line has been related with osteolytic 

lesions (Nandana et al. 2017). PCa cells often mimic bone resident cells, a concept that is known 

as ‘’osteomimicry’’. This process is triggered in an autocrine and paracrine manner via expression 

of bone-related signaling and matrix genes (Knerr et al. 2004; Koeneman, Yeung, and Chung 

1999). Therefore, analyzing the secretome protein content, could also lead to the identification of 

candidates involved in osteomimicry.  

III Effect of the PGC1α-driven secretome in the tumor compartment: 
beyond the cell barriers and back to the roots? 

 

In vivo metastasis experiments suggest a differential impact of SFs on priming the sites 

of metastasis. In that scenario, SFs produced by PGC1α-expressing cells enabled metastatic 

seeding of cancer cells. On the other hand, our in vitro data showed how the SFs produced by 

PGC1α-expressing cells exerts a tumor-suppressive role by means of blunting cell proliferation. 

Indeed, this PGC1α-driven effect showed to be under the regulation of nuclear factor ERRα, a 

well-known partner of PGC1α on mediating anti-tumoral responses in PCa (Torrano, Valcarcel-

Jimenez, et al. 2016; Valcarcel-Jimenez et al. 2019).  

Separation of the cell secretome on the soluble factors and vesicular fractions further 

demonstrated in vitro that the effect on proliferation was mediated by the SFs and not by EVs. 

Hence, as a next step, we would propose to explore the impact of the SFs in tumor initiation and 

growth using an in vivo context. It would be interesting to pre-condition highly metastatic PCa 

cells with the secretomes produced by PGC1α-expressing and non-expressing cells prior to their 

inoculation into the flanks of nude mice. This would allow us to study the impact of the secretome 

on the tumor initiation capacities of the cells. On the other hand, it would also be informative to 
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perform the same type of experiment but without the pre-conditioning step. Once inoculated into 

the mice, tumors would be left to be formed and then, injections with the differential secretomes 

could provide information about the impact of the secretome on tumor growth in vivo.   

Asides from evaluating the effect of the PGC1α-regulated secretome on PCa recipient 

cells proliferation capacity, we also assessed migration. Migration is a key feature that malignant 

cells need to acquire to invade adjacent tissues and disseminate to other organs. Indeed, PGC1α 

is involved on the regulation of the actin cytoskeleton that allows PCa cells migration and invasion 

(Valcarcel-Jimenez et al. 2019). We performed in vitro experiments using Boyden chambers and 

wound healing assays, and none of them showed changes on the migration ability of PCa 

epithelial cells treated with the differential secretomes or EVs. This may indicate that the cell-

intrinsic events triggered in recipient cells by the treatment with the differential secretomes/EVs 

do not involve processes related to cell migration such as the induction of epithelial-mesenchymal 

transition (EMT) (Thiery et al. 2009). Nonetheless, asides from being cell-intrinsically regulated, 

migration capacity is also determined by the extracellular environment (Friedl and Wolf 2010; 

Roussos, Condeelis, and Patsialou 2011). Therefore, addressing the secretomes’ impact on the 

migration ability of tumor cells could be studied from other points of view. On one hand, it would 

be interesting to perform assays in which non-educated PCa epithelial cells were left to migrate 

through Boyden chambers containing the differential cell secretomes, especially the soluble 

fraction of the secretome as it may contain growth factors and chemoattractants, known to trigger 

cell migration. On the other hand, from a tumor microenvironment perspective, we could also 

speculate about changes in the stromal compartment being triggered by the cancer cell 

secretome. In vitro monitoring of the ECM deposition by fibroblasts exposed to the secretomes 

produced by PGC1α-expressing and non-expressing cells could inform about changes in the 

matrix composition and stiffness and thus influence PCa cells migration ability.  

 

From our in vitro and in vivo experiments, it is tempting to hypothesize that EVs biological 

functions could be dependent on their interaction with the SFs fraction of the cell secretome. 

Supporting this idea, in vitro data evidence no effect on tumor cells proliferation and migration 

capacities upon treatment with EVs derived from PGC1α-expressing and non-expressing cells. 

Opposite to that, a reduced proliferation capacity of PCa cells treated with whole secretome (S) 

and SFs obtained from PGC1α-expressing cells was observed. Indeed, a more pronounced 

proliferation drop was observed on PCa recipient cells when treated with the whole secretome 

than with the SFs fraction alone. On the other hand, in vivo metastasis assays performed with the 

two separated secretome fractions (EVs and SFs) demonstrated no apparent effect of EVs on 

priming the sites of metastasis. Contrary to that, SFs produced by PGC1α-expressing cells 

favored cell nestling in vivo. In fact, a differential impact of EVs and SFs was also described by 

Jung and colleagues (Jung et al. 2009). In this study, authors took advantage of two rat pancreatic 

adenocarcinoma cell lines with distinct metastatic capacities due to a defect on a CD44 variant 

(CD44v). Indeed, pancreatic adenocarcinoma cells with or without CD44v displayed secretomes 

with differential capacities on priming the sites of metastasis in vivo. The effect of EVs or SFs was 
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not as potent as the whole secretome, and opposite to our data, EVs showed to infer a stronger 

effect than SFs. Additionally, some of the in vivo effects that were observed to be triggered by the 

whole cell secretome, where not reproduced in vitro, revealing how complex cell interactions can 

be depending on the biological scenario.  

Overall, a synergistic effect of EVs and SFs fractions of the PGC1α-driven secretomes 

might exist and could explain why, apparently, no biological impact of EVs was observed in vivo 

and in vitro.  

 

III.1 Puzzling the pieces 
 

Classically, drugs for the treatment of tumors have focused on targeting cell-intrinsic 

pathways altered in malignant cells, but disruption cell-extrinsic events might be another way of 

tackling Achilles’ heel of tumors. Indeed, in PCa main efforts for the identification of therapies are 

based on targeting cell-intrinsic mechanisms such as inhibition of AR activity (Ramroop, Stein, 

and Drake 2018). But lately, a growing number of studies have evidenced how the autocrine and 

paracrine communication established by PCa cells and stromal cells is essential for tumor 

success (Dagvadorj et al. 2007; Rojas et al. 2011a; Zeda Zhang et al. 2020; Kerr et al. 2010; 

Calcinotto et al. 2018; Y. C. Lee et al. 2015).   

The data provided in the present work sets some light on how the dysregulation of the 

transcriptional co-regulator PGC1α leads to the alteration of other functions beyond metabolism. 

We demonstrate how cell-intrinsic phenomena (loss of PGC1α) is reflected in a cell-extrinsic 

manner (altered secretome composition). As discussed previously, several candidates identified 

by proteomics analysis were further confirmed at mRNA level in the producer cells, suggesting 

secretomes reflect the status the cell.  

RNA sequencing experiments performed on both, PCa recipient cells treated with the 

PGC1α-differential secretomes as well as in the PGC1α-expressing and non-expressing producer 

cells, were highly informative. On one hand, the RNA sequencing performed on the recipient cells 

treated with the distinct secretomes, revealed a differential activation of signaling events tied to 

type I IFN response. On the other hand, RNA sequencing analysis performed on the producer 

cells, revealed again a differential activation of type I IFN pathway. In both cases, there was an 

enhancement of molecules involved in type I IFN response in the PGC1α-expressing context. 

This ``mirroring effect´´ can lead to speculate about an autocrine effect behind PGC1α’s anti-

tumoral activity (FigD 5). Indeed, apparently 70% of the ligands and 60% of the receptors 

expressed by a given cell can correspondingly bind receptors and ligands present in the same 

cell. This suggests that most of the signals released by a cell to the extracellular milieu have the 

potential to trigger autocrine signaling events (Ramilowski et al. 2015). Applied to a malignant 

context, studies performed in tumor specimens or using RNA sequencing-based machine 

learning models revealed an association between the expression of ligands and cognate 

receptors in breast, lung, and glioma cancer patient prognosis, suggesting the importance of 

ligand-receptor-interactions for sustaining tumor growth (Tateishi et al. 1990; Umekita et al. 2000; 
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Yuan et al. 2019). These ligands may be released by tumor cells themselves or from their 

microenvironment and provide an interesting opportunity for designing drugs to disrupt these 

interactions. In this line, although experiments should be refined, secretomes produced by 

PGC1α-expressing cells displayed higher levels of IFN-β compared to the non-PGC1α-

expressing ones. Still, IFN-β cognate receptor subunits IFNRA1 and IFNRA2 showed no changes 

in expression levels between PGC1α-expressing and non-expressing cells, thus being the 

production of IFN-β the limiting variable. This data suggests that non-PGC1α-expressing cells 

might be responsive to the treatment with IFN-β, and perhaps, IFNRA1 and IFNRA2, could be 

used as biomarkers for therapy response. In this line, the expression of STAT1 was reported to 

predict IFNα treatment responsiveness in chronic myeloid leukemia patients (Landolfo et al. 

2000).  

 
Figure D 5. Autocrine and paracrine effects of the cell secretome.   

 

Focusing again on the cell-intrinsic features of PCa epithelial cells with differential 

expression of PGC1α, RNA sequencing displayed an enrichment of distinct functionalities linked 

to the up and downregulated genes. Re-expression of PGC1α was coupled with the upregulation 

of genes related to oxidative metabolism and type I IFN response and the downregulation of cell 

cycle-related genes. Loss of PGC1α renders PCa cells with more aggressive features, but on the 

other hand, we have gained insight on the vulnerabilities these cells present (FigD 6). These 

vulnerabilities can be exploited for therapeutic purposes and thus, open novel possibilities to 

restore the ‘’PGC1α-driven anti-tumoral effect’’. In fact, an interesting aspect is that IFNs and IFN-

mimicking compounds have cell-intrinsic and cell-extrinsic consequences on tumor cells, which 

makes them attractive anti-tumor effectors (Medrano et al. 2017a; B. S. Parker, Rautela, and 

Hertzog 2016b).  
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Figure D 6. PGC1α-driven cell intrinsic and cell-extrinsic phenomena that contribute to the 
suppression of PCa aggressiveness.   

 

Tumor immune escape is a common mechanism developed by malignant cells to avoid 

destruction by the immune system. Since the discovery of immune checkpoint inhibitors (CPI) 

such as cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) and programmed cell death 1 (PD-1), 
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immunotherapy has demonstrated to be a breakthrough in oncology as it restores the immune 

system against tumors (Hargadon, Johnson, and Williams 2018). Despite some cancers such as 

lung and melanoma show high responsiveness to CPI (Waldman, Fritz, and Lenardo 2020; 

Snyder et al. 2014), PCa is considered as a ‘’cold’’ type of tumor due to its low immunogenicity 

and has shown little response to CPI treatment. This little immunogenicity could be due to the low 

mutational burden that accompanies PCa, which consequently leads to a reduced expression of 

neoantigens and therefore, to a decreased recruitment of immune cells (Segal et al. 2008; 

Schumacher and Schreiber 2015). In this sense, tumors such as melanoma, which present high 

DNA damage levels induced by UV, generate large amounts of neoantigens that induce high 

immunogenic responses (Snyder et al. 2014).  

Our group previously described PCa patients expressing low levels of PGC1α are at 

higher risk of developing metastasis  (Torrano, Valcarcel-Jimenez, et al. 2016). Interestingly, PCa 

patients responding to CPIs have higher levels of IFN markers (Maleki Vareki 2018). On the other 

hand, a study in which patients with different types of cancers were enrolled, pointed towards 

patients expressing higher levels of programmed cell death-ligand 1 (PD-L1, also termed CD274) 

benefiting from PD-1 blockade therapy (Topalian et al. 2012). In fact, gene expression levels of 

CD274 were increased in PGC1α-expressing cells compared to the non-expressing ones. It is 

also worth mentioning that according to Taube et al, increased expression levels of PD-L1 in 

malignant cells was accompanied of increased presence of tumor infiltrating lymphocytes and 

IFN-g secretion, suggesting PD-L1 expression could be an adaptive response rather than an 

oncogene-driven mechanism (Taube et al. 2012). Therefore, although PCa patients have shown 

little benefit from immune-based therapies, we foresee that taking advantage of the stratification 

potential of PGC1α and knowing the molecular events that underpin loss or gain of PGC1α 

activity, more precise therapies could be designed. PCa patients with decreased levels of PGC1α 

may benefit from a combinational therapy of CPI together with an induction of type I IFN response. 

Indeed, in the last years, several strategies were developed to exploit type I IFNs anti-tumoral 

features, including gene therapy approaches, genetically modified immune cells, and 

administration of synthetic molecules (Medrano et al. 2017a).   

 Cell cycle and IFN-response pathways are processes tightly intertwined. The elegant 

work performed by Goel and colleagues, showed how in HER2 BCa tumors treated with inhibitors 

of cyclin-dependent kinases 4 and 6 (CDK4/6) increased the expression levels of ISGs whilst 

decreasing levels of E2F target genes (Goel et al. 2017). Among the E2F-target genes, DNA 

methyltransferase 1 (DNMT1) was identified to be downregulated and associated to the 

expression of endogenous retroviral genes tied to increased double strand RNA (dsRNA) levels. 

This mechanism was suggested as a trigger for the increased secretion of type III IFN cytokines 

that probably, via an autocrine mechanism, drove the activation of JAK-STAT signaling. Inhibition 

of CDK4/6 also led to the suppression of immunosuppressive T regulatory lymphocytes (Treg) 

and intra-tumoral levels of CD8+ T cells displayed lower levels of T-cell exhaustion markers. 

Overall, these results demonstrate that inhibition of CDK4/6 enhances tumor immunogenicity, 

hence preventing tumor escape. Aligned with this work, it is tempting to speculate that using 
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inhibitors of CDK4/6 could restore the effect that is tied to the expression of PGC1α. Supporting 

this idea, RNA sequencing data displayed reduced levels of CDK4 in PGC1α-expressing producer 

cells. In addition, preliminary data from the lab, show reduced pRB levels in PGC1α-expressing 

cells. As aforementioned, expression of PGC1α is coupled with higher IFNB gene expression 

levels and secretion of the cytokine to the extracellular space. We do not know yet which is the 

mechanism that triggers IFN-β secretion, and whether this cytokine is the sole one activating the 

JAK-STAT signaling cascade upon expression of PGC1α. Yet, in line with the data provided by 

Goel et al, a plausible explanation could be the expression of endogenous retroviral genes. 

Indeed, RNA sequencing data from PGC1α-expressing and non-expressing cells exhibits 

decreased levels of E2F-target genes methyltransferases DNMT1 and DNMT3B, suggesting 

dsRNA cytoplasmic levels could be triggering JAK-STAT pathway. In addition, dsRNA pattern 

recognition receptors RIG-I (gene name DDX58) and MDA5 (gene name IFIH1) were both 

increased in the presence of PGC1α as observed in the RNA sequencing data. Finally, we cannot 

fail to mention that PGC1α-expressing cells have an increased expression of major 

histocompatibility complex class I (MHC I) genes B2M and several HLA-molecules, crucial for 

recognition of tumor cells by T-cells (Seliger, Ruiz-Cabello, and Garrido 2008), as well as IFN-

related genes such as IRF1, IRF9, STAT1, STAT2 and NLRC5. RNA sequencing data also 

extends to the upregulation of ISGs such as OAS1, OAS2, OAS3 and RNASEL, which need to 

be further validated by RT-qPCR. The treatments we performed with the secretomes produced 

by PGC1α-expressing and non-expressing cells nicely showed a reduction in recipient cells 

proliferation that was accompanied by the upregulation of IFN-related genes, including STAT2, 

IRF1 and NLRC5. Antigen presenting genes B2M and HLA-E, were also increased in the recipient 

cells treated with the secretome from PGC1α-expressing cells. It would therefore be of great 

interest to examine activation of JAK-STAT signaling pathway in PCa recipient cells treated with 

the secretomes regulated by PGC1α-expressing and non-expressing cells. Considering that the 

PGC1α-driven secretome contains a higher concentration of IFN-β and assuming recipient cells 

do express IFNRA1 and IFNRA2 receptor subunits, this can lead us to speculate again about a 

reduced proliferation capacity of PCa tumor cells upon treatment with IFN-β, a well-known 

proliferation inhibitor (Kimchi 1992). Indeed, the study by Dong et al showed PCa cell lines 

transduced with IFNB displayed in vivo reduced tumor formation capacity compared to control 

cells lacking expression of IFN-β. IFNB-expressing cells generated conditioned medias that 

induced the cytolytic effect of splenic immune cells on PCa cells. Overall, the effect of expressing 

IFNB in PCa cells exerted a tumor-suppressive function due to the inability of the tumors to form 

blood vessels and to the higher infiltration of natural killer (NK)-cells and macrophages that were 

able to lysate tumor cells and inhibit malignant cell proliferation (Dong et al. 1999).  

 

We previously showed that loss of PGC1α is coupled with increased c-MYC levels in PCa 

(Valcarcel-Jimenez et al. 2019). Oncogene c-MYC was described to blunt IFN response in 

Burkitt’s lymphoma apparently through its direct binding to STAT1 promoter (Schlee et al. 2007). 

On the other hand, expression of c-MYC showed to be downregulated by IFN via activation of 
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dsRNA-dependent protein kinase PKR (Raveh et al. 1996). Yet, our time-course experiments 

displaying c-MYC reduction prior to the activation of STAT1 denote IFN might not be the trigger 

to c-MYC downregulation. Taken all these data together, one could envision inhibition of c-MYC 

as a potential therapeutic target for re-establishing IFN signaling pathway in PCa patients 

expressing low levels of PGC1α. We hypothesize that silencing of c-MYC would lead to the re-

establishment of JAK-STAT signaling pathway and thus induce the expression of ISGs, rendering 

tumor cells more vulnerable to the attack of the immune compartment. Indeed, this concept is 

supported by the work of Muthalagu et al, where c-MYC was shown to be pivotal for aggressive 

pancreatic ductal adenocarcinoma (PDAC) sustenance (Muthalagu et al. 2020b). c-MYC ablated 

the expression of STAT1 and other ISGs through its direct binding to the gene promoters. 

Together, KRAS and c-MYC were shown to suppress type I IFN pathway, which had an impact 

on macrophage-derived production of chemokine CXCL13, crucial for the B and NK cells 

infiltration into the tumor.  

 

Another interesting aspect in the context of the regulation of IFN response involves 

epigenetics. The work performed by Owen and colleagues demonstrated how restauration of 

tumor cell intrinsic IFN signaling employing histone deacetylases inhibitors enhanced tumor cells 

visibility by the immune compartment, blocking PCa cells metastatic seeding to the bone. 

Stimulation of the immune compartment using synthetic dsRNA analog poly I:C showed to be not 

enough to blunt bone metastasis, as tumor cells rendered invisible to lymphocytes. This 

evidenced the importance of triggering tumor cell-intrinsic IFN signaling (Owen et al. 2020). In the 

same line, a very recent study, also in the context of PCa, showed how the methyltransferase 

EZH2 (increased in PCa) negatively regulates ISGs, generating an immune-suppressive 

microenvironment that promotes CPI resistance (Morel et al. 2021). The mechanism by which 

EZH2 exerts it tumor prompting role seems to be via transcriptional repression of endogenous 

retroviral sequences. Blockade of EZH2 was followed by the increased levels of dsRNA, which 

seemingly activated STING, shown to be critical for the upregulation of ISGs. Interestingly, EZH2 

inhibition also had consequences on the interaction of tumor cells with the immune compartment. 

Tumor PD-L1 levels were associated to the inhibition of EZH2 and showed to be an excellent 

target for combinational therapy with anti-PD-1, which indeed, was able to restore immune-

mediated cytotoxicity. The increased levels of PD-L1 we observed in PGC1α-expressing cells 

joined to the fact that the coregulator is regulated at multiple levels, including epigenetic 

mechanisms, may provide an excellent window for applying combinatorial therapies to treat PCa. 

We could expect that using epidrugs for modulating PGC1α expression would induce its tumor-

suppressive transcriptional program and would also lead to increased levels of PD-L1, thus 

rendering the conditions for applying anti-PD-1 therapy. In this line, the study performed by the 

group of Puigserver nicely demonstrated how pharmacological inhibition of EZH2 complex in 

melanoma cells led to the increased expression of PGC1α and suppression of cell invasion (Luo 

et al. 2020). In the same line, RNA sequencing data from PCa producer cell lines shows EZH2 

levels are downregulated in PGC1α-expressing cells (adjusted p-value < 0.05 and 2-fold change 
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cut-off). It would be therefore interesting to analyze if the promoter region of PGC1A presents 

methylation differences in PCa patients. In this sense, a study in which methylation levels of 

PGC1A and PGC1B genes was assessed in blood leukocytes of patients with different types of 

cancer (including PCa), revealed two CpG methylation sites in the promoter region of both genes 

that were associated to higher cancer risk (Kresovich et al. 2018). Yet, this study has limitations 

as the expression levels of PGC1A and PGC1B were not analyzed neither in leukocytes nor in 

tumor tissues. In addition, one should bear in mind the wide number of processes in which PGC1α 

is involved, thus making it challenging to become a target for precision medicine (Martínez-

Redondo, Pettersson, and Ruas 2015b) 

 

Finally, we cannot obviate that re-establishment of type I IFN signaling in tumor cells, 

asides from rendering them obvious to the immune attack through the expression of antigen 

binding proteins, it may also modulate the behavior of immune cells. We therefore wonder 

whether there might be differences in infiltrating immune populations on tumors that present high 

or low PGC1α levels. Addressing this question could be done in vitro, using the differential 

secretomes for culturing different immune cell populations, including immunosuppressive Tregs 

and MDSCs as well as monocytes and T and B-cells. Additionally, we could test the ability of 

cytotoxic T-cells and NK cells to kill PCa cells with distinct expression of PGC1α, expecting that 

PGC1α-expressing cells would be more visible to the immune cells. Finally, we could also take 

advantage of PCa patients’ specimens and our GEMM, where the loss of PGC1α could be 

restored by administering epidrugs, c-MYC or CDK4/6 inhibitors, allowing to study the recruitment 

of immune cells into mice prostates. Genetic, epigenetic and microenvironmental cytokine-

mediated mechanisms have been reported to regulate the expression of PD-1 (Bally, Austin, and 

Boss 2016; Kinter et al. 2008). Exploring if PD-1 levels are also modulated by PGC1α in the 

immune compartment (perhaps through the release of cytokines by the epithelial compartment) 

could render information on T-cell exhaustion. 

 

Overall, the tumor suppressive effect triggered by PGC1α might be restored through 

different strategies that include tackling upstream and downstream regulatory mechanisms of the 

transcriptional co-regulator. PCa patients with loss expression of PGC1α might benefit from these 

immune-based therapeutic strategies (FigD 7).  



Discussion
 

240 

 
Figure D 7. The PGC1α-driven anti-tumoral effect might be restored through different strategies. 

 

III.2 Spatial architecture for the study of cell communication 
 

The development of sequencing technologies has become a revolution, allowing the 

identification of concrete mutations involved in malignant processes, and thus enabling the 

development of personalized therapies. Indeed, tumors can nowadays be analyzed at multiple 

levels, combining genomics, epigenomics, transcriptomics, metabolomics, and proteomics. In the 

present work we have used a combination of transcriptomics and proteomics data to deconstruct 

PCa disease governed by the metabolic regulator PGC1α. Proteomics analysis of the secretome 

composition has shown to be an interesting source for identifying autocrine and paracrine 

signaling networks involved in cancer (Y. C. Lee et al. 2015; Rojas et al. 2011b; Blanco et al. 

2012; Nurdin et al. 2016; Sardana et al. 2008; Martin et al. 2004; de Boeck et al. 2013; Lore et al. 

2017; Olmeda et al. 2017; Chang et al. 2012). On the other hand, transcriptomics has also 

fostered the study of intercellular communication, mostly due to the great amount of data 

available, and it has demonstrated to be a good source for establishing predictive models that 

can allow the identification of cellular networks. This is becoming a growing field and is giving rise 

to computational tools such as Cellphone DB, CellChat, NicheNet or ICELLNET among others, 

which aim at predicting interactions between cells and can be helpful for establishing novel 

hypotheses (Vento-Tormo et al. 2018; Jin et al. 2020; Browaeys, Saelens, and Saeys 2020; Noël 

et al. 2020).  
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Yet, studying cell communication without having a spatial context, is a limiting aspect for 

understanding cellular networks. Asides from the specificity that is dictated by the presence of 

certain receptors or uptake mechanisms in the target cells, physical distance between signal-

producing and target cells influences communication. The motion at which soluble factors are 

propagated are determined by physical aspects, although cells can regulate production and 

secretion rates through autocrine feedback loops (Francis and Palsson 1997). Indeed, it is 

estimated that juxtacrine and paracrine signals can act in distances ranging 0-200 μm. Therefore, 

molecular characterization without disrupting tissues, has become an emerging field that provides 

information on cellular localization and heterogeneity, tissue architecture and immune profiling 

(Longo et al. 2021; Thrane et al. 2018). These facts are highly informative for understanding 

nodes of interaction between cells under physiological and pathological conditions. Multiplexed 

fluorescent imaging has shown to be useful, allowing the detection of several markers, including 

low-abundant proteins even at a subcellular level (Gut, Herrmann, and Pelkmans 2018). Other 

technologies such as multiplexed ion beam imaging (MIBI) using antibodies linked to low-

abundant metals has also shown great sensitivity as an imaging technique (Angelo et al. 2014). 

But combining high-resolution imaging and single sequencing techniques has led to the 

emergence of spatial resolved transcriptomics and proteomics, which provide with molecular, 

cellular, and spatial information (Longo et al. 2021; Lundberg and Borner 2019). Different 

approaches have been set for spatial transcriptomics, including spatial barcoding and fluorescent 

in situ sequencing (J. H. Lee et al. 2014; Baccin et al. 2020; Ståhl et al. 2016). Spatially resolved 

approaches still cannot provide information on a precise cell within a tissue, but it opens up with 

information about cell ecosystems expressing concrete gene or protein sets.  

Hence, using omics data and spatial-resolved techniques may further contribute to 

understand cell interactions. Applying these techniques in our PCa model could enable us to 

evaluate how expression of PGC1α in the epithelial compartment impacts on other malignant 

cells as well as cell populations from the stromal compartment. Despite genetic aberrations are 

the first oncogenic events to trigger cancer, it is becoming evident that malignant cells require 

interaction with their environment to progress. Indeed, considering the immune context of tumors 

showed to be important for predicting response to therapy and led to the development of 

Immunoscore (Galon et al. 2012). This method aims at estimating patients’ prognosis based on 

the infiltration of specific immune cells within the tumor center and the invasive margins, and has 

been validated for colorectal cancer, by measuring CD3+ and CD8+ tumor-infiltrating 

lymphocytes (Pagès et al. 2018). Identifying nodes of interaction between cells could lead to the 

identification of biomarkers and targets for precision therapy. In this line, a recent study focused 

on the single cell RNA sequencing analysis of PCa tumors revealed a highly heterogeneous 

transcriptional landscape (S. Chen et al. 2021). This study took advantage of CellPhone DB tool 

(Vento-Tormo et al. 2018) to dissect communication between epithelial and tumor 

microenvironmental cell populations. This study also identified EVs as important mediators of 

intercellular communication between PCa epithelial cells and T-cell populations, showing to be 

crucial for the metastatic seeding to lymph nodes. Finally, this work also provided with interesting 
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information on the role that activated tumor ECs play on their interaction with fibroblasts, other 

ECs, the immune compartment, as well as the ECM, presenting them as key mediators of 

aggressive PCa. 

Finally, an interesting aspect that could be addressed under the umbrella of spatial 

biology methods is the concept of ‘’cell competition’’. Cell competition is a selection mechanism 

originally identified in Drosophila melanogaster by which, two cell populations compete for 

survival (Morata and Ripoll 1975). This mechanism of fitness selection plays important roles for 

maintaining normal organ function and plays tumor suppressive and prompting roles (Moreno 

2008; Martins et al. 2014; Watanabe et al. 2018). Cell competition can be viewed as a Darwinian 

selection process that provides cell populations with the gear to remove cells that can be 

dangerous for maintaining homeostasis. Unfit cell removal mechanisms include apoptosis, 

senescence, autophagy, and growth rate differences (Baker, Kiparaki, and Khan 2019). This 

phenomenon is more frequent in epithelial cells, and a key characteristic is that the cell with lower 

fitness could survive in an environment of cells with the same genotype, thus evidencing the non-

cell autonomous nature of this selective pressure (Moreno 2008). As it was previously published 

by our group, the loss of PGC1α endows PCa cells with more aggressive features including an 

enhanced proliferation capacity (Torrano, Valcarcel-Jimenez, et al. 2016). Berglund and 

colleagues recently showed by spatial transcriptomics how highly heterogeneous PCa tissues are  

(Berglund et al. 2018). One could imagine a scenario in which PCa epithelial cells have distinct 

expression levels of PGC1α, generating a cell competition situation. Furthermore, we could 

speculate about two driving forces competing for succeeding and eliminating the neighboring 

cells. On one hand, cells with an activated PGC1α transcriptional program would be less 

aggressive and probably would be overcome by non-PGC1α expressing cells. These cells do 

have higher c-MYC levels than PGC1α-expressing PCa cells. Indeed, high MYC-expressing cells 

were described to be ‘’super-competitors’’, removing low-MYC expressing cells by triggering 

apoptosis whilst fostering their own proliferation and thus, leading to tumor expansion (Moreno 

and Basler 2004). Elucidating if there is a competition mechanism that drives the decreased 

expression of PGC1α along progression of PCa could be a novel approach for understanding the 

disease. In line with this idea, growth of adenoma cells with loss of cancer driver APC were shown 

to be suppressed in a cell-competition-inhibited environment (Suijkerbuijk et al. 2016). Thus, 

protecting the host tissue (in our situation, PGC1α-expressing conditions) could be another 

resource for suppressing cancer cell growth, and for that, understanding the communication 

between both PCa cell populations seems crucial.  

 

The exact mechanism by which the transcriptional co-regulator PGC1α exerts its tumor 

suppressive activity in PCa still remains to be elucidated. Yet, our view of PGC1α as ‘’just’’ a 

metabolic regulator has become broader, extending its domains towards the transcriptional 

regulation of cell-intrinsic and cell-extrinsic biological processes. The combination of OMICS data 

and spatial approaches can be a swift way of generating an impact on patients’ care management. 
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It may allow us to identify individualized therapies and novel drug targets, as well as the discovery 

of biomarkers of disease progression and therapy response.  

Tumor deconstructing will allow the administration of personalized therapies and thus 

improve cancer patients care. Yet, a major challenge will be the integration of the complex and 

great amount of data generated. This will require a crosstalk between biological and data 

sciences, which through the development of computation, mathematics and statistics will allow 

us to better comprehend the biology of cancer (FigD 8).  

 
Figure D 8. Deconstructing tumors for precision medicine. 
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I Conclusions 
 

The results herein presented confirm our initial hypothesis. We demonstrate that the 

transcriptional landscape induced by PGC1α extends to the regulation of non-canonical tumor 

suppressive molecular events with cell-intrinsic and cell-extrinsic consequences. 

 

❖ The anti-proliferative activity driven by PGC1α in PCa is reflected on the cell secretome, and 

this is dependent on the transcriptional control induced by PGC1α-ERRα. 

❖ PGC1α regulates the protein composition of the secretome (SFs and EVs) produced by PCa 

epithelial cells.   

❖ EVs produced by PGC1α-expressing and non-expressing cells play no distinct biological 

roles in vitro and in vivo.  

❖ Differential EV-protein cargo produced by PGC1α-expressing PCa cells is regulated at the 

transcriptional level and suggests these EVs could be used as non-invasive bystanders of 

PCa aggressiveness.   

❖ The SFs fraction of the secretome produced by PGC1α-expressing cells is the one driving 

the non-cell autonomous anti-proliferative role of the coregulator and it is associated with the 

activation of type I IFN response in vitro. 

❖ In vivo, SFs produced by PGC1α-expressing cells favor the preparation of the pre-metastatic 

niche. This suggests a distinct role of SFs depending on the biological context and cellular 

compartment studied. 

❖ The transcriptional control induced by PGC1α is reflected in the protein composition of the 

cell secretome in vitro, where cell adhesion molecules and ECM components were shown to 

be altered by proteomics analysis. 

❖ The TILs isolated from KO and DKO mice show a different protein composition, with a 

functional enrichment analysis associated with immune responses and cell cycle-related 

processes.  

❖ PGC1α triggers intrinsic activation of type I IFN response both at a transcriptional and 

signaling pathway level.  

❖ This activation is coupled with an increased secretion of IFN-β to the extracellular space upon 

expression of PGC1α in PCa epithelial cells.  

 

 
 

  

General Conclusion 
 

PGC1α regulates a transcriptional landscape that exerts a PCa tumor suppressive role by 

means of orchestrating cell-intrinsic and cell-extrinsic phenomena 
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II Future perspectives 
 

In the present thesis work, we have elucidated that the activity of the transcriptional co-

regulator PGC1α goes beyond the regulation of cell metabolism. PGC1α induces changes in the 

transcriptional landscape, which includes the activation of type I IFN response and the 

downregulation of cell cycle-related genes.  

We have shown that PGC1α regulates the secretome composition, which is accompanied 

by increased IFN-β secretion. Indeed, this secretome seems to have different effects on the PCa 

epithelial and stromal compartments.  

Based on the stratification potential of PGC1α and on the differential protein cargo found 

in PGC1α-driven EVs, we foresee EVs as potential non-invasive bystanders for PCa diagnosis 

and prognosis.  

Finally, we speculate that with the knowledge here provided, novel therapeutic options 

could be developed for the treatment of PCa patients with loss of PGC1α. Yet, although this work 

sets some light on some novel non-canonical roles tied to PGC1α activity, several questions 

remain open:  

 

❖ How is the status of the proteins included in the EV-based signature in PCa patients-derived 

EVs? 

❖ How do the PGC1α-driven SFs impact on the preparation of the pre-metastatic sites in vivo? 

❖ How does PGC1α trigger the activation of STAT1 signaling pathway and its transcriptional 

program (included IFNB)? 

❖ Is MYC downregulation driving the activation of IFN response? 

❖ Does secreted IFN-β exert an autocrine effect in the producer cells, leading to a decreased 

proliferation?  

❖ Could inhibition of E2F-target genes, such as CDK4, mimic PGC1α-induced tumor-

suppressive phenotype in PCa cells by restoring type I IFN response? 

❖ Does restoration of type I IFN in PCa epithelial cells render them more evident to the immune 

system? 

❖ Could epigenetic mechanisms be drivers of type I IFN response via regulation of PGC1α? 
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Table 1. Transcriptional analysis of PGC1α-expressing and non-expressing cells. FC: fold change. 

 

Ensembl Symbol Adj p value FC
ENSG00000250657 AC097451.1 0.000 -33.518
ENSG00000277297 ATP5F1AP10 0.000 -29.375
ENSG00000255177 MUC5B-AS1 0.001 -24.820
ENSG00000230305 AC004980.3 0.002 -23.509
ENSG00000215182 MUC5AC 0.000 -16.431
ENSG00000244694 PTCHD4 0.003 -15.821
ENSG00000268621 IGFL2-AS1 0.005 -15.744
ENSG00000229937 PRPS1L1 0.008 -15.076
ENSG00000135374 ELF5 0.006 -14.327
ENSG00000107159 CA9 0.000 -13.420
ENSG00000125571 IL37 0.000 -12.653
ENSG00000198788 MUC2 0.000 -12.521
ENSG00000168243 GNG4 0.000 -12.459
ENSG00000234282 AL109809.2 0.009 -12.260
ENSG00000265828 MIR3939 0.007 -11.918
ENSG00000100427 MLC1 0.000 -11.467
ENSG00000214823 NXT1P1 0.010 -11.339
ENSG00000108602 ALDH3A1 0.000 -10.213
ENSG00000165186 PTCHD1 0.000 -9.557
ENSG00000187288 CIDEC 0.000 -8.904
ENSG00000102794 ACOD1 0.000 -8.803
ENSG00000078725 BRINP1 0.000 -8.769
ENSG00000131620 ANO1 0.000 -8.518
ENSG00000180730 SHISA2 0.000 -7.751
ENSG00000134668 SPOCD1 0.000 -7.422
ENSG00000177300 CLDN22 0.004 -7.266
ENSG00000198574 SH2D1B 0.000 -7.254
ENSG00000166828 SCNN1G 0.000 -7.213
ENSG00000101096 NFATC2 0.000 -7.007
ENSG00000168447 SCNN1B 0.000 -6.969
ENSG00000152578 GRIA4 0.000 -6.966
ENSG00000137033 IL33 0.007 -6.844
ENSG00000130176 CNN1 0.003 -6.717
ENSG00000166220 TBATA 0.008 -6.653
ENSG00000170961 HAS2 0.000 -6.613
ENSG00000164764 SBSPON 0.000 -6.503
ENSG00000230432 AC114803.1 0.009 -6.410
ENSG00000143320 CRABP2 0.000 -6.380
ENSG00000117983 MUC5B 0.000 -6.371
ENSG00000125538 IL1B 0.000 -6.267
ENSG00000282048 AL591742.2 0.000 -6.102
ENSG00000203685 STUM 0.000 -6.094
ENSG00000241111 PRICKLE2-AS1 0.000 -5.936
ENSG00000144810 COL8A1 0.000 -5.833
ENSG00000157542 KCNJ6 0.000 -5.761
ENSG00000079841 RIMS1 0.000 -5.717
ENSG00000167754 KLK5 0.000 -5.680
ENSG00000152785 BMP3 0.000 -5.675
ENSG00000125384 PTGER2 0.000 -5.555
ENSG00000104327 CALB1 0.000 -5.500
ENSG00000278872 AC148477.5 0.000 -5.459
ENSG00000181449 SOX2 0.000 -5.451
ENSG00000155657 TTN 0.000 -5.401
ENSG00000236345 AL354719.2 0.000 -5.355
ENSG00000135898 GPR55 0.000 -5.328
ENSG00000106483 SFRP4 0.000 -5.245
ENSG00000162490 DRAXIN 0.000 -5.219
ENSG00000197467 COL13A1 0.000 -5.156
ENSG00000105369 CD79A 0.001 -5.155
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ENSG00000145555 MYO10 0.000 -2.026
ENSG00000119397 CNTRL 0.000 -2.025
ENSG00000145284 SCD5 0.000 -2.024
ENSG00000067141 NEO1 0.000 -2.024
ENSG00000143479 DYRK3 0.000 -2.024
ENSG00000039139 DNAH5 0.000 -2.024
ENSG00000198753 PLXNB3 0.000 -2.024
ENSG00000148773 MKI67 0.000 -2.024
ENSG00000182798 MAGEB17 0.002 -2.023
ENSG00000140548 ZNF710 0.000 -2.023
ENSG00000260920 AL031985.3 0.000 -2.023
ENSG00000139618 BRCA2 0.000 -2.023
ENSG00000006634 DBF4 0.000 -2.022
ENSG00000115825 PRKD3 0.000 -2.021
ENSG00000226608 FTLP3 0.000 -2.021
ENSG00000196418 ZNF124 0.000 -2.021
ENSG00000143179 UCK2 0.000 -2.021
ENSG00000058056 USP13 0.000 -2.020
ENSG00000167550 RHEBL1 0.000 -2.020
ENSG00000112159 MDN1 0.000 -2.020
ENSG00000154102 C16orf74 0.000 -2.020
ENSG00000101670 LIPG 0.000 -2.020
ENSG00000135446 CDK4 0.000 -2.020
ENSG00000198830 HMGN2 0.000 -2.020
ENSG00000245213 AC105285.1 0.001 -2.019
ENSG00000164985 PSIP1 0.000 -2.019
ENSG00000152128 TMEM163 0.000 -2.019
ENSG00000285872 AC007240.2 0.000 -2.019
ENSG00000069011 PITX1 0.000 -2.019
ENSG00000143842 SOX13 0.000 -2.019
ENSG00000198108 CHSY3 0.000 -2.018
ENSG00000173258 ZNF483 0.000 -2.018
ENSG00000123384 LRP1 0.000 -2.018
ENSG00000136490 LIMD2 0.000 -2.017
ENSG00000184349 EFNA5 0.000 -2.017
ENSG00000142945 KIF2C 0.000 -2.017
ENSG00000138658 ZGRF1 0.000 -2.015
ENSG00000245248 USP2-AS1 0.000 -2.015
ENSG00000132773 TOE1 0.000 -2.015
ENSG00000073849 ST6GAL1 0.000 -2.013
ENSG00000205002 AARD 0.000 -2.012
ENSG00000271270 TMCC1-AS1 0.000 -2.012
ENSG00000213983 AP1G2 0.000 -2.011
ENSG00000119514 GALNT12 0.000 -2.011
ENSG00000245205 EEF1A1P4 0.000 -2.011
ENSG00000035681 NSMAF 0.000 -2.010
ENSG00000101974 ATP11C 0.000 -2.010
ENSG00000103257 SLC7A5 0.000 -2.009
ENSG00000140350 ANP32A 0.000 -2.008
ENSG00000154764 WNT7A 0.000 -2.008
ENSG00000109805 NCAPG 0.000 -2.007
ENSG00000229358 DPY19L1P1 0.000 -2.007
ENSG00000238083 LRRC37A2 0.000 -2.006
ENSG00000285756 BX890604.2 0.000 -2.006
ENSG00000120800 UTP20 0.000 -2.005
ENSG00000089157 RPLP0 0.000 -2.004
ENSG00000153898 MCOLN2 0.000 -2.004
ENSG00000131370 SH3BP5 0.000 -2.003
ENSG00000066279 ASPM 0.000 -2.002
ENSG00000183077 AFMID 0.000 -2.001
ENSG00000100304 TTLL12 0.000 -2.000
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Integrative analysis of transcriptomics and
clinical data uncovers the tumor-
suppressive activity of MITF in prostate
cancer
Lorea Valcarcel-Jimenez1, Alice Macchia1, Natalia Martín-Martín1,2, Ana Rosa Cortazar1,2, Ariane Schaub-Clerigué1,
Mikel Pujana-Vaquerizo1, Sonia Fernández-Ruiz1, Isabel Lacasa-Viscasillas3, Aida Santos-Martin3, Ana Loizaga-Iriarte3,
Miguel Unda-Urzaiz3, Ivana Hermanova1, Ianire Astobiza1, Mariona Graupera4, Julia Starkova5, James Sutherland 1,
Rosa Barrio 1, Ana M. Aransay 1, Arkaitz Carracedo 1,2,6 and Verónica Torrano1,2

Abstract
The dysregulation of gene expression is an enabling hallmark of cancer. Computational analysis of transcriptomics data
from human cancer specimens, complemented with exhaustive clinical annotation, provides an opportunity to
identify core regulators of the tumorigenic process. Here we exploit well-annotated clinical datasets of prostate cancer
for the discovery of transcriptional regulators relevant to prostate cancer. Following this rationale, we identify
Microphthalmia-associated transcription factor (MITF) as a prostate tumor suppressor among a subset of transcription
factors. Importantly, we further interrogate transcriptomics and clinical data to refine MITF perturbation-based
empirical assays and unveil Crystallin Alpha B (CRYAB) as an unprecedented direct target of the transcription factor
that is, at least in part, responsible for its tumor-suppressive activity in prostate cancer. This evidence was supported by
the enhanced prognostic potential of a signature based on the concomitant alteration of MITF and CRYAB in prostate
cancer patients. In sum, our study provides proof-of-concept evidence of the potential of the bioinformatics screen of
publicly available cancer patient databases as discovery platforms, and demonstrates that the MITF-CRYAB axis
controls prostate cancer biology.

Introduction
Balanced integration of intracellular circuits operates

within a normal cell to sustain physiological homeostasis.
Alterations in some, if not all, of these circuits converge in
changes on gene expression, which will eventually enable
the acquisition and sustenance of the hallmarks of cancer
cells1. This event emphasizes the importance of

maintaining the transcriptional homeostasis in normal
cells and places gene expression deregulation at the core
of cancer research interests.
In the last decades, transcriptomics data derived from

cancer specimens have become an important resource for
the classification, stratification, and molecular driver iden-
tification in tumors. We and others have demonstrated that
deregulation of gene expression is a key node for cancer
pathogenesis and progression2–6. Prostate cancer (PCa)
research exemplifies the effort in deciphering the genomics
and transcriptomics landscape of tumors, and extremely
valuable data have been generated7–13. In spite of the public
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availability of these relevant data, they are still under-
exploited by the scientific community to understand PCa
biology. In this regard, the computational tools and dataset
selection strategies to carry out these studies are a bottle-
neck for the cancer research field.
By combining integrated-bioinformatics screening of

clinically relevant PCa datasets with in vivo and in vitro
molecular biology assays, we have recently described the
metastasis suppressor activity of peroxisome proliferator-
activated receptor γ (PPARγ) coactivator alpha
(PGC1α)14,15. This transcriptional coactivator is a major
regulator of mitochondrial biogenesis and function, and
has an inherent capacity to integrate environmental sig-
nals and cellular energetic demands. This ability
empowers PGC1α to be a driver in shaping responses to
metabolic stress during different physiologic and
tumorigenic processes16. As might be expected due to its
fundamental role in normal and cancer scenarios, the
regulation of PGC1α expression, from the genomic to the
protein level, is complex and dynamic17. At the level of
mRNA expression, one of the well-defined direct reg-
ulators of PGC1α is the Microphthalmia-associated
transcription factor (MITF)18.
MITF is a basic helix-loop-helix leucine zipper

(bHLHZIP) transcription factor that regulates the
expression of lineage commitment programs that
are essential for propagation of the melanocyte lineage19.
The existence of different MITF transcript variants is the
result of both alternative splicing and promoter activa-
tion that results in the cell-type-specific expression of the
different MITF isoforms (A, CX, MC, C, E, H, D, B, M,
J)20. The melanoma-specific isoform M-MITF is the best
studied isoform and, despite some controversy, its
expression is generally deregulated in melanoma.
Although MITF alone cannot act as a classical oncogene,
it has been called a “lineage survival oncogene” for mel-
anoma19,21. Importantly, the presence or absence of the
M-MITF-PGC1α regulatory axis has stratification
potential in melanoma and informs on the efficacy of
BRAF inhibitor treatments18,22. Although the expression
of MITF has been detected in other types of tumors
different from melanoma23,24, its active role in the pro-
gression of these diseases, including PCa, remains
unexplored.
Crystallin Alpha-B (CRYAB) is a ubiquitous small heat-

shock protein that is expressed in response to a wide
range of physiological and nonphysiological conditions
preventing aggregations of denatured proteins. In a
wide variety of tumor types CRYAB has been found to
be overexpressed and associated with disease
progression25–29 and poor prognosis30,31. However, in
PCa and nasopharyngeal cancers, CRYAB expression is
decreased32,33, pointing at possible tumor-suppressive
activity of CRYAB in these cancer scenarios.

In the present study, by combining an exhaustive
interrogation of seven publically available PCa databases
with refined empirical assays, we have identified MITF as
a prostate tumor suppressor. In addition, we have
unveiled CRYAB as a novel direct target of the tran-
scription factor that is, at least in part, responsible for its
tumor-suppressive activity in PCa. Importantly, the
tumor-suppressive role for this novel MITF-CRYAB axis
is supported by the enhanced prognostic potential of a
signature based on the concomitant alteration of both
genes in PCa patients.

Results
Bioinformatics screening identifies MITF as a transcription
factor altered in prostate cancer
We have recently demonstrated that the reduced

expression of the transcriptional coactivator PGC1α is a
causal event for metastatic PCa14. We sought to identify
transcriptional regulators related to the alteration in
PGC1α expression. We designed a bioinformatics strategy
based on the analysis of 16 genes directly linked to the
regulation of PGC1A gene17,22,34–38, in order to identify
transcription factors that could be relevant to PCa biol-
ogy. For the candidate screen we applied selection criteria
based on the consistency of, first, the correlation with
PGC1A expression and second, the expression of each
individual candidate in seven publicly available PCa
datasets7,9–13 (Fig. 1a). We selected those candidates
whose expression in primary tumors correlated with
PGC1A (R ≥ 0.2 and p value ≤ 0.05 in more than 50% of
the datasets) (Supplementary Figure 1A) and was altered
when compared to normal specimens. For genes exhi-
biting various transcript variants, the correlation analysis
was initially performed using the average signal (Supple-
mentary Figure 1A) and, when available (only Taylor
dataset11), the correlation was confirmed in all the indi-
vidual isoforms (Supplementary Table 1). The transcrip-
tion factor MITF was the sole candidate that complied
with the established criteria. We observed a consistent
correlation between PGC1A and MITF in four out of the
seven datasets analyzed (Fig. 1b and Supplementary Fig-
ure 1A). In addition, not only the mean expression but
also the expression of the individual MITF isoforms were
reduced in primary tumor specimens when compared
with the normal prostate tissue samples (Fig. 1c and
Supplementary Figure 1B). Taken together, our data
reveal MITF as a PGC1A-associated transcription factor
that is consistently downregulated in PCa.

MITF exhibits tumor-suppressive activity in PCa
The expression profile of MITF in PCa, together with its

direct correlation with PGC1A, was suggestive of a tumor-
suppressive activity of the transcription factor. We first
examined the differential expression of the distinct
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mRNA isoforms of MITF in normal, PCa primary tumors,
and PCa cell lines (Supplementary Fig. 2A–C). MITFA
was the isoform predominantly expressed in the three
scenarios analyzed, and we pursued the studies further
with this isoform. Next, we aimed to analyze the biological
consequences of ectopic expression of MITFA in PC3
PCa cells. We transduced PC3 cells with a lentiviral vector
containing a doxycycline-inducible cassette for the

expression of MITFA resulting in the generation of the
PC3 TRIPZ-MITFA cell line. The induction of MITFA
expression (Fig. 2a, b) as well as the regulation of known
target genes, including PGC1A14,15 (Supplementary Fig. 2
D–E) was confirmed. We next evaluated the biological
outcome of MITFA ectopic expression in PC3 cells and
observed that its upregulation significantly reduced two-
dimensional and anchorage-independent growth (Fig. 2c,

Fig. 1 MITF expression correlates with PGC1A expression and is downregulated in PCa. a Schematic representation of candidate screening to
mediate PGC1A downregulation in PCa. Candidate selection was performed by applying two different selection criteria based on the consistency
within the datasets used (>50%): the expression of the candidate must be consistently (i) correlated with the PGC1A’s and (ii) altered in the disease.
b Correlation analysis between PGC1A and MITF expression in primary tumor (PT) specimens of different PCa datasets (refs. 9–11 and TCGA
provisional). Sample sizes: Grasso n= 45; Lapointe n= 13; Taylor n= 131 and TCGA provisional n= 495. c MITF expression in normal prostate and
primary tumor (PT) specimens in different datasets9–11. Correlation (b) and expression (c) data from Taylor dataset corresponds to the mean signal of
all isoforms of the transcripts. In (b) and (c), each dot corresponds to an individual specimen. Sample sizes: Grasso et al. (Normal, n= 12; PT, n= 45);
Lapointe et al. (Normal, n= 9; PT, n= 13); Taylor et al. (Normal, n= 29; PT, n= 131). Error bars represent s.e.m. Statistic test: Spearman correlation R
(b) and Mann−Whitney test (c). p, p- value
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d), with no effect of doxycycline treatment by itself14. In
line with its known function as an inhibitor of cell cycle
progression39, the increased expression of MITFA in PC3
cells resulted in a decrease in BrdU incorporation, a
surrogate readout of proliferation (Fig. 2e).
In order to ascertain whether the regulation of endo-

genous PGC1A (Supplementary Fig. 2E) was required for
the antiproliferative effect of MITFA in PC3 cells, we aim
at silencing PGC1A by using constitutive (pLKO)
expression of short hairpins against it (Supplementary
Fig. 2F). Transduction with the shRNA prevented the
upregulation of PGC1A upon MITFA induction (Sup-
plementary Fig. 2G) but the antiproliferative effect of the
transcription factor remained unaffected (Supplementary
Fig. 2H). These data suggested that the reduced pro-
liferation induced by MITFA was not dependent on the
regulation of endogenous PGC1A in PC3 cells.
Importantly, the overall reduction in cell proliferation

induced by MITFA was confirmed in vivo. Using sub-
cutaneous xenografts assays we observed that MITFA
overexpression in PC3 cells (Supplementary Fig. 2I) led to
a marked reduction in the tumor volume (Supplementary
Fig. 2J) and growth rate (Fig. 2f), with no changes in

angiogenesis (Supplementary Fig. 2K). Altogether these
results demonstrate that MITFA isoform exhibits tumor-
suppressive activity in PCa.

Candidate screening of genes mediating the tumor-
suppressive activity of MITF
In order to decipher the molecular mechanism driving the

tumor-suppressive role of MITFA, we performed gene
expression profiling of both doxycycline-treated and control
PC3 TRIPZ-MITFA cells and identified
101 probes that showed statistically differential signal
between both conditions (Supplementary Table 2; GEO
Series accession number GSE114345). We first performed a
gene enrichment analysis using the functional enrichment
tool contained in CANCERTOOL40 with those genes that
displayed upregulated expression (76 genes) upon MITFA
overexpression (Fig. 3a and Supplementary Table 3), as the
number of downregulated genes (25) was not sufficient to
obtain any gene enrichment. Next, we aimed at identifying
potential MITFA effectors of relevance in human PCa. To
this end, we established a threshold of 1.5-fold change over
MITFA noninduced cells, which resulted in eight probes
(corresponding to six annotated genes) upregulated upon

Fig. 2 MITF exhibits tumor-suppressive activity in PC3 PCa cell line. a, b Analysis and quantification of MITF expression by qRTPCR (a, n= 8)) and
western blot (b, representative experiment out of three independent ones) in PC3 TRIPZ-MITFA cells after treatment with 0.5 μgmL−1 doxycycline
(Dox). c Relative cell number quantification by crystal violet in doxycycline-treated and nontreated PC3 TRIPZ-MITFA cells. Data are normalized to day
0. Asterisks indicate statistics of five independent experiments. One representative experiment out of five is shown. Error bars represent standard
deviation. d, e Effect of MITF induction on anchorage-independent growth (d, soft agar; n= 4 independent experiments) and BrdU incorporation
(e, n= 3 independent experiments). f Impact of MITF induction in tumor growth rate of PC3 TRIPZ-MITFA cells (n= 7 animals per group; 14
injections/tumors). No dox: MITFA noninduced conditions; Dox: MITFA-induced conditions. Error bars represent s.e.m. (a, d, and e) or minimum and
maximum values (f). Statistic test: One-sample t test (a, d, and e) and Student’s t test (c, f *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 3 (See legend on next page.)
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the induction of the transcription factor (Supplementary
Table 2; yellow bold highlighted). We next performed
correlation analysis between MITF and each of the six dif-
ferentially expressed genes obtained from the microarray
(Fig. 3a and Supplementary Figure 3A). The correlation
analysis in PCa primary tumor specimens showed that a
single gene, Crystallin Alpha B (CRYAB), had a consistent
correlation (in more than 50% of datasets) with MITF, both
the mean of isoforms (Fig. 3b and Supplementary Fig-
ure 3A) and the individual isoform A (Supplementary
Table 4). The MITF−CRYAB correlation was confirmed
using an independent cohort of PCa patients from a local
hospital (Basurto cohort, Supplementary Figure 3A).
Moreover, the expression of CRYAB either at the level of
mRNA (from public datasets and Basurto cohort) and
protein (from Basurto cohort) was consistently down-
regulated through the progression of the disease (Fig. 3c, d
and Supplementary Figure 3B–D), supporting the associa-
tion of MITF and CRYAB expression in PCa.
The regulation of CRYAB expression by MITFA was

further validated in vitro by western blot and quantitative
real-time PCR (qRTPCR) in doxycycline-treated PC3
TRIPZ-MITFA cell lines and in vivo by qRTPCR in the
xenograft samples (Supplementary Figure 3E–G). MITF is
a transcription factor that regulates gene expression
through the DNA binding to E-boxes (Myc-binding
sites)19. In order to confirm the direct regulation of
CRYAB expression by MITFA, we screened the promoter
of the chaperon and performed chromatin immunopreci-
pitation assays in two Myc-binding sites (UCSC-Genome
browser; Supplementary Figure 3H). As predicted, upon
doxycycline treatment we detected differential binding of
MITFA in both regions of CRYAB promoter (Fig. 3e).
Taken together, these data presented CRYAB as a direct

target of MITFA and the best candidate to mediate its
tumor-suppressive activity in PCa.

CRYAB mediates the tumor-suppressive activity of MITF in
PCa
We next studied the functional relevance of CRYAB for

the tumor-suppressive activity of MITFA in PCa. Towards

this aim, we constitutively silenced the expression of
CRYAB by RNAi using two independent short hairpin
RNA (sh#1 and sh#2) in PC3 TRIPZ-MITFA cells. After
validating that RNAi was achieved (Fig. 4a and Supple-
mentary Figure 4A–C) the tumor-suppressive activity of
MITFA was monitored in control and CRYAB-silenced
conditions (PC3 TRIPZ-MITFA scr, sh#1 or sh#2 cell
lines). CRYAB silencing blunted the antiproliferative
effects of MITFA in vitro in two-dimensional and
anchorage-independent growth when compared with
scramble shRNA (Fig. 4b, c). Moreover, the reduction in
BrdU induced by MITFA was prevented when CRYAB
was silenced (Fig. 4d). Importantly, the requirement of
CRYAB for the tumor-suppressive activity of MITFA was
corroborated in vivo (Fig. 4e and Supplementary Fig-
ure 4D–F). The in vitro and in vivo data demonstrate that
the induction of CRYAB is a major effector involved in the
tumor-suppressive activity of the transcription factor
MITF in PCa.
We next asked whether the functional association

between MITF and CRYAB could be employed to identify
PCa patients with high disease aggressiveness. We thus
ascertained the stratification potential of the MITF-
CRYAB axis in PCa by means of consistency and
robustness. We download the mRNA expression raw data
together with the clinical data (recurrence or not recur-
rence) from Taylor11, Glinsky8, and TCGA7 datasets. The
individual or average expression signal of CRYAB and
MITF genes was calculated for each patient in each
dataset. Patients were separated by quartiles according
to the individual or average signal of CRYAB and
MITF genes and then Kaplan−Meyer survival curves
were plotted comparing patients with low expression
(Quartile 1—(Q1)) of the individual genes or the gene
combination (CRYAB and MITF) vs the rest of the cohort
(Q2+Q3+Q4). Strikingly, the signature formed by the
average signal of MITF and CRYAB outperformed
the prognostic potential of each individual gene,
strongly suggesting that the pathway described herein is
strongly associated to PCa aggressiveness (Fig. 4f and
Supplementary Figure 5).

(see figure on previous page)
Fig. 3 CRYAB is the candidate to mediate its tumor-suppressive activity in PCa. a Workflow of the candidate screening. b Correlation analysis
between MITF and CRYAB expression in primary tumor (PT) specimens of different PCa datasets. Sample sizes: Taylor, n= 131; Grasso, n= 49;
Lapointe, n= 13; TCGA provisional data, n= 495; and Glinsky, n= 78. c CRYAB expression in normal prostate and primary tumor (PT) specimens in
different PCa datasets9–13. Sample sizes: Taylor (N, n= 29; PT, n= 130); Grasso (N, n= 12; PT, n= 49); Varambally (N, n= 6; PT, n= 7); Lapointe et al.
(N, n= 9; PT, n= 13), and Tomlins (N, n= 22; PT, n= 32). Data from Taylor dataset correspond to the mean signal of all isoforms of the transcripts. In
(b) and (c), each dot corresponds to an individual specimen. d Western blot analysis of CRYAB expression in benign prostatic hyperplasia (BPH) and
PCa specimens from Basurto University Hospital cohort (BPH n= 7 patient specimens; PCa n= 14 patient specimens). e Chromatin
immunoprecipitation (ChIP) of exogenous MITF on CRYAB promoter in PC3 TRIPZ-MITFA cells after induction with 0.5 µgmL−1 doxycycline for 3 days
(n= 4–5). Binding to ANGPT4 was used as a negative control. Final data were normalized to IgG (negative-immunoprecipitation control) and to No
dox condition. No dox: MITFA noninduced conditions; Dox: MITFA-induced conditions. Statistic tests: Spearman correlation (b); Mann−Whitney test
(c); one-sample t test (e); Error bars represent s.e.m. *p < 0.05, **p < 0.01

Valcarcel-Jimenez et al. Cell Death and Disease �(2018)�9:1041� Page 6 of 12

Official journal of the Cell Death Differentiation Association



Fig. 4 CRYAB mediates the tumor-suppressor activity of MITF. a Analysis of MITFA and CRYAB protein expression in doxycycline-treated PC3
TRIPZ-MITFA cells transduced with shScramble (scr) or two independent shCRYAB (sh#1 and#2) (one representative experiment with technical
duplicates is shown; similar results were obtained in three independent experiments). b Relative cell number quantification by crystal violet in
doxycycline-treated and nontreated PC3 TRIPZ-MITFA cells, in the presence (scr) or absence (sh#1, 2) of CRYAB (n= 5 independent experiments).
Data are normalized to day 0 and represented as cell number at day 6 relative to No Dox condition (depicted by a dotted line). c, d Effect of CRYAB
silencing on anchorage-independent growth (c, soft agar; n= 4 independent experiments) and BrdU incorporation (d, n= 3 independent
experiments) in PC3 TRIPZ-MITFA cells after treatment with 0.5 μgmL−1 doxycycline. e Impact of CRYAB silencing on tumor growth rate of MITF-
induced cells (n= 10 animals per group-scr or sh#1; 2 injections per mice (scr No dox, n= 10 tumors; sh#1 No dox, n= 8 tumors; scr Dox, n= 6
tumors; sh#1 Dox, n= 11 tumors). f Association of the mean signal of MITF and CRYAB with disease-free survival (DFS) in three PCa datasets (Q1: first
quartile distribution; rest: second, third, and fourth quartile distribution. Sample sizes: Taylor, primary tumors n= 131; TCGA provisional data primary
tumors n= 490; Glinsky, primary tumors n= 78. No dox: MITFA noninduced conditions; Dox: MITFA-induced conditions. HR: hazard ratio. Statistic
tests: One-sample t test (b, c and d—No dox vs Dox conditions); Unpaired Student’s t test (t) (b, c and d—Dox-treated scr vs Dox-treated sh#1/2);
Log-rank (Mantel–Cox) test (f). Error bars represent s.e.m. */$p < 0.05, **/$$p < 0.01. Asterisks indicate statistic between No dox and Dox conditions
and dollar symbol between Dox-treated scr and Dox-treated sh#1 or 2
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Our data provide solid evidence of an unprecedented
MITF-CRYAB transcriptional axis that exerts tumor-
suppressive activity in PCa and could positively contribute
to disease prognosis.

Discussion
Technological advances in the molecular understanding

of cancer have led to a paradigmatic change in the way
that we combat the disease41. We are now able to
deconstruct a tumor at a molecular level using genomics,
transcriptomics, proteomics, and metabolomics42. This, in
turn, enables us to foresee, identify, and demonstrate the
potential of patient stratification3,14,43. Specifically, the
transcriptomics characterization of tumors is an invalu-
able strategy to identify clinically relevant genes that play
key roles in the progression of cancer, especially for those
types with poorer prognosis14. Thus, the comprehensive
and integrative analysis of gene expression changes and
clinical parameters in cancer has become a mainstream in
cancer research44–46. Mining cancer-associated tran-
scriptome datasets is an emerging approach used by top
cancer research groups, but better tools are needed to
increase its power and user-friendliness. In order to face
this challenge, new interfaces to exploit OMICs data, such
as cBioportal and CANCERTOOL45,47,40, are being
designed to help scientists interrogate, integrate, and
visualize large amount of information contained on
multiple credible and qualified cancer datasets.
In the present study, we exploited publicly available and

well-annotated (transcriptomics and clinical data) PCa
databases together with experimental assays to describe a
novel tumor-suppressive activity of the transcription fac-
tor MITF in PCa, which is executed, at least in part,
through the direct regulation of CRYAB expression. The
identification of MITF emanates from the screening of
reported upstream regulators of PGC1A. It is worth
noting that transcriptome-wide correlative study with the
gene of interest could represent a complementary
approach to predict candidate upstream regulators and
downstream effectors.
The functional implication of MITF in cancer has been

best defined in melanoma, in which the expression of the
transcription factor is heterogeneous. Although some
controversy exists regarding its oncogenic role in mela-
noma, MITF has been defined as a “lineage survival
oncogene” with no data pointing out at a tumor-
suppressive function19,21,39,48–51. Even though the
expression of MITF has been detected in other cancer
types23,24,52, no data supporting a functional role of MITF
deregulation have been reported yet in a cancer scenario
different from melanoma.
Here we show that MITF is downregulated in PCa when

compared with normal specimens, in contrast to the
elevated expression reported in hepatocellular carcinoma

and chronic myeloid leukemia23,52. Moreover, the novelty
of our study relies on the observation and definition of the
tumor-suppressive activity of MITF in PCa. In this con-
text, MITF upregulation was associated with a reduction
in cell proliferation and DNA replication. As occurs in
melanoma, the modulation of MITF expression in PCa
cells induces the expression of the cell cycle inhibitor p21
but no changes in the cell cycle inhibitor p16 were
observed (data not shown). Thus, our results in PCa are in
line with the canonical function of MITF in cell cycle
progression and proliferation in melanoma39,50,51.
It is important to highlight that the tissue-specific dif-

ferences in MITF expression among different cancer types
suggest that in order to fully comprehend MITF’s role in
cancer, its expression and function has to be analyzed in
the context of each particular cell and tissue type.
CRYAB is a member of the small heat-shock protein

family that functions as stress-induced molecular cha-
perone. It inhibits the aggregation of denatured proteins,
promotes cell survival, and inhibits apoptosis in the
context of cancer53–55. Paradoxically, CRYAB is highly
expressed in some cancer types but decreased in others
and in both scenarios an association with cancer pro-
gression and prognosis has been reported25,26,28–32,56–60.
In spite of the amount of information regarding the
changes in CRYAB expression in cancer, the transcrip-
tional regulation of this chaperone has been poorly
explored56. In this study, we described a novel direct
transcriptional regulation of CRYAB by MITF. Although
there is no direct nor mechanistic evidence of the MITF-
CRYAB transcriptional axis in other cancer types, in
melanoma both MITF and CRYAB expression are upre-
gulated by BRAF/MEK-inhibitor treatments57,60, sug-
gesting that this regulation can go beyond both PCa
scenario. Indeed, we observed that the correlation
between MITF and CRYAB is also present in colorectal
cancer, but not in breast nor lung cancer (data available in
CANCERTOOL40).
In our study, the MITF-CRYAB transcriptional axis is

reduced and exerts tumor-suppressive activity in PCa.
This is in agreement with the reduced expression of
CRYAB observed in PCa patients and its previous con-
sideration as a protective gene against PCa32. Yet, the
exact molecular mechanism underlying the tumor-
suppressive activity of CRYAB remains to be elucidated.
Importantly, in the present manuscript, the extensive

interrogation of PCa transcriptomes and associated clin-
ical data has led us to propose the transcriptional axis
MITF-CRYAB as a potential prognostic biomarker in
PCa. The individual expression of CRYAB and MITF has
been previously associated with poor prognosis in various
tumor types26,29–31,58,59 and to therapy response in mel-
anoma61–63. However, our data showing enhanced prog-
nostic potential of the combined signature provides a new
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and exciting perspective of the functional interaction of
these genes in PCa.
Our study endorses the potential of transcriptional

deregulation analysis, as either a cause or a consequence
of cancer, and its impact to support the discovery of novel
cancer-related genes and long-term development of novel
cancer treatment strategies.

Materials and methods
Cell culture and reagents
Human prostate carcinoma cell lines (PC3) were pur-

chased from Leibniz-Institut DSMZ—Deutsche Samm-
lung von Mikroorganismen und Zellkulturen GmbH, who
provided authentication certificate. The cell line used in
this study was not found in the database of commonly
misidentified cell lines maintained by ICLAC and NCBI
Biosample. Cells were transduced with a modified TRIPZ
(Dharmacon) doxycycline-inducible lentiviral construct in
which the RFP and miR30 region was substituted by HA-
Flag-MITF. Lentiviral shRNA constructs targeting
PGC1A (#1-TRCN0000001165 and #2-TRCN000000
1166) and CRYAB (#1-TRCN0000010822 and #2-
TRCN0000010823) were purchased from Sigma and a
scramble shRNA (hairpin sequence: CCGGCAACAAGA
TGAAGAGCACCAACTCGAGTTGGTGCTCTTCATC
TTGTTG) was used as control. For PGC1A and CRYAB
shRNAs, Puromycin resistance cassette was replaced by
Hygromycin cassette from pLKO.1 Hygro (Addgene Ref.
24150) using BamHI and KpnI sites. Cell lines were
routinely monitored for mycoplasma contamination and
quarantined while treated if positive. Doxycycline hyclate
(Dox) and Puromycin were purchased from Sigma, and
Hygromycin from Invitrogen.

Xenotransplant assays
All mouse experiments were carried out following the

ethical guidelines established by the Biosafety and Welfare
Committee at CIC bioGUNE. The procedures employed
were carried out following the recommendations from
AAALAC. Xenograft experiments were performed as
previously described14, injecting 106 cells per condition in
two flanks per mouse (Nu/Nu immunodeficient males;
6–12 weeks of age). PC3 TRIPZ-HA-MITFA cells
alone or under CRYAB silencing were injected in each
flank of nude mice and 24 h post-injections mice were
fed with chow or doxycycline diet (Research diets,
D12100402).

Patient samples
All samples were obtained from the Basque Biobank for

research (BIOEF, Basurto University Hospital) upon
informed consent and with evaluation and approval from
the corresponding ethics committee (CEIC code
OHEUN11-12 and OHEUN14-14).

Molecular assays
Western blot was performed as previously described14.

Antibodies used: HA-Tag (Cell Signalling #3724; dilution
1:10,000); MITF (Thermo Fisher Scientific MA5-14146;
dilution 1:1000); β-Actin (Cell Signalling #3700; dilution
1:2000); GAPDH (clone 14C10; Cell Signalling #2218;
dilution 1:1000); CRYAB (Cell Signalling #45844s; dilu-
tion 1:1000).
RNA was extracted using NucleoSpin® RNA isolation

kit from Macherey-Nagel (ref: 740955.240C). For patients
and animal tissues a Trizol-based implementation of the
NucleoSpin® RNA isolation kit protocol was used as
reported14. One microgram of total RNA was used for
cDNA synthesis using MaximaTM H Minus cDNA
Synthesis Master Mix (Invitrogen M1682). Quantitative
Real-Time PCR (qRTPCR) was performed as previously
described14. Universal Probe Library (Roche) primers and
probes employed are detailed in Supplementary Table 5.
GAPDH (Hs02758991_g1) housekeeping assay from
Applied Biosystems was used for data normalization.
For transcriptomics analysis in PC3 TRIPZ-HA-Flag-

MITFA cells, Illumina whole genome -HumanHT-
12_V4.0 (DirHyb, nt) method was used as reported14. A
hypergeometric test was used to detect enriched dataset
categories.

Cellular assays
Cell number quantification with crystal violet was per-

formed as referenced14.
For starvation experiments 100,000 cells per well were

seeded in a six-well plate. Cells were initially plated in 10%
FBS media for 24 h and then the media was changed to
FBS free media and left overnight.
Soft agar assays were performed as previously descri-

bed14, seeding 5000 cells per well in six-well plates.
For BrDu incorporation, cells were seeded on glass

cover slips in 12-well plates and after 4 days, cells were
incubated with 3 µg mL−1 BrDu (Sigma B5002). Cells
were fixed with 4% para-formaldehyde, permeabilized
with 1% Triton X-100 and incubated with a monoclonal
anti-BrDu (MoBU-1) antibody (Invitrogen B35128) at a
1:100 dilution. Images were obtained with an AxioImager
D1 microscope (Zeiss). At least three different areas per
cover slip were quantified.

Chromatin immunoprecipitation
Chromatin Immunoprecipitation (ChIP) was performed

using the SimpleChIP® Enzymatic Chromatin IP Kit (Cat:
9003, Cell Signalling Technology, Inc). Four million PC3
cells were grown in 150mm dishes either with or without
0.5 µgmL−1 doxycycline during 3 days. Cells from three
150mm dishes were cross-linked with 35% formaldehyde
for 10min at room temperature. Glycine was added to
dishes during 5min at room temperature. Cells were then
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washed twice with ice-cold PBS, and scraped into PBS+
PMSF. Pelleted cells were lysed and nuclei were harvested
following the manufacturer’s instructions. Nuclear lysates
were digested with micrococcal nuclease for 20min at 37 °C
and then sonicated in 500 μL aliquots on ice for 6 pulses of
20 s using a Branson sonicator. Cells were held on ice for
at least 1min between sonications. Lysates were clarified at
11,000 × g for 10min at 4 °C, and chromatin was stored at
−80 °C. HA-Tag polyclonal antibody (Cat: C29F4, Cell
Signalling Technology) and IgG antibody (Cat: 2729, Cell
Signalling Technology, Inc), were incubated overnight
(4 °C) with rotation and protein G magnetic beads were
incubated 2 h (4 °C). Washes and elution of chromatin were
performed following the manufacturer’s instructions. DNA
quantification was carried out using a Viia7 Real-Time PCR
System (Applied Biosystems) with SybrGreen reagents and
primers that amplify the predicted MITFA binding region
to CRYAB (region 1; For: ttgtttcctcgtagggcttg, Rev: tttca-
gagccaggagagagc- region 2; For: tctggaatggtgatgtcagg, Rev:
attgggtgtggacagaaagc) and ANGPTL4 (For: gttgacccggctca-
caat, Rev: ggaacagctcctggcaatc) as a negative binding
control.

Whole-genome gene expression characterization
Whole-genome expression characterization was con-

ducted using Human HT12 v4 BeadChips (Illumina Inc.).
In brief, cRNA synthesis was obtained with TargetAmp™
Nano-g™ Biotin-aRNA Labeling Kit for the Illumina®
System, Epicentre (Cat. Num. TAN07924) and sub-
sequent amplification, labeling and hybridization were
performed according to Whole-Genome Gene Expression
Direct Hybridization Illumina Inc.’s protocol. Raw data
were extracted with GenomeStudio analysis software
(Illumina Inc.) in the form of GenomeStudio’s Final
Report (sample probe profile).

Bioinformatics analysis and statistics
Database normalization
All the datasets used for the data mining analysis were

downloaded from GEO and TCGA. Referenced acces-
sions: TCGA https://cancergenome.nih.gov/, Grasso et al.,
GEO: GSE35988 (9); Lapointe et al., GEO: GSE3933 (10);
Taylor et al., GEO: GSE21032 (11); Tomlins et al., GEO:
GSE6099 (12); Varambally et al., GEO: GSE3325 (13); and
Glinsky et al (8). GEO-downloaded data were subjected to
background correction, log2 transformation and quartile
normalization. In the case of using a preprocessed dataset,
this normalization was reviewed and corrected if required.
TCGA data were downloaded as upper quartile normal-
ized RSEM count, which was been log2 transformed.

Quartile analysis in disease-free survival
Patients biopsies from primary tumors were organized

into four quartiles according to the expression of the gene

of interest in three datasets. The recurrence of the disease
was selected as the event of interest. Kaplan−Meier esti-
mator was used to perform the test as it takes into
account right-censoring, which occurs if a patient with-
draws from a study.

Correlation analysis
Spearman correlation test was applied to analyze the

relationship between paired genes.

Gene enrichment
The recently published tool, CANCERTOOL40, harbors

11 independent enrichment databases, including the basic
Gene Ontology analysis (GO, biological process (GOBP),
molecular function (GOMF) and cell compartment
(GOCC)), pathways and pathophysiological processes
(KEGG, Biocarta, Reactome, Biocarta, Onco, DOSE,
HIPC, Connectivity Map), and the upstream regulatory
cue prediction tool (TFT, MIR). The prevalence of such
functions within the gene list was analyzed, and statistical
significance of the associations sieved according to the
Benjamini–Hochberg correction (adjusted p value).

Statistical analysis
No statistical method was used to predetermine the

sample size. The experiments were not randomized. The
investigators were not blinded to allocation during
experiments and outcome assessment. Unless otherwise
stated, data analyzed by parametric tests are represented
by the mean ± s.e.m. of pooled experiments and median ±
interquartile range for experiments analyzed by non-
parametric tests. n values represent the number of inde-
pendent experiments performed, the number of individual
mice or patient specimens. For each independent in vitro
experiment, at least two technical replicates were used
and a minimum number of three experiments were done
to ensure adequate statistical power. For data mining
analysis Student’s t test for two component comparisons.
In the in vitro experiments, normal distribution was
confirmed or assumed (for n < 5) and Student’s t test was
applied for two component comparisons. In the statistical
analyses involving fold changes, one-sample t test with a
hypothetical value of 1 was performed. The confidence
level used for all the statistical analyses was of 95% (alpha
value= 0.05). Two-tail statistical analysis was applied for
experimental design without predicted result, and one-tail
for validation or hypothesis-driven experiments.

Gene expression array data analysis
First, raw expression data were background-corrected,

log2-transformed, and quantile-normalized using the lumi
R package64, available through the Bioconductor reposi-
tory65,66. Probes with a “detection p value” lower than 0.01
in at least one sample were considered expressed. For the
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detection of differentially expressed genes, a linear model
was fitted to the probe data and empirical Bayes moder-
ated t statistics were calculated using the limma67 package
from Bioconductor. Adjusted p values were estimated
with Benjamini−Hochberg false discovery rate method
(https://www.jstor.org/stable/2346101)68. Only genes with
differential fold-change (FC) > 1.5 or <−1.5 and an
adjusted p value < 0.05 were considered as differentially
expressed. The transcriptomics data generated in this
publication have been deposited in NCBI’s Gene Expres-
sion Omnibus and are accessible through GEO Series
accession number GSE114345.
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Abstract

The PPARg coactivator 1 alpha (PGC1a) is a prostate tumor
suppressor that controls the balance between anabolism and
catabolism. PGC1A downregulation in prostate cancer is
causally associated with the development of metastasis. Here
we show that the transcriptional complex formed by PGC1a
and estrogen-related receptor 1 alpha (ERRa) controls the
aggressive properties of prostate cancer cells. PGC1a expres-
sion significantly decreasedmigration and invasion of various
prostate cancer cell lines. This phenotype was consistent with
remarkable cytoskeletal remodeling and inhibition of integrin
alpha 1andbeta 4 expression, both in vitro and in vivo. CRISPR/
Cas9-based deletion of ERRa suppressed PGC1a regulation of
cytoskeletal organization and invasiveness. Mechanistically,

PGC1a expression decreased MYC levels and activity prior to
inhibition of invasiveness. In addition, PGC1a and ERRa
associated at the MYC promoter, supporting the inhibitory
activity PGC1a. The inverse correlation between PGC1a–
ERRa activity and MYC levels was corroborated in multiple
prostate cancer datasets. Altogether, these results support that
PGC1a–ERRa functions as a tumor-suppressive transcription-
al complex through the regulation of metabolic and signaling
events.

Significance: These findings describe how downregulation
of the prostate tumor suppressor PGC1 drives invasiveness
and migration of prostate cancer cells.

Introduction
The process of cellular transformation stems from the acqui-

sition of genomic aberrations that altogether change the response
of normal cells and enable them with hallmarks of cancer (1, 2).
Themutational landscape changeswithin and among tumors and
along time following evolutionary principles (3). In addition,
nongenomic alterations harness great relevance in the process of

cancer progression. Indeed, transcriptional regulation in cancer is
an emerging aspect that provides a feasible explanation to the
rapid adaptationof transformed cells tohostile environments (4).
Yet, the control of oncogenic and tumor-suppressive transcrip-
tional programs remains poorly characterized.

Transcriptional coregulators encompass a family of versatile
modulators of gene expression (5). These proteins harbor the
capacity of controlling distinct transcriptional programs based on
their partner transcription factors. In turn, transcriptional core-
gulators operate in a tissue- and context-specific manner, thus
revealing them as major players in cell and organismal homeo-
stasis. Among this family of genes, the PPARg coactivator 1 alpha
(PGC1a) controls biological responses in health and dis-
ease (6, 7). PGC1a is a tightly regulated protein that interacts
with a variety of transcription factors, including estrogen-related
receptor 1 alpha (ERRa), PPARs, and nuclear factor erythroid
2-like 2 (NFE2L2, NRF2; ref. 6). As a consequence, PGC1a
coordinates metabolic and antioxidant responses, which account
for its relevance in diabetes, neurodegeneration, cardiomyopathy,
and cancer (7, 8).

The role of PGC1a in cancer is largely tumor type and context-
dependent. On the one hand, this transcriptional coregulator
favors survival, proliferation, stem cell maintenance, and therapy
resistance in pancreatic tumors, breast cancer, and melanoma
cells (9–14). On the other hand, we and others have demonstrat-
ed that PGC1a expression is reduced in renal and prostate
carcinoma, as well as in metastatic melanoma, where it opposes
the acquisition of aggressive features (15–17). The predominant
mechanism of action of PGC1a in cancer biology is ascribed to
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the regulation of metabolism. This coregulator promotes the
expression of genes that mediate mitochondrial biogenesis, oxi-
dative metabolism, and the production of glutathione. In turn,
PGC1a enhances the oxidative utilization of nutrients and anti-
oxidant production. However, emerging data suggest that a frac-
tion of the activities of PGC1a relies neither on the regulation of
metabolism nor on its main partner, ERRa (16).

In prostate cancer, PGC1a suppresses cell proliferation,
anchorage-independent growth, tumor burden, and metasta-
sis (17). This coregulator is profoundly downregulated in
localized prostate cancer, with a further decrease in metastatic
specimens (17). Moreover, reduced PGC1a expression is asso-
ciated to shorter time to biochemical recurrence after surgery,
pointing at the relevance of this gene in the control of prostate
cancer aggressiveness. Mechanistically, we previously showed
that PGC1a requires the presence of ERRa to suppress prostate
cancer cell proliferation and metastatic outgrowth, which was
consistent with the reduction of biosynthetic capacity of
PGC1a reexpressing cells and the elevation of nutrient catab-
olism (17). Moreover, a recent study revealed that the meta-
bolic control of polyamine synthesis underlies the regulation of
prostate cancer aggressiveness by this coactivator (18).

The metastatic process requires the acquisition of discreet
capacities beyond cell proliferation. Specifically, the motility and
invasive capacity of cancer cells are paramount for the achieve-
ment ofmetastasis (19). Stemming from this notion, in this study,
we evaluated the contribution of PGC1a to the acquisition of
these features in prostate cancer cells. Our analysis uncovers an
ERRa-dependent activity of the coactivator that suppresses the
acquisition of invasive properties required for prostate cancer
aggressiveness.

Materials and Methods
Reagents

Doxycycline hyclate (Sigma #D9891) was used to induce gene
expression or silencing in vectors under tetracycline control.
Puromycin (Sigma #P8833) and blasticidin (Invitrogen #R210-
01) were used for cell selection after lentiviral transfection.

Cell culture
Human prostate carcinoma cell lines PC3 and DU145 were

purchased from Leibniz-Institut DSMZ-Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH, who provided
authentication certificate. Cell lines where periodically subjected
to microsatellite-based identity validation. None of the cell lines
used in this study were found in the database of commonly
misidentified cell lines maintained by the International Cell Line
Authentication Committee and NCBI Biosample. 293FT cells
were used for lentiviral production. All cell lines were routinely
monitored for Mycoplasma contamination. DU145, PC3, and
293FT cell lines were maintained in DMEM supplemented with
10% volume for volume (v/v) FBS and 1% (v/v) penicillin–
streptomycin. For PGC1A expression, cells were transduced
with a modified TRIPZ (Dharmacon) doxycycline-inducible len-
tiviral construct in which the red fluorescent protein and
miR30 region was substituted by HA-Flag-Pgc1a (9). For ESRRA
deletion, single-guide RNA (sgRNA) constructs targeting ESRRA
(sgERRa#1: 50CTCCGGCTACCACTATGGTGTGG30; sgERRa#2:
30AGGAACCCTTTGGACTGTCAGGG50) were designed using
Crispor software (crispor.tefor.net) and cloned in a lentiviral

vector purchased from Addgene LentiCRISPR V2 (a gift from
Mohan Babu, Addgene plasmid # 83480). Lentiviral vector
expressing a validated shRNA against human MYC from the
Mission shRNA Library (TRCN0000039642) was subcloned in
a Plko Tet-On inducible system (Addgene plasmid # 21915; ref.
20). Cells were transfected with lentiviral vectors following stan-
dard procedures, and viral supernatant was used to infect cells.
Selectionwas done using puromycin (2 mg/mL) or blasticidin (for
LentiCRISPR V2, 10 mg/mL) for 3 or 5 days, respectively.

Animals
All mouse experiments were carried out following the ethical

guidelines established by the Biosafety andWelfare Committee at
CIC bioGUNE. The procedures employed were carried out fol-
lowing the recommendations from Association for Assessment
andAccreditation of Laboratory AnimalCare International. Xeno-
graft experiments were performed as described previously (17),
injecting 1 ! 106cells per tumor in two flanks of Hsd:Athymic-
Nude-Foxn1nu "Nude"mouse (Envigo).Once tumors reached an
average of 100 mm3, animals were assigned to chow or doxycy-
cline diet regime (Research diets,D12100402) and tumor volume
was monitored with external caliper. After euthanasia, tumors
were weighed, tissue was fresh frozen or paraffin embedded, and
histologic evaluation of hematoxylin and eosin–stained sections
was performed. Proliferation was assessed in paraffin-embedded
tissue samples by using Ki67 antibody (MA5-14520, Thermo
Fisher Scientific).

Cellular and molecular assays
Cell number quantificationwith crystal violetwas performed as

described in ref. 21.
Cell morphology and stress fiber content were examined by

staining the cells with fluorescent phalloidin (Thermo Fisher
Scientific F432; 1:400 dilution), a high-affinity F-actin probe.
Images were taken with AxioImager D1 microscope at 200! for
cell area analysis (FiJi Software) or at 400! for stress fiber
quantification. Immunofluorescence detection and quantifica-
tion of p-MLC (Ser19) were performed as described in ref. 22.
Briefly, cells were fixed with 4% formaldehyde, permeabilized
with 0.3% Triton, and incubated with primary antibody (p-MLC
Ser19, Cell Signaling Technology #3672) overnight. Cells were
then stained with secondary Alexa Fluor-488 or 647 anti-rabbit
(Life Technologies), Alexa Fluor 546-phalloidin for F-actin detec-
tion (Life Technologies), and DAPI (Thermo Fisher Scientific
D1306; 1:10,000 dilution).

For adhesion assays, cells were plated (40,000 cells/well) on a
12-well plate previously coated with rat tail collagen I (Corning
354236) at 50 mg/mL (diluted in 0.02 N of acetic acid) during
1 hour. After 30minutes, plates were washed twicewith PBS,fixed
with 10% formalin, and stained with crystal violet as described
previously (17).

Transwell invasion assay was carried out using Matrigel-coated
chambers (BD CioCoat #354480). Cells (50,000 cells/well) were
resuspended in 0.1% FBSDMEMand seeded in the top part of the
chamber. In the bottom part of the well, 1.4-mL solution of
complete DMEMwas added. Plates were maintained at 37"C and
5% CO2 for 48 hours. Invasion was stopped washing the well
twice with PBS and using a cotton bud to remove the remaining
cell of the top part of the membrane, being careful not to
compromise the Matrigel. The membrane was fixed with 10%
formalin (15 minutes at 4"C) and stained with crystal violet
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(Sigma C3886; 0.1% crystal violet in 20% methanol). Cells were
counted under the microscope. For transwell migration, cham-
bers with membranes of 8-mm pores (BD Falcon 351185) were
used. Cell plating as well as washing and fixation conditions were
the same as in the invasion assay, but cells were fixed after
24 hours.

Spheroid cell culture and three-dimensional invasion assays
were performed as described previously (23). Briefly, cells (700
cells/drop) were maintained in drops (25 mL/drop) with DMEM
and 6% methylcellulose (Sigma M0387) on the cover of a 100-
mm culture plate. Drops were incubated at 37"C and 5%CO2 for
48 hours. Once formed, spheroids were collected, resuspended in
collagen I solution (Advanced BioMatrix PureCol), and added to
12-well plates. After 4 hours, complete media was then added on
top of the well and day 0 pictures were taken. For invasive growth
quantification, increase in area occupied by the spheroids
between day 0 and day 2 was calculated using FiJi software. For
three-dimensional invasion assays, cells were resuspended in an
FBS-free bovine collagen I solution at 2.3 mg/mL in a 1:1 pro-
portion to a final concentration of 15,000 cells per 100 mL of
matrix and spun down in a 96-well plate. After matrix polymer-
ization, 10% FBS-containing media was added on top. Cells were
fixed after 24 hours. The three-dimensional invasion index was
calculated counting the number of cells at 50 mm and 100 mm
divided by the number of cells at the bottom. Images for three-
dimensional invasion were obtained using a Zeiss 710 confocal
microscope and cell counting was analyzed using FiJi Software.

Western blot was performed as described previously (9). Brief-
ly, cells were seeded on 6-well plates and 4 days after seeding
cell lysates were prepared with RIPA buffer (50 mmol/L
TrisHCl pH 7.5, 150 mmol/L NaCl, 1 mmol/L EDTA, 0.1% SDS,
1% Nonidet P40, 1% sodium deoxycholate, 1 mmol/L sodium
fluoride, 1 mmol/L sodium orthovanadate, 1 mmol/L beta-
glycerophosphate and protease inhibitor cocktail; Roche). The
following antibodies were used: PGC1a H300 (Santa Cruz Bio-
technology #sc-13067), ERRa (Cell Signaling Technology
#13826), ITGb1 (Cell Signaling Technology #34981S), Caveo-
lin-1 (BD Biosciences, ref: 142610059), b-actin (Cell Signaling
Technology #3700S), phospho-cofilin (Cell Signaling Technolo-
gy #3313), cofilin (Cell Signaling Technology #5175), GAPDH
(Cell Signaling Technology #2118), c-MYC (MYC, Cell Signaling
Technology #13987S), ITGb4 (Cell Signaling Technology
#14803), ITGa3 (Santa Cruz Biotechnology #sc-374242), ITGa6
(Cell Signaling Technology #3750S), phospho-Src (Life Technol-
ogies, ref: 44660G; p-Src Tyr419), and Src 36D10 (Cell Signaling
Technology #2109). All were used at a 1:1,000 dilution, except
b-actin (1:2,000). Mouse and rabbit secondary antibodies were
purchased from Jackson ImmunoResearch. After standard SDS-
PAGE and Western blotting techniques, proteins were visualized
using the ECL system in the iBright FL1000 Imaging System.

The cytoskeleton phospho-antibody array was performed fol-
lowing Tebu-bio protocol (https://www.tebu-bio.com). Briefly, 5
! 106 induced and noninduced cells were collected and the cell
pellet was frozen for further analysis by Tebu-bio services. More
than 141 antibodies were present in the screening for phosphor-
ylation rate of main cytoskeleton proteins.

RNA was extracted using NucleoSpin RNA isolation kit from
Macherey-Nagel (ref: 740955.240C). For xenograft samples, a
TRIzol-based implementation of the NucleoSpin RNA isolation
kit protocol was used as reported (24). For all cases, 1 mg of total
RNA was used for cDNA synthesis using qScript cDNA Supermix

fromQuanta (ref: 95048).Quantitative real-time PCR (qRT-PCR)
was performed as described previously (9). Universal Probe
Library (Roche) primers and probes employed are detailed
in Supplementary Table S1. All qRT-PCR data presented were
normalized using GAPDH (Hs02758991_g1 from Applied
Biosystems).

Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed using

the SimpleChIP Enzymatic Chromatin IP Kit (catalog no. 9003,
Cell Signaling Technology, Inc). Four million PC3 TRIPZ-Pgc1a
cells per immunoprecipitation were grown in 150-mm dishes
either with or without 0.5-mg/mL doxycycline during 16 hours.
Cells were cross-linked with 37% formaldehyde for 10minutes at
room temperature. Glycine was added to dishes and cells were
incubated for 5 minutes at room temperature. Cells were then
washed twice with ice-cold PBS and scraped into PBS þ PIC.
Pelleted cells were lysed and nuclei were harvested following the
manufacturer's instructions. Nuclear lysates were digested with
micrococcal nuclease for 20 minutes at 37"C and then sonicated
in 500-mL aliquots on ice for six pulses of 20 seconds using a
Branson sonicator. Cells were held on ice for at least 20 seconds
between sonications. Lysates were clarified at 11,000 ! g for 10
minutes at 4"C, and chromatin was stored at $80"C. HA-Tag
polyclonal antibody (Cell Signaling Technology #3724), anti-
ERRa antibody (Cell Signaling Technology #13826), and IgG
antibody (Cell Signaling Technology #2729) were incubated
overnight (4"C) with rotation and protein G magnetic beads
were incubated for 2 hours (4"C). Washes and elution of chro-
matin were performed following manufacturer's instructions.
DNA quantification was carried out using a Viia7 Real-Time PCR
System (Applied Biosystems) with SYBR Green reagents and
primers that amplify a PGC1A binding region to MYC promoter
(shown in Supplementary Table S2).

Bioinformatic analysis and statistics
Bioinformatic analysis containing patient data was performed

using the web-based interface Cancertool (25).
For each available patient dataset, the values of PGC1a-ERRa

signaturewere calculated from the average of the expression signal
of those genes that are part of the aforementioned signature
(ACACB, ACSL4, ATP1B1, GSTM4, ISCU, LAMB2, NNT, PPIC,
SOD2, SUCLA2). In the case of PPARGC1A/NRIP1 ratio, we
calculated the average expression value of PPARGC1A, and, as
values are log2 scaled, subtracted the average expression value of
NRIP1. R software (https://cran.r-project.org/), version 3.5.1, has
been used for these calculations, together with ggplot2 package
(https://cran.r-project.org/web/packages/ggplot2) to perform the
corresponding graphs.

Individual gene expression patters in patient dataset, as well as
pairwise correlation information, can be visualized in the Can-
certool interface.

The differential gene expression analysis driven by PGC1a in
PC3 cells can be obtained from GEO with reference GSE75193.

In addition, pathway and network enrichment analyses of the
significantly regulated genes from GSE75193 (Supplementary
Table S3) were performed using MetaCore from GeneGo Inc
(https://portal.genego.com/).

No statistical method was used to predetermine sample size.
The experiments were not randomized. The investigatorswere not
blinded to allocation during experiments and outcome
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assessment. n values represent the number of independent experi-
ments performed, the number of individual mice, or patient
specimens. For each independent in vitro experiment, normal
distribution was assumed, and one-sample t test was applied for
one-component comparisons with control and Student t test for
two-component comparisons. For in vivo experiments, a nonpara-
metric Mann–Whitney exact test was used. Two-tailed statistical
analysis was applied for experimental design without predicted
result, and one-tailed for validation or hypothesis-driven experi-
ments. The confidence level used for all the statistical analyseswas
of 95% (alpha value ¼ 0.05). GraphPad Prism 8 software was
used for statistical calculations.

Results
To address the role of PGC1a in the regulation of prostate

cancer features beyond proliferation (17), we carried out a com-
prehensive evaluation of phenotypes associated to cancer aggres-
siveness, based on an inducible system reported previously (17).
Interestingly, Pgc1a expression elicited a remarkable reduction in
the migratory capacity of PC3 and DU145 prostate cancer cells in
transwell assays (Fig. 1A; Supplementary Fig. S1A). A similar effect
was achieved in Matrigel-coated transwell assays as a measure of
invasion (Fig. 1B; Supplementary Fig. S1B). To further character-
ize the regulation of invasive properties by PGC1a, we applied
two complementary assays in both cell lines. On the one hand,we
performed three-dimensional invasion assays. We quantified the
number of cells invading at 50 mm and/or 100 mm of distance
from the bottom of the plate. The results showed a profound
decrease in cells with invasive capacity upon Pgc1a induction
(Fig. 1C; Supplementary Fig. S1C and S1D). On the other hand,
we generated spheroids using the hanging drop method to
measure the invasive growth. The results corroborated that the
expression of the coregulator inhibits the invasive capacity of
prostate cancer cells (Fig. 1D; Supplementary Fig. S1E). Of note,
this phenotype was observed at time points where proliferation
was not significantly influenced by Pgc1a or by the addition of
doxycycline (Supplementary Fig. S1F–S1I; ref. 17). Overall, our
results show that beyond the antiproliferative capacity of PGC1a
in prostate cancer, the transcriptional coregulator elicits a robust
anti-invasive phenotype.

The regulation of cell migration and invasion is intertwined
with cellmorphology and adhesion (19).Hence,we characterized
the effects of PGC1a on these parameters. The expression of the
coregulator in PC3 cells was associated with a remarkable eleva-
tion in cell area, with loss of stress fibers and with a modest
increase in cell adhesion to collagen I (Fig. 1E and F; Supplemen-
tary Fig. S1J). Importantly, Pgc1a induction in subcutaneous
xenografts of PC3 cells confirmed the antitumoral activity of this
gene and its impact on prostate cancer cell size in vivo (Fig. 1G;
Supplementary Fig. S1K–S1M).

We next focused on the molecular alterations underlying the
activity of PGC1a. In a previous study, we analyzed a gene
expression analysis in PC3 cells upon induction of Pgc1a (Fig. 1;
GSE75193; ref. 17). We sought to extend the analysis of this
microarray by taking advantage of bioinformatic tools, such as
Metacore (https://clarivate.com/products/metacore/) and Can-
certool (25) that enable cancer researchers to perform various
functional enrichment analyses. Because functional enrichment
allows the integration of larger sets of data to identify underlying
molecular and functional alterations, we focused our analyses on

all geneswhose expressionwas alteredwith a significantP value in
the transcriptomics analysis (regardless of the Padj value). This led
to 1,347 upregulated and 990 downregulated unique gene IDs
(Supplementary Table S3). Strikingly, functional enrichment of
the downregulated genes revealed a significant alteration in
cytoskeleton organization, migration, adhesion, and integrin and
Rho signaling (Fig. 2A; Supplementary Fig. S2A; Supplementary
Tables S4 and S5).Of note, we also identified other pathwayswith
reported activities in the regulation of invasion, such as p27, FAS,
and RAC, although their prevalence in the analysis and their
documented association to this phenotype were minor (26–29).
In line with our previous study (17), the enrichment analysis
of the genes upregulated upon Pgc1a expression confirmed a
significant alteration of catabolic pathways (Supplementary
Table S6). We focused our attention in the Metacore analysis of
downregulated genes. The results revealed a remarkable alteration
in cytoskeletal remodeling upon PGC1a modulation in prostate
cancer cells, illustrated by processes regulated by Rho kinase
(ROCK). The axes containing ROCK-LIM kinase (LIMK)-Cofilin
and ROCK-myosin light chain (MLC) are two key signaling
pathways that regulate cytoskeletal remodeling downstream of
the monomeric G protein Rho and integrin signaling (30). The
immunostaining and quantification of phosphorylated myo-
sin-light chain 2 (p-MLC2) revealed a significant reduction in
this parameter in Pgc1a-expressing PC3 cells (Fig. 2B). This
result supports the notion that loss of PGC1a in prostate cancer
cells results in changes in the actin–myosin cytoskeleton that
are associated with the acquisition of invasive properties.
To ascertain which signaling pathways were modulated and
affecting cytoskeleton organization upon Pgc1a expression, we
carried out a cytoskeleton phospho-antibody array (Supple-
mentary Table S7). The phosphorylation of Src protein was
among the most prominently reduced in the analysis (Supple-
mentary Fig. S2B). We confirmed this result by Western blot
analysis, both in vitro and in vivo, together with the reduction in
cofilin phosphorylation, the final effector of actin filament
polymerization downstream Src (Fig. 2C and D; Supplemen-
tary Fig. S2C and S2D).

Integrins are upstream regulators of the cytoskeleton with well-
documented involvement in cancer aggressiveness (19, 31, 32).
The bioinformatics analysis of PGC1a-downregulated genes indi-
cated an altered integrin signaling (Fig. 2A; Supplementary
Fig. S2A), which would be consistent with the reduction in Src,
MLC2, and cofilin phosphorylation. This, together with the fact
that PGC1a controls integrin expression in melanoma (16),
prompted us to evaluate integrin expression in our experimental
systems. Interestingly, the levels of various integrins and caveolin-
1 (CAV1, but not CAV2) were robustly reduced at protein and
mRNA levels upon Pgc1a induction, an event that was not
influenced by doxycycline treatment (Fig. 2E; Supplementary
Fig. S2E–S2I).Next,we analyzed extracts fromxenografts inwhich
Pgc1a expression was activated (Fig. 1G). The Western blot and
quantitative qRT-PCR analysis corroborated the alterations eli-
cited by the coactivator in vivo (Fig. 2F; Supplementary Fig. S2J and
S2K). Our results suggest that PGC1a controls a transcriptional
program that results in the alteration of cytoskeleton organization
with the concomitant reduction in integrin expression, an event
that is consistent with the observed reduction in migratory and
invasive properties of prostate cancer cells.

We then askedwhich effector of PGC1a could contribute to the
negative regulation of invasive properties. Inhibitors of
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Figure 1.
PGC1a expression impacts on invasive properties of prostate cancer in vitro and in vivo. A and B, Effect of Pgc1a expression on transwell migration (n¼ 9
independent experiments; A) and on transwell invasion (n¼ 4 independent experiments; B) of PC3 cells. C and D, Effect of Pgc1a expression on 3D invasion
(n¼ 3 independent experiments; C) and invasive growth (n¼ 3 independent experiments; D) of PC3 cells. D, Right, one representative experiment of invasive
growth; left, the quantification. E and F,Quantification of changes in cell area (E) and stress fibers (F) content upon Pgc1a expression in PC3 cells in vitro (n¼ 3
independent experiments). F, Representative phalloidin staining of nonexpressing (No Dox) and Pgc1a-expressing PC3 cells (left) and quantification (right).
G,Quantification of changes in cell area upon Pgc1a expression in PC3 cells in vivo. Left, representative hematoxylin and eosin staining of nonexpressing and
Pgc1a-expressing xenograft samples (n¼ 4 tumors each condition, No Dox and Dox). Yellow line outlines cell surface. Right, the quantification of number of cells
per field. Dox, doxycycline, Pgc1a-induced conditions; No Dox, Pgc1a nonexpressing conditions. In A, B, C, D, and F, data are represented as fold change relative
to No Dox condition depicted by a dotted line. Error bars, SEM. Statistic tests: one-sample t test with a hypothetical value of 1 (A, B, C, D, and F), two-tailed
Student t test (E), and one-tailed Mann–Whitney U test (G). & , P < 0.05; && , P < 0.01; &&& , P < 0.001.
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Figure 2.
PGC1a expression modulates integrin signaling of prostate cancer in vitro and in vivo. A,Metacore enrichment analysis of the transcriptional program
downregulated by PGC1a in PC3 cells. B, Effect of Pgc1a expression on the phosphorylation of MLC protein in PC3 cells. Left, representative images of
immunofluorescence staining using p-MLC antibodies. Right, quantification of p-MLC per cell area (n¼ 3 independent experiments). C and D, Representative
Western blot analysis of the effect of Pgc1a on cofilin and Src phosphorylation in PC3 cells (C) and xenograft samples (D). RepresentativeWestern blot analysis
of the effect of Pgc1a on ITGb1, ITGb4, ITGa3, and CAV1 in PC3 cells (n¼ 3; independent experiments; E) and xenograft samples (n¼ 4–5 tumors; F). Dox,
doxycycline, Pgc1a-induced conditions; No Dox, Pgc1a-nonexpressing conditions. Error bars, SEM.Western blot quantifications are presented as' SEM. Statistic
tests: two-tailed Student t test (B). &&& , P < 0.001.

Valcarcel-Jimenez et al.

Cancer Res; 79(24) December 15, 2019 Cancer Research6158

on December 5, 2021. © 2019 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst October 8, 2019; DOI: 10.1158/0008-5472.CAN-19-1231 

http://cancerres.aacrjournals.org/


differentiation are responsible for integrin repression in melano-
ma (16). We ruled out the potential contribution of ID2-4 to our
phenotype, because their expression was not upregulated upon
induction of the coactivator (Supplementary Fig. S3A). Then, we
applied promoter enrichment analysis (25) to the list of Pgc1a-
repressed genes. Strikingly, the results revealed a significant
enrichment in MYC within the promoters of the downregulated
genes (P¼ 8.5e-19; Fig. 3A; Supplementary Tables S3 and S8).We
studied the impact of PGC1a on the expression of MYC and
observed that induction of the coregulator elicited a consistent

decrease in MYC expression in prostate cancer cells in a doxycy-
cline-independent manner (Fig. 3B; Supplementary Fig. S3B and
S3C). Importantly, the effect was fully recapitulated at the tran-
scriptional level. In addition, the analysis of previously reported
targets or genes contained in the promoter analysis confirmed the
reduction in MYC-dependent transcriptional program in the
aforementioned conditions (Fig. 3C). We took advantage of our
Pgc1a-inducible xenograft analysis to further demonstrate that
the reduction in MYC expression and function was not an artifact
of in vitro assays (Fig. 3D and E; Supplementary Fig. S3D). These

Figure 3.
PGC1a regulates c-Myc expression
in prostate cancer. A, Promoter
enrichment analysis of the PGC1a
transcriptional program in PC3 cells.
B, Effect of Pgc1a expression on c-
Myc protein levels in PC3 cells
(n¼ 3 independent experiments).
C,Quantification ofMYC gene
expression and its target genes
ODC, FASN, CAD1, and TCF4 by
qRT-PCR upon Pgc1a expression in
PC3 cells (n¼ 4 independent
experiments). Data are represented
as fold change relative to No Dox,
depicted as a dotted line. D, Effect
of Pgc1a expression on c-Myc
protein levels in xenograft samples
(n¼ 5 No Dox tumors; n¼ 4 Dox
tumors). E,Quantification ofMYC
gene expression (and its target
genes) by qRT-PCR in xenograft
samples cells (n¼ 5 No dox tumors;
n¼ 4 Dox tumors). F, qRT-PCR
gene expression analysis of MYC,
TCF4, ITGB4, ITGB1, and ITGA3
upon short acute induction of Pgc1a
expression (1, 2, 4, and 8 hours of
doxycycline treatment) in PC3 cells.
Data are represented as fold change
relative to No Dox, depicted as a
dotted line. G, ChIP of exogenous
Pgc1a on MYC promoter in PC3
Pgc1a cells after induction with 0.5-
mg/mL doxycycline for 16 hours (n
¼ 5). Final data were normalized to
IgG (negative immunoprecipitation
control) and to No Dox condition.
H, Correlation analysis between
PGC1A and MYC expression in
primary tumor specimens of
different prostate can datasets.
Sample sizes: Grasso, n¼ 45;
Lapointe, n¼ 13; Taylor, n¼ 131; and
TCGA provisional, n¼ 495. Dox,
doxycycline, Pgc1a-induced
conditions; No Dox, Pgc1a-
nonexpressing conditions. Error
bars, SEM.Western blot
quantifications are presented as'
SEM. Statistic tests: one-sample
t test with a hypothetical value of 1
(C and F), one-tailed Student t
test (G), one-tailed Mann–Whitney
U test (E), Spearman correlation
R (H). & , P < 0.05; && , P < 0.01;
&&& , P < 0.001.
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results suggest that MYC repression is upstream of the molecular
and cellular alterations elicited by PGC1a associated to prostate
cancer invasion.We validated this notion by two different means.
On the one hand, a time course experiment upon PGC1a induc-
tion showed that MYC repression is prior to the reduction of its
targets and integrin gene expression (Fig. 3F; Supplementary
Fig. S3E–S3G).On the other hand,MYC silencingwith a validated
shRNA (33, 34) recapitulated the phenotype of Pgc1a expression
in cell area, p-MLC2, and invasive growth (Supplementary
Fig. S3H–S3L).

The rapid repression in MYC mRNA levels prompted us to
evaluate whether PGC1a could exert a direct action on MYC
promoter. To this end, we performed ChIP analysis in Pgc1a-
inducible PC3 cells with anti-HA antibody to immunoprecipitate
ectopic tagged Pgc1a. The ChIP analysis confirmed that the
coregulator is bound toMYC promoter (Fig. 3G), thus suggesting
that PGC1a represses MYC expression in prostate cancer. We next
sought to ascertainwhether the unprecedented regulation ofMYC
by PGC1a in prostate cancer could be recapitulated in human
specimens.We interrogated 5prostate cancer datasets (25, 35–37)
and, in agreement with our molecular and mechanistic data,
PGC1A expression was inversely correlated with MYC mRNA
levels in primary tumors from the majority (four out of five) of
datasets analyzed (Fig. 3H; Supplementary Fig. S3M).

Our previous studies demonstrated that the antiproliferative
activity of PGC1a in prostate cancer is dependent on its interac-
tionwith ERRa (17). To ascertain the requirement of ERRa for the
anti-invasive activity of PGC1a, we engineered Pgc1a-inducible
prostate cancer cells in which ESRRA was deleted using CRISPR/
Cas9. ERRa expression was undetectable in PC3 cells in which
ESRRA was deleted with two independent sgRNAs (sgERRa#1,
sgERRa#2; Fig. 4A). ESRRA deletion abolished the induction
of target genes of the transcription factor upon induction of
Pgc1a, corroborating the functionality of the genetic system
(Supplementary Fig. S4A). Of note, we did not recapitulate the
regulation of ESRRA by PGC1A observed in vitro (Fig. 4A) in
correlative human transcriptomics analyses, suggesting that more
complex ERRa-regulatory cues might operate in human disease
(Supplementary Fig. S4B). In line with our previous study (17),
ESRRA deletion hampered the growth-suppressive activity
of Pgc1a, rendering PC3 cells insensitive to the action of the
coregulator (Fig. 4B). Strikingly, ESRRA deletion also abolished
the effect of Pgc1a on invasive properties and cell morphology at
time points prior to the reduction in cell proliferation, thus
demonstrating that the regulation of invasion by the coregulator
is exquisitely dependent upon its interaction with ERRa (Fig. 4C
and D; Supplementary Fig. S4C and S4D). The morphologic
changes and growth-suppressive phenotype elicited by Pgc1a
were also absent in tumors in which ESRRA was deleted
(Fig. 4E; Supplementary Fig. S4E–S4G). It is worth noting that
despite the requirement of ERRa for the tumor-suppressive activ-
ity of PGC1a, deletion of the nuclear receptor alone negatively
influenced the establishment of tumors, suggesting that addition-
al functions of ERRamay be required for the first stages of tumor
establishment (Supplementary Fig. S4H).

We next extended our analysis of ERRa dependency to the
reported molecular alterations. Our results showed that ESRRA
deletion abrogated the reduction in protein and/or mRNA levels
of MYC, MYC targets, integrins, CAV1, as well as the reduced
phosphorylation of Src and cofilin (Fig. 5A and B; Supplementary
Fig. S5A and S5B). Moreover, ESRRA-ablated tumors exhibited

unperturbed MYC, integrin, and CAV1 expression, as well as
unchanged Src and cofilin phosphorylation upon Pgc1a expres-
sion (Fig. 5C andD; Supplementary Fig. S5C). All these data are in
line with the association of ERRa to MYC promoter in Pgc1a-
expressing PC3 cells (Supplementary Fig. S5D).

Because we have observed a robust inverse correlation between
PGC1A and MYC expression in various prostate cancer datasets,
we asked whether the dependency on ERRa could be recapitu-
lated in this setting. To this end, we carried out two independent
approaches in datasets of patients with prostate cancer. On the
one hand, we inferred ERRa canonical activity based on the
equilibrium between its main coactivators (PGC1A) and core-
pressors (NRIP1).We calculated the ratio of abundance of PGC1A
and NRIP1 transcript (PGC1A/NRIP1), which provided an esti-
mation of ERRa canonical activity toward its targets, as confirmed
through the analysis of ACACB and LAMB2 expression (Supple-
mentary Fig. S6A). In line with our mechanistic analysis, ERRa
activity but not ERRa itself, was consistently and inversely cor-
related with MYC in various prostate cancer datasets (Supple-
mentary Fig. S6B and S6C).On the other hand,we took advantage
from a prognostic PGC1a-ERRa signature that we generated
previously (17). This signature was composed of 10 genes that
were (i) regulated by PGC1a in vitro, (ii) predicted to be ERRa
targets, and (iii) correlated with PGC1A in prostate cancer data-
sets. In full support of our data, this PGC1a-ERRa activity
signature was inversely correlatedwithMYC expression in various
datasets of patients with prostate cancer (Fig. 5E; Supplementary
Fig. S6D).

Overall, our results provide solid evidence of the anti-invasive
activity of the PGC1a–ERRa transcriptional axis in prostate
cancer.

Discussion
Metabolic deregulation is a hallmark of cancer (2) and

encompasses a variety of biochemical routes, which must be
coordinated to result in a phenotypic change. We postulated in
the past that this strict requirement for coordination could
unveil novel cancer genes. By focusing on transcriptional cor-
egulators that control the expression of an ample set of met-
abolic genes, we discovered the predominant perturbation of
PGC1a in prostate cancer (7, 17). This metabolic regulator
orchestrates the activation of catabolic and antioxidant path-
ways at the expense of anabolism (8). Interestingly, the con-
tribution of PGC1a to cancer biology is complex. Elegant
studies have reported a role of this coregulator: (i) promoting
aggressiveness of breast, pancreatic, and gastric tumors; cho-
langiocarcinoma; glioma; and melanoma (10–14, 38–40), and
(ii) suppressing cancer aggressiveness in prostate, kidney
tumors, and melanoma (9, 15–18). Moreover, the expression
of this coregulator is associated with the efficacy of anticancer
therapies (10, 11, 14, 15, 41, 42).

PGC1a exhibits an activity that is dependent on the tumor type,
ranging from tumor suppressor to advantageous for cancer
cells (7). This coactivator is required for the activity of pancreatic
cancer stem cells (13) and for the survival of breast cancer cells in
circulation (12). In melanoma, the metabolic activity of PGC1a
promotes cell proliferation, whereas the nonmetabolic function
opposes metastatic dissemination (10, 11, 16).This study togeth-
er with reports by us and others demonstrates that PGC1a
suppresses proliferation and invasion in prostate cancer through
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presumably distinct molecular pathways emanating from the
regulation of ERRa, consistent with its tumor- and metastasis-
suppressive function (Fig. 6; refs. 17, 18). Our results mirror the
anti-invasive activity of the coregulator in melanoma, whereas
proliferation is regulated in opposite sense in both tumor types.
This apparent discrepancy could be associated to the tissue-
specific molecular cues that drive these tumors or the distinct
nutrient and metabolic pathways that sustain their growth.

Cancer cell proliferation imposes tremendous pressure to
meet the bioenergetics demands and to generate sufficient
biomolecules to build new cells. We now possess a more
comprehensive view of the metabolic deregulations that sus-
tain or accompany cancer cell proliferation (43). However,
beyond the relevance of cell proliferation in cancer, tumor
cells need to acquire additional capacities that account for
the clinical progression of the disease. The process of metastasis
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Figure 4.
ERRa deletion mediates the effect of Pgc1a on invasive properties and morphology of prostate cancer in vitro and in vivo. A, Representative experiment of ERRa
expression in PC3 Pgc1a cells after treatment with 0.5-mg/mL doxycycline (Dox; n¼ 3; independent experiments).B, Relative cell number quantification upon
ERRa deletion (sgERRa#1 and sgERRa#2) in PC3 Pgc1a expressing and nonexpressing cells. Data are represented as cell number at day 6 relative to day 0 (n¼
3, independent experiments). C, Effect of ERRa deletion in invasive growth upon Pgc1a expression (n¼ 3 independent experiments). One representative
spheroid image of each condition is shown out of three biological replicates. D,Quantification of cell area by phalloidin staining after ERRa deletion alone or in
combination with Pgc1a expression (n¼ 4 independent experiments) in PC3 cells. E, Effect of ERRa deletion alone or in combination of Pgc1a on the cell content
and size in xenograft samples (n¼ 5 per condition). The number of cells per field is an approximate representation of cell area. Dox, doxycycline, Pgc1a-induced
conditions; No Dox, Pgc1a nonexpressing conditions. Error bars, SEM. Dotted line, No Dox condition. Statistic tests: paired Student t test between Control$Dox
andþDox conditions (B), unpaired Student t test betweenþDox control and sg conditions (B), one sample t test with a hypothetical value of 1 (C and D), and
one-tailed Mann–Whitney U test (E). $, P < 0.05; &&/$$, P < 0.01; &&&/$$$, P < 0.001. Asterisks indicate statistical difference between No Dox and Dox conditions
(B, C, and E) and dollar symbols indicate statistical difference between Control Dox and sgERRa#1/sgERRa#2 Dox (B and D).
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is the main cause of mortality in cancer and only partly
depends on cell proliferation, as it requires angiogenesis, intra-
vasation, survival in circulation, extravasation, and resuming
cell growth in a distant organ (44). Our perspective around
the contribution of metabolic regulators to the acquisition
of these features is limited. An exciting possibility stems
from the notion that factors that control metabolic programs
would also regulate molecular cues associated to cancer cell
dissemination.

Little is known about the activities of PGC1a in cancer
beyond proliferation. This coregulator inhibits dissemination
in melanoma through the regulation of ID2-TCF4-Integ-
rins (16). In gastric cancer, a recent report suggests that PGC1a
upregulation supports metastasis though the regulation of
SNAI1 (38). Interestingly, none of these effects are ascribed to
the regulation of its main transcriptional partner, ERRa.
Instead, we demonstrate that the PGC1a-ERRa transcriptional
axis in prostate cancer accounts for the invasive phenotype. We
demonstrate that PGC1a/ERRa status influences signaling
pathways that are important for the regulation of cytoskeletal
remodeling. In turn, changes in pathways related to integrin
and ROCK signaling provide a feasible explanation for the anti-
invasive effects of the coregulator. Interestingly, the set of genes
inhibited in PGC1a-expressing cells that relate to cytoskeletal
remodeling is enriched in MYC promoter–binding sites. These
data are consistent with the notion that PGC1a/ERRa represses
MYC expression and that silencing of this transcription factor
partly phenocopies the effect of PGC1a (18).

Similar to PGC1a, ERRa has opposing effects in different
tumor types (7). Interestingly, we show that this nuclear recep-

tor is required for the tumor suppressive activity of PGC1a,
whereas its deletion delays tumor onset in immunocompro-
mised mice independently of the induction of PGC1a. Our
results could be explained by the differential requirement of
basal ERRa activity for the establishment of tumors (homing
and the initial engagement of cell proliferation in vivo) versus
the proliferation and invasion in later stages. Similar results
were reported for LKB1, which is required for the bypass of
anoikis and the survival of tumor cells in conditions of ener-
getic stress, despite its tumor suppressive nature in established
tumors (45, 46).

ERRa functions predominantly as a transcriptional activator
and is rarely reported to repress the expression of target
genes (47). However, recent studies demonstrate that a subset
of the genes identified by ERRa ChIP-seq is repressed by the
nuclear receptor (48). In this sense, our results demonstrating
that PGC1a/ERRa inhibits the expression of MYC broaden the
spectrum of repressed genes by the protein complex. Interest-
ingly, work by the group of Dr. Frederic Bost (French Institute
of Health and Medical Research, Inserm, Paris, France) reports
that PGC1a regulates an alternative branch of metabolism
(polyamine biosynthesis) through the ERRa-dependent repres-
sion of MYC-ODC1 (18), thus opening new molecular avenues
connecting this coactivator to metabolic pathways that coor-
dinate proliferation and invasion.

In summary, our study together with recent reports (18)
demonstrates that PGC1a/ERRa coordinately controls prolifer-
ative and invasive features in prostate cancer, thus providing a
feasible explanation for its robust clinical association to biochem-
ical recurrence and metastasis.

PGC1a /ERRa

Metastasis

Catabolism
Anabolism

MYC expression
Integrin signaling

Polyamine synthesis
Contractility

• studyThis
Torrano• et Biol. 2016Cellal., Nature
Kaminski• et 2019Researchal., Cancer

Figure 6.
Schematic summary of the main findings.
Torrano et al. (17); Kaminski et al. (18).

Figure 5.
ERRamediates the effect of Pgc1a on integrin signaling and MYC expression in vitro and in vivo. A, RepresentativeWestern blot of the effect of ERRa deletion
alone or in combination with Pgc1a expression on ITGb1, ITGb4, CAV1, and MYC protein expression as well as on cofilin and Src phosphorylation in PC3 cells (n¼
3; independent experiments).B, Effect of ERRa deletion alone or in combination with Pgc1a expression in the gene expression (qRT-PCR) of MYC, TCF4, ITGB1,
ITGA3, and CAV1 (n¼ 4 independent experiments) in PC3 cells. Data are represented by fold change relative to Control No Dox condition that is depicted by a
dotted line. C, Effect of ERRa deletion alone or in combination with Pgc1a expression on ITGb1, ITGb4, CAV1, and MYC protein expression as well as on cofilin and
Src phosphorylation in xenograft samples (Control No Dox, n¼ 9 tumors; Controlþ Dox, n¼ 9 tumors; sgERRa#1 –Dox, n¼ 8 tumors; sgERRa#2þDox, n¼ 8
tumors). D, Effect of ERRa deletion alone or in combination with Pgc1a expression MYC, TCF4, ITGB1, ITGA3, and CAV1 gene expression analyzed by qRT-PCR in
xenograft samples. (Control No Dox, n¼ 4–9 tumors; ControlþDox, n¼ 4–9 tumors; sgERRa#1 No Dox, n¼ 6–8 tumors; sgERRa#2þDox, n¼ 5–6 tumors).
E, Correlation analysis between MYC and the PGC1a-ERRa transcriptional signature in primary tumor specimens of different prostate cancer datasets. Each dot
corresponds to a patient. Sample sizes: Grasso, n¼ 45; Lapointe, n¼ 13; Glinsky, n¼ 78; and TCGA provisional, n¼ 495. Dox, doxycycline, Pgc1a-induced
conditions; No dox, Pgc1a nonexpressing conditions. Error bars, SEM.Western blot quantifications are presented as' SEM. Statistic tests: one sample t test (B),
unpaired t test (B and D), and Spearman correlation R (E). &/$, P < 0.05; &&/$$, P < 0.01; &&&/$$$, P < 0.001. Asterisks indicate statistical difference between
Control No Dox and the rest of the conditions and dollar symbols indicate statistical difference between Control Dox and sgERRa#1/sgERRa#2 Dox.
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Abstract
Oncogene addiction postulates that the survival and growth of certain tumor cells is dependent upon the activity of one
oncogene, despite their multiple genetic and epigenetic abnormalities. This phenomenon provides a foundation for molecular
targeted therapy and a rationale for oncogene-based stratification. We have previously reported that the Promyelocytic
Leukemia protein (PML) is upregulated in triple negative breast cancer (TNBC) and it regulates cancer-initiating cell function,
thus suggesting that this protein can be therapeutically targeted in combination with PML-based stratification. However, the
effects of PML perturbation on the bulk of tumor cells remained poorly understood. Here we demonstrate that TNBC cells are
addicted to the expression of this nuclear protein. PML inhibition led to a remarkable growth arrest combined with features of
senescence in vitro and in vivo. Mechanistically, the growth arrest and senescence were associated to a decrease in MYC and
PIM1 kinase levels, with the subsequent accumulation of CDKN1B (p27), a trigger of senescence. In line with this notion, we
found that PML is associated to the promoter regions of MYC and PIM1, consistent with their direct correlation in breast
cancer specimens. Altogether, our results provide a feasible explanation for the functional similarities of MYC, PIM1, and
PML in TNBC and encourage further study of PML targeting strategies for the treatment of this breast cancer subtype.

Introduction

Breast cancer exemplifies the potential of gene expression
profiling to classify the disease into molecular subtypes
[1–3]. However, these classifications do not inform about
the molecular mediators of tumor progression and metas-
tasis in each subtype of breast cancer. To address this
question, we and others have defined genes and pathways
that are relevant to breast cancer progression, metastasis,
and resistance to therapy [4–6]. The Promyelocytic Leu-
kemia protein (PML), the essential component of the PML
nuclear bodies (PML-NBs), induces apoptosis and inhibits
angiogenesis and cell cycle progression in cancer, thus
complying with the definition of a tumor suppressor [7, 8].
Paradoxically, PML exerts a prosurvival role conferring a
selective advantage in chronic myeloid leukemia and spe-
cific solid tumors [6, 9–15]. In breast cancer, PML regulates
aggressiveness and metastatic features through the control
of the stem cell gene, SOX9, and the Hypoxia-inducible
factor 1 alpha (HIF1α) signaling [13, 15]. Moreover, the
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regulation of cancer-initiating cell (CIC) and metastatic
potential is restricted to PML high-expressing estrogen
receptor-negative breast tumors, predominantly triple
negative breast cancer (TNBC).

The concept that the perturbation of a driver cancer gene
can exert an exacerbated tumor suppressive response in
tumor cells is defined as “oncogene addiction” and provides
a rationale for molecular targeted therapy [16]. Senescence
is a stress response that involves a stable cell growth arrest
as well as an adaptive process to reduce energy consump-
tion for cell division or differentiation and therefore assure
the survival and viability of the cell [17, 18]. Senescence is
induced in vitro by different stimuli including DNA
damage, oxidative stress, oncogene activation, mitochon-
drial dysfunction, or chemotherapy [17, 18]. Cyclin-
dependent kinase inhibitor family (CDKi) is a key reg-
ulator of the senescence response, predominantly through
p53-p21 and/or p16-RB axes [17, 18]. To a lesser extent,
CDKN1B (p27) has been reported to participate in the
activation of the senescence response, in conditions where
p21 and/or p16 are not active [19, 20]. Of note, PML is
required for a fully functional senescence response upon
oncogene activation in tumors where it functions as a tumor
suppressor. In addition, the PML-NBs coordinate the acti-
vation of p53 and the formation of the senescence-
associated heterochromatin foci (SAHF) [21–23].

TNBC exhibits increased levels and activity of various
oncogenes, including MYC and PIM1 [24–27]. Impor-
tantly, these genes regulate metabolic and signaling activ-
ities in this breast tumor subtype, and they represent an
attractive therapeutic vulnerability [24, 26–28]. Whereas
similarities exist among the reported activities of MYC,
PIM1, and PML, their functional association remains
obscure. In this study, we demonstrate that TNBC cells that
express high PML levels are addicted to the nuclear protein,
and its targeting elicits a growth suppressive response that
encompasses MYC and PIM1 downregulation and the
activation of p27-dependent senescence.

Results

PML silencing induces senescence and prevents
tumor growth in vivo

The identification of PML as a novel target in aggressive
breast cancer tumors [13, 15] prompted us to investigate the
molecular consequences of its inhibition in an established
cell culture. To this end, we generated and validated three
PML-targeting doxycycline-inducible and two constitutive
short hairpin RNAs (shRNAs) (Fig. 1a and Supplementary
Fig. 1a) [15]. PML silencing triggered a robust morpholo-
gical change in PML-high expressing cells, MDA-MB-231

(Fig. 1b and Supplementary Fig. 1b), characterized by a
significant increase in size (FSC-A) and granularity
(SSC-A) analyzed by FACS (Fig. 1c and Supplementary
Fig. 1c). These changes in morphology were indicative of a
senescence response. Indeed, the evaluation of senescence-
associated β-galactosidase (SA-β-gal) activity in both
inducible and constitutive systems confirmed this notion
(Fig. 1d, e and Supplementary Fig. 1d, e) in MDA-MB-231
cells. Senescence is defined as an irreversible cell cycle
arrest. Indeed, we could confirm the cell cycle arrest upon
PML genetic inhibition, by means of BrdU analysis
(Fig. 1f) and crystal violet cell number assay (Supplemen-
tary Fig. 1f, g) and that it was not due to an increase in
apoptosis (Supplementary Fig. 1h). Of note, arsenic trioxide
(ATO) did not elicit a senescence phenotype (Supplemen-
tary Fig. 1i). This compound exerts a biphasic effect on
PML; first favors the formation of the PML NBs and then
the degradation of PML. Therefore, the inability of ATO to
recapitulate PML silencing could be due to its molecular
mode of action.

We monitored additional features that were reported for
certain types of oncogene-induced senescence [29]. On the
one hand, proteomics analysis of the supernatant of these
cells indicated that PML silencing resulted in a distinct
secretome, without signs of a canonical SASP (senescence-
associated secretory phenotype) (Supplementary Fig. 1j–l
and Supplementary Table 1). On the other hand, we
ascertained the formation of SAHF. We could not confirm
the existence of SAHF neither at the level of chromatin
condensation nor the formation of macroH2A1.1 foci
(Supplementary Fig. 1m). Lamin B1 loss is a senescence-
associated biomarker [30, 31]. We demonstrated that in our
system PML loss induced a decrease in Lamin B1 protein
levels (Supplementary Fig. 1n–o).

Of note, PML regulates oxidative stress responses
[7, 32]. We ruled out that reactive oxygen species (ROS)
elevation drives senescence in our system since PML loss
does not induce its accumulation (Supplementary Fig. 1p).

Breast CIC capacity is reduced upon PML knockdown in
TNBC cells (with high PML expression), as we demon-
strated in limiting dilution assays with MDA-MB-231 cells
[15]. Here, we hypothesized that the activation of senes-
cence would result in a tumor suppressive response in
established tumors, where the contribution of CIC is neg-
ligible. To test this notion, MDA-MB-231 cells were
injected in the flank of immunocompromised mice, and
once the tumors were established (reaching a volume of
25–130 mm3) doxycycline was administered in the food
pellets to induce PML silencing. In agreement with the
response observed in vitro, xenograft growth was curbed
upon PML knockdown (Fig. 1g, h and Supplementary
Fig. 1q–r) and senescence increase was confirmed by means
of p-HP1γ staining (Fig. 1i, j) [33]. Our data suggest that
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PML silencing in a PML-high expressing TNBC cell line
triggers a senescence response with a partial presence of
classical markers of this process.

p27 is the driver in PML loss-induced senescence

Senescence is executed and sustained at the molecular level
through the activation of growth suppressors, including p53
and the cyclin-dependent kinase (CDKs) inhibitors p21,
p16, and p27 [17, 20, 29]. Since MDA-MB-231 cells harbor
loss of p16 and p53 mutation [34, 35], we proposed p27 as a
candidate to drive PML silencing-induced senescence in our
cell system. Importantly, p27 protein levels were increased

upon both inducible (Fig. 2a and Supplementary Fig. 2a)
and constitutive (Supplementary Fig. 2b) PML silencing
with all the shRNA tested in MDA-MB-231 cells. More-
over, we observed that the induction of p27 protein levels
occurred as soon as 2 days following PML inactivation and
it was maintained up to 6 days of PML silencing (Fig. 2b, c
and Supplementary Fig. 2c–f).

The function of p27 is controlled by changes in its levels
along with its compartmentalization within the cell [36]. To
confirm the functionality of accumulated p27 in PML-
silenced cells, we quantified p27 nuclear localization by
immunoflourescence. As predicted, PML silencing elicited
an increase of nuclear p27 in cells with the three inducible
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Fig. 1 PML silencing induces senescence. Effect of doxycycline-
inducible (150 ng ml−1; 3+ 3 days) PML silencing (sh1, sh4, and sh5)
on PML protein expression (a, representative of at least three
experiments), on the morphology (b, representative images, scale bar,
50 μm), on cell size and granularity (c, FACS analysis, sh1 and sh4,
n= 4, sh5, n= 5), on the number of senescent cells (d; n= 3, repre-
sentative images of SA-β-Galactosidase assay, scale bar 50 μm (e)) and
on the number of BrdU positive cells (f, n= 4) in MDA-MB-231 cells.
Impact of doxycycline-inducible PML silencing (sh4) of established
MDA-MB-231 xenografts on PML protein expression (g), on tumor
growth rate represented as the growth rate of each tumor (h, sh4 no
dox, n= 10; sh4 dox, n= 12; growth rate was inferred from the linear

regression calculated for the progressive change in tumor volume of
each individual tumor during the period depicted in Supplementary
Fig. 1p) and on number of senescent cells measured by p-HP1γ
staining (i, sh4 no dox, n= 4; sh4 dox, n= 4); representative images
of p-HP1γ positive cells, scale bar 100 μm (j) of the tumors. Error bars
represent s.e.m. p, p-value (*p < 0.05, **p < 0.01, ***p < 0.001). One-
tailed Student's t-test was used for cell line data analysis (c, d, f) and
one-tailed Mann–Whitney U-test for xenografts (h, i). sh1, sh4, and
sh5: shRNA against PML, dox: doxycycline, SA-β-gal: senescence-
associated beta-galactosidase, BrdU: bromodeoxyuridine, p-HP1γ:
phospho-heterochromatin protein-1 gamma, molecular weight markers
(kDa) are shown to the right
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shRNA tested (Fig. 2d and Supplementary Fig. 2g). Since
the effect of shRNAs was analyzed in a pooled culture, it is
plausible that there would be heterogeneity in PML levels
across cells within the culture dish. We therefore evaluated
whether the increase in nuclear p27 was ascribed to cells
with a profound decrease in PML immunoreactivity. We
established an immunofluorescence score based on previous
studies [6, 15] (PML low= 0–4 dots; PML high=more
than 4 dots per cell nuclei). In line with our previous results,
we observed a significant inverse association between PML
immunoreactivity and p27 nuclear staining (Fig. 2e–g and
Supplementary Fig. 2h). Moreover, the elevated activity of
p27 upon PML silencing was consistent with the increase in
its mRNA levels, the blockade of Retinoblastoma protein
(Rb) phosphorylation and the reduced transcription of
downstream regulated cell cycle-related genes (Fig. 2h, i
and Supplementary Fig. 2i). In agreement with the results
observed in vitro, p27 accumulation was recapitulated upon
PML knockdown in vivo (Fig. 2j).

Our results reveal that PML silencing in TNBC cells with
high expression of the nuclear protein triggers a senescence
response associated to p27 accumulation. To ascertain the
causal contribution of p27 to the execution of the senes-
cence response, we silenced p27 in MDA-MB-231 cells
concomitantly with PML silencing, using inducible (Fig. 3a,
b) or constitutive (Supplementary Fig. 3a) shRNA systems.
Preventing p27 accumulation upon PML loss hampered the
induction of senescence in a dose-dependent manner
according to the potency of the shRNA against p27 (Fig. 3c
and Supplementary Fig. 3b). Our results demonstrate that
PML loss elicits a senescence response mediated by the
upregulation of p27 in PML high expressing TNBC cells.

Although senescence is a major driver of growth arrest,
we noticed that the amount of SA-β-Gal positivity upon
PML silencing was not comparable to the extent of growth
arrest detected (Fig. 1 and Supplementary Fig. 1). Taking
advantage of our capacity to ablate senescence by silencing
p27, we ascertained the contribution of this response to the
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cell number reduction. Importantly, the growth arrest
caused by PML silencing was not recovered by blunting
senescence (Fig. 3d and Supplementary Fig. 3c), thus sug-
gesting that an additional mechanism may be involved.

MYC and PIM1 are regulated by PML in TNBC

Our data demonstrate that preventing p27 accumulation is
not sufficient to rescue the growth arrest caused by PML
loss. We reasoned that the mechanism through which
PML was regulating growth arrest, p27 accumulation and
senescence might depend on a larger growth-regulatory
program. Interestingly, the oncogenic axis comprised with
MYC and PIM1 kinase shares many similarities with
PML concerning its activity in TNBC. MYC and PIM1
are upregulated in TNBC [24, 26, 27] and inhibit p27
accumulation and function [37]. In addition, MYC reg-
ulates metabolic functions attributed to PML, including
fatty acid β oxidation [6, 10, 38, 39] and its inhibition
induces cellular senescence in lymphoma, osteosarcoma,
and hepatocellular carcinoma [40]. With this data in mind,
we first evaluated the association of PML, MYC, and
PIM1 in breast cancer. We found a significant direct
correlation in various breast cancer transcriptomics data-
sets. This association was evident in two out of four
datasets for MYC-PML and four out of four for

PIM1-PML, when accounting all breast cancer subtypes
(Supplementary Fig. 4a). Since the effect of these genes is
restricted to tumors that lack hormone receptors, we
refined the analysis by focusing on estrogen receptor (ER)
negative tumors. In this scenario, the correlation was
recapitulated in various datasets (Fig. 4a).

We next aimed at deconstructing the molecular regula-
tion of PML, MYC, and PIM1. First, we monitored the
impact of PML silencing on MYC abundance. As predicted,
inducible PML shRNA activation resulted in a remarkable
decrease in MYC protein and mRNA levels in vitro and
in vivo (Supplementary Fig. 4b–h) in two PML high
expressing cells, MDA-MB-231 and MDA-MB-468. Of
note, in line with our senescence results (Supplementary
Fig. 1i), ATO did not alter the abundance of p27 and MYC
(Supplementary Fig. 4i–j).

We next asked to which extent MYC downregulation
was retained in cells devoid of p27-dependent senescence
response. To address this question, we checked MYC
expression upon PML/p27 double silencing in MDA-MB-
231 cells. The decrease in MYC expression upon PML loss
was not recovered with p27 silencing (Fig. 4b), thus pro-
viding a feasible explanation for the lack of rescue in
growth capacity.

We have previously shown that PML can regulate gene
expression in line with its association with discreet
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promoter regions [15]. Since PML silencing resulted in
reduced MYC mRNA levels (Supplementary Fig. 4d, h), we
interrogated MYC promoter in silico using ENCODE [41].
We found PML among the proteins with highest confidence
DNA-binding score in MYC promoter region (Fig. 4c,
cluster score: 527). We performed chromatin immunopre-
cipitation (ChIP) analysis of ectopically expressed PML and

confirmed that PML is in the vicinity of MYC promoter
(Fig. 4d). To ascertain if MYC silencing recapitulated the
effect of PML inhibition, we used a validated shRNA tar-
geting this oncogene (sh42) [42, 43] and confirmed that
MYC silencing resulted in increased p27 levels (Fig. 4e and
Supplementary Fig. 4k), senescence (Fig. 4f, g) and growth
arrest (Supplementary Fig. 4l).
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In the last few years, an important body of work has
demonstrated that PIM1 is an important partner of MYC
function in prostate cancer and TNBC [24, 26]. Moreover,
PIM1 can regulate MYC transcriptional signature and p27
[24, 26]. We monitored the impact of PML on PIM1
expression and function. PML loss resulted in a decrease
in PIM1 gene expression in two PML high expressing
cells, MDA-MB-231, and MDA-MB-468 (Supplementary
Fig. 4m–n). Importantly, we confirmed that PML is in close
proximity to PIM1 promoter by ChIP analysis (Fig. 4h,
cluster score: 383 in ENCODE). We hypothesized that loss
of PIM1 would further impact on MYC function and
recapitulate the aforementioned PML and MYC phenotype.
We silenced PIM1 using a validated shRNA (sh18) [24] and
corroborated that the targeting of PIM1 led to decrease in
MYC abundance, increase in p27 levels, senescence, and
growth arrest in MDA-MB-231 cells (Fig. 4i–k and Sup-
plementary Fig. 4o–q). Altogether, our results provide
strong support for the role of MYC-PIM1 axis supporting
PML-elicited TNBC growth and preventing the accumula-
tion of p27 and senescence.

PML loss-elicited growth suppression in breast
cancer is selective of high PML expressing TNBC

The inactivation of a single oncogene can compromise the
development and survival of tumor cells despite their

genetic or epigenetic abnormalities [16]. We have pre-
viously reported that high PML levels in TNBC are required
for adequate CIC function [15]. Here, the data presented
support the notion that the bulk of tumor cells in a TNBC
with elevated PML is “addicted” to the expression of the
protein. In turn, acute depletion of the nuclear protein
results in growth arrest and senescence. To ascertain whe-
ther the “addiction” was restricted to TNBC cells, we took
advantage of various breast cancer cell lines belonging to
distinct subtypes with differing levels of PML. A second
TNBC cell line (MDA-MB-468) that presented high levels
of PML protein was compared with ER+ cells [15]
(Fig. 5a). Silencing of PML in MDA-MB-468 cells elicited
a remarkable growth arrest, which was not detected in the
ER+ cells Cama-1 and MCF7 (Fig. 5b and Supplementary
Fig. 5a–c). In line with this notion, Cama-1 and MCF7 cells
did not exhibit neither the reduction in MYC expression nor
the induction of p27-dependent senescence, as compared
with MDA-MB-468 cells (Fig. 5c, d and Supplementary
Fig. 5d–g). Moreover, the morphological changes induced
by the loss of PML were only present in TNBC cells
(Supplementary Fig. 5h). Since PML silencing resulted in
a distinct secretory phenotype (albeit not a canonical
SASP), we monitored the secretome of the ER+ cell line
Cama-1. In agreement with our prior data, unsupervised
clustering based on the secretome was ineffective in seg-
regating experimental conditions according to PML status.
Similarly, principal component analysis and hierarchical
clustering reinforced the notion that Cama-1 are refractory
to PML level perturbation (Supplementary Fig. 5i–k and
Supplementary Table 2).

Discussion

PML has been a paradigmatic tumor suppressor since its
discovery [7, 8, 44]. A variety of molecular activities
directly support its reported capacity to prevent many of
the hallmarks of cancer, including the induction of
apoptosis and the inhibition of proliferation or angio-
genesis [7]. Molecular partners such as p53 have rein-
forced this notion. However, the discovery of tumoral
contexts, where the presence of PML is required has
broadened the picture of the roles of this nuclear protein in
disease. Depletion of PML impairs the self-renewal
activity in the leukemic stem cell from chronic myeloid
leukemia [9, 10]. This phenotype is the consequence of
both cell autonomous (the hyper-activation of mTOR
complex1 and the reduction in PPARδ-fatty acid oxida-
tion activity [9, 10]) and non-cell autonomous activities
(regulation of the mesenchymal stem cell in the leukemic
niche [45]), which trigger symmetric commitment and the
loss of the CIC compartment.

Fig. 4 PML regulates MYC and PIM1 expression in TNBC. a Cor-
relation analysis between PML and MYC (top panels) and between
PML and PIM1 (bottom panels) mRNA levels in ER negative tumor
specimens of the indicated breast cancer datasets. Sample sizes:
Ivshina (n= 34), Lu (n= 49), TCGA (n= 117) and Wang (n= 77). b
p27, MYC, and PML protein levels upon doxycycline inducible
silencing of either p27 or PML or both in MDA-MB-231 cells
(representative of three experiments). c Cluster score of DNA-binding
proteins in MYC promoter region using ENCODE database. d MYC
promoter region abundance in chromatin immunoprecipitation (ChIP)
of exogenous HA-PMLIV using HA-tag antibody in MDA-MB-231
cells after induction with 50 ng ml−1 doxycycline for 3 days (n= 3).
Data were normalized to IgG (negative-binding control). e p27, MYC,
and PML protein levels upon doxycycline inducible silencing of MYC
(sh42) in MDA-MB-231 cells (representative of three experiments).
Effect on the number of senescent cells (n= 3) (f) and representative
images, scale bar 50 μm, (g) upon MYC inducible silencing in MDA-
MB-231 cells. h PIM1 promoter region abundance in chromatin
immunoprecipitation (ChIP) of exogenous HA-PMLIV using HA-tag
antibody in MDA-MB-231 cells after induction with 50 ng ml−1

doxycycline for 3 days (n= 4). Data were normalized to IgG (nega-
tive-binding control). i p27, MYC, PIM1, and PML protein levels
upon doxycycline inducible silencing of PIM1 (sh18) in MDA-MB-
231 cells (representative of three experiments). j–k Effect on the
number of senescent cells (n= 3) and representative images, scale bar
50 μm, (k) upon PIM1 inducible silencing in MDA-MB-231 cells.
Error bars represent s.e.m. p, p-value (*p < 0.05, ***p < 0.001). One-
tailed one sample t-test (d, h) and one-tailed student's t-test (f, j) were
used for cell line data analysis. shC: Scramble shRNA, Dox: dox-
ycycline, SA-β-gal: senescence-associated beta-galactosidase. Mole-
cular weight markers (kDa) are shown to the right
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The regulation of CIC activity was recently translated to
solid tumors. To date, glioma and a subset of breast cancers
exhibit PML-dependent self-renewal activity [14, 15],
whereas other tumors, such as ovarian cancers or some
experimental models of hepatocarcinoma development,
exhibit a broad tumor suppressive response upon PML
inhibition [11, 12]. PML expression is selectively exacer-
bated in a subset of breast tumors (TNBC) [6, 13, 15]. Yet,
we lack basic understanding around the impact of PML on
the function of this cell subtype. In this study, we demon-
strate that PML depletion in the bulk of TNBC cells in
culture and in vivo triggers a tumor suppressive response

consisting on growth arrest and the activation of
senescence.

PML has been previously related to the regulation of the
senescence response [21]. However, the majority of studies
associate PML expression to the execution of this growth
suppressive response upon the activation of oncogenes or
replicative stress [11]. Experimentally, ectopic PML
expression triggers senescence, and, conversely, PML
deletion bypasses the senescence response elicited by the
oncogenic form of RAS, thus enabling transformation [46–
48]. Mechanistically, PML supports p53 activity and par-
ticipates in the formation of SAHF [21]. In turn, PML loss
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bypasses the senescence response. Paradoxically, our results
indicate that, in cancer cells with high dependence on PML
expression, its inhibition also triggers a senescence response
that lacks canonical SASP and SAHF. This phenomenon
might have been overlooked in prior studies due to the lack
of data at the time on the role of PML favoring cancer cell
function in specific tumor subsets. Of note, the activation of
senescence in non-transformed fibroblasts upon PML
depletion adds complexity to already extensive portfolio of
PML activities [49].

Oncogene addiction [16] is perceived as an attractive
opportunity in the era of targeted therapies. Our results are
consistent with PML addiction in TNBC cells, even if this
protein cannot be formally considered an oncogene. The
data produced by us and others [6, 13, 15] argue in favor of
a molecular make up in this subtype of breast cancer that
requires the presence of PML in high doses, as opposed to
estrogen receptor-positive tumor cells. In this regard, the
control of MYC and PIM1 expression by PML provides a
feasible explanation for the accumulation of p27 and the
induction of senescence when PML is silenced. To which
extent the relationship between PML, MYC, and PIM1 is
operative in other tumor types becomes now an exciting
question to address. Since PML lacks a dedicated domain to
recognize and bind discreet DNA sequences, the existence
of yet unidentified PML-interacting transcription factors
that enable this regulatory mode warrants further research.

The results obtained in this study represent a conceptual
leap in how we perceive the role of PML in TNBC, and
suggest that targeting this nuclear protein can be beneficial
at multiple levels, including impairing the CIC function
[15], blunting hypoxia signaling [13], and triggering a
senescence response. The quantification of the relative
relevance of each PML effector pathway in the overall
activity of PML could open new opportunities to apply the
biology of PML-regulated TNBC function for breast cancer
treatment.

Materials and methods

Cell culture

MDA-MB-231, MDA-MB-468, MCF-7, and Cama-1 cell
lines were obtained from the American Type Culture Col-
lection (ATCC, Manassas, VA, USA) or from Leibniz-
Institut—Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (DMSZ) who provided an authentica-
tion certificate. None of the cell lines used in this study was
found in the database of commonly misidentified cell lines
maintained by ICLAC and NCBI Biosample. Cell lines
were routinely monitored for mycoplasma contamination
and quarantined while treated if positive. MDA-MB-231

and MCF-7 cells were maintained in DMEM media, MDA-
MB-468 were maintained in RPMI media, and Cama-1
were maintained in DMEM-F12 media, all supplemented
with 10% (v/v) foetal bovine serum and 1% (v/v) penicillin-
streptomycin.

Generation of stable cell lines

293FT cells were used for lentiviral production. Lentiviral
vectors expressing shRNAs against human PML and p27
from the Mission® shRNA Library were purchased from
Sigma‐Aldrich. Cells were transfected with lentiviral vec-
tors following standard procedures, and viral supernatant
was used to infect cells. Selection was done using pur-
omycin (2 μg ml−1; P8833, Sigma) for 48 h or blasticidin
(10 μg ml−1; Cat. 15205, Sigma) for 5 days. As a control, a
lentivirus with scrambled shRNA (shC) was used. Short
hairpins sequence: shC: CCGGCAACAAGATGAAGAG
CACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTT
TT; sh1PML (TRCN0000003865): CCGGCAATACAAC
GACAGCCCAGAACTCGAGTTCTGGGCTGTCGTTGT
ATTGTTTTT; sh4PML (TRCN 0000003867): CCGGG
CCAGTGTACGCCTTCTCCATCTCGAGATGGAGAAG
GCGTACACTGGCTTTTT; sh5PML (TRCN 0000003868):
CCGGGTGTACCGGCAGATTGTGGATCTCGAGATCC-
ACAATCTGCCGGTACACTTTTT; sh1p27 (TRCN
0000039928): CCGGGTAGGATAAGTGAAATGGATA
CTCGAGTATCCATTTCACTTATCCTACTTTTTG;
sh2p27 (TRCN 0000039930): CCGGGCGCAAGTGGAA
TTTCGATTTCTCGAGAAATCGAAATTCCACTTGCGC
TTTTTG. sh42MYC (TRCN0000039642): CCGGCCTGA
GACAGATCAGCAACAACTCGAGTTGTTGCTGATCT
GTCTCAGGTTTTTG. sh18PIM1 (TRCN0000010118):
CCGGACATCCTTATCGACCTCAATCCTCGAGGATT
GAGGTCGATAAGGATGTTTTTT.

Sub-cloning of shC, sh1PML, sh4PML, sh5PML, and
sh42myc into pLKO-Tet-On-Puromycin vector was done
introducing AgeI and EcoRI in the 5′end of top and bottom
shRNA oligos respectively (following the strategy provided
by Dr. Dmitri Wiederschain [50], Addgene plasmid:
21915). Sub-cloning of shC, sh1p27, sh2p27, and
sh18PIM1 into pLKO-Tet-On-Blasticidin was done fol-
lowing the same procedure. Puromycin resistance cassette
was replaced by Blasticidin cassette following Gibson
assembly strategy.

Reagents

Doxycycline (Cat. D9891, Sigma) was used at 150 ng ml−1

to induce the expression of shRNA from pLKO-Tet-On
vectors. Doxycycline-mediated inducible shRNA expres-
sion was performed by treating cell cultures for 72 h with
the antibiotic (150 ng ml−1) and then seeding for cellular or
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molecular assays in the presence of doxycycline for three
more days (unless otherwise specified). ATO (Cat. A1010,
Sigma-Aldrich) was prepared at a concentration of 100 mM
in NaOH 1 N and subsequently diluted to 0.1 mM in PBS
for a working solution. ATO was used at 150 nM for 6 days
as indicated in figure legends.

Cell growth analysis and size measurement by FACS

Cell number quantification was done with crystal violet as
reported [5]. For FACS analysis MDA-MB-231 cells were
trypsinized and resuspended in PBS to be analysed based on
their size (FSC) and granularity (SSC) using a BD FACS-
CantoTM II (BD Biosciences) flow cytometer upon PML
doxycycline-inducible silencing. Data represented in Fig. 1c
correspond to the sum of Q1+Q2+Q3 populations
selected as in Supplementary Fig. 1c. Data were analysed
using the FlowJo software; cell populations were selected
for each shRNA (no dox condition) and differences quan-
tified for increasing size and granularity.

Senescence associated-β-galactosidase detection

To quantify the number of senescent cells, constitutive or
inducible PML/MYC/PIM1/p27 silencing cells was per-
formed as described previously and cells were seeded in
24-well plates in duplicate. An overnight incubation with
the senescence detection kit (QIA117, Calbiochem) was
performed and SA-β-Gal activity was revealed and
quantified (three areas per well, more than 200 cells per
condition). The number of senescent cells in each area
was relativized to the number of total cells counted per
area. Cells were seeded in plates or glass cover slips to
acquire images with EVOS® cell imaging station (×20
magnification objective).

Western blotting, immunofluorescence and BrdU

Western blot analysis was carried out as previously
described [5]. Briefly, cells were seeded on six-well plates.
Cell lysates were prepared with RIPA buffer (50 mM
TrisHCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% SDS,
1% Nonidet P40, 1% sodium deoxycholate, 1 mM Sodium
Fluoride, 1 mM sodium orthovanadate, 1 mM beta-
glycerophosphate and protease inhibitor cocktail; Roche).
The following antibodies were used for Western blotting:
rabbit polyclonal anti-PML, 1:1000 dilution (Cat:
A301–167A, Bethyl laboratories), mouse monoclonal anti-
p27[Kip1], 1:1000 dilution (Cat: 610242, BD Biosciences),
mouse monoclonal anti-beta-ACTIN, 1:2000 dilution (Cat:
3700, Cell Signaling), rabbit polyclonal Hsp90, 1:2000
dilution (Cat: 4874, Cell Signaling), rabbit polyclonal
c-Myc, 1:1000 dilution (Cat: 13987, Cell Signaling), rabbit

polyclonal PIM1, 1:1000 dilution (ab75776, Abcam), rabbit
polyclonal Lamin B1 (ab133741, Abcam), rabbit mono-
clonal anti-cleaved PARP (Asp214), 1:1000 dilution (Cat:
5625, Cell Signaling), rabbit polyclonal anti-cleaved cas-
pase 3 (Asp175), 1:1000 dilution (Cat: 9661, Cell Signal-
ing), mouse monoclonal anti-α-Tubulin (66031–1-Ig,
Proteintech), 1:2500 dilution, rabbit monoclonal anti-
phospho-Rb (Ser780) 1:1000 dilution (Cat: 9307, Cell
Signaling). After standard SDS-PAGE and Western blotting
techniques, proteins were visualized using the ECL on
iBright™ CL1000 Imaging System (Cat: A32749, Invitro-
gen). Densitometry-based quantification was performed
using ImageJ software. Uncropped scans are provided in
Supplementary Fig. 6.

For immunofluorescence, cells were seeded on glass
cover slips in 24-well plates, cells were fixed with 4%
para-formaldehyde (15 min), PBS (three times wash), 1%
Triton X-100 (5 min), PBS (three3 times wash), 10% goat
serum (1 h) and anti-PML antibody 1:100 dilution (cata-
log A301–167A; Bethyl laboratories), anti-p27[Kip1]
antibody 1:100 dilution (Cat: 610242, BD Biosciences)
and anti-macroH2A1.1 antibody 1:100 (Cat: 12455, Cell
Signaling) were added ON (4 °C) in goat serum. Cover
slips were washed with PBS three times and incubated
with secondary antibodies (anti-rabbit Alexa488, anti-
rabbit Alexa594, anti-mouse Alexa488, and anti-mouse
Alexa594; Invitrogen-Molecular Probes) for 1 h (room
temperature). Cover slips were washed with PBS three
times, and DAPI added to stain nuclei (10 min), followed
by mounting with ProLong™ Gold Antifade Mountant
(Cat: P36930, Invitrogen). Immunofluorescence images
were obtained with AxioImager D1 microscope (Zeiss) or
with a confocal microscopy (Leica SP8) with ×63 objec-
tives. At least three different areas per cover slip were
quantified.

For BrdU analysis cells were seeded as for immuno-
fluoresce. Prior to fixing, cells were incubated in the pre-
sence of BrdU (3 ug ml−1). Cells were fixed with 4% para-
formaldehyde (15 min), PBS (three times wash) and DNA
exposed with 2M HCl (5 min), PBS (3 times wash) and 0,1
M sodium borate. After that, PBS (three times wash), 1%
Triton X-100 (5 min), PBS (three times wash), 10% goat
serum (1 h), and monoclonal anti-BrdU (MoBU-1) antibody
1:100 dilution (Cat: B35128, Invitrogen) was added ON (4 °
C) in goat serum. Cover slips were washed three times with
PBS and incubated with secondary antibodies (anti-mouse
Alexa594; Invitrogen-Molecular Probes) for 1 h (room
temperature). Cover slips were washed three times with
PBS and DAPI added to stain nuclei (10 min), followed by
mounting with ProLong™ Gold Antifade Mountant (Cat:
P36930, Invitrogen). Images were obtained with an AxioI-
mager D1 microscope (Zeiss). At least three different areas
per cover slip were quantified.
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Quantitative real-time PCR

Cells were seeded as for western blot. Total RNA was
extracted from cells using NucleoSpin RNA isolation kit
from Macherey-Nagel (ref: 740955.250). Complementary
DNA was produced from 1 µg of RNA using Maxima™ H
Minus cDNA Synthesis Master Mix (Cat# M1682, Invi-
trogen). Taqman probes were obtained from Applied Bio-
systems. Amplifications were run in a Viia7 or QS6 Real-
Time PCR Systems (Applied Biosystems) using the fol-
lowing probes: PML (Hs00971694_m1, cat: 4331182). For
p27 (CDKN1B), MYC, PIM1, CDK2, CDK4, E2F3,
AURKA, and CDC25A amplification, Universal Probe
Library (Roche) primers and probes were employed (p27,
For: ccctagagggcaagtacgagt, Rev: agtagaactcgggcaagctg,
probe: 39; MYC, For: gctgcttagacgctggattt, Rev: taacgtt-
gaggggcatcg, probe: 66; PIM1, For: atcaggggccaggttttc,
Rev: gggccaagcaccatctaat, probe: 13; CDK2, For: aaagc-
cagaaacaagttgacg, Rev: gtactgggcacaccctcagt, probe 77;
CDK4, For: gtgcagtcggtggtacctg, Rev: aggcaga-
gattcgcttgtgt, probe 25; E2F3, For: ggtttcggaaatgcccttac,
Rev: gatgaccgctttctcctagc, probe 40; AURKA, For: gca-
gattttgggtggtcagt, Rev: tccgaccttcaatcatttca, probe 79;
CDC25A, For: cgtcatgagaactacaaaccttga, Rev:
tctggtctcttcaacactgacc, probe 67). All quantitative PCR with
reverse transcription data presented were normalized using
GAPDH (Hs02758991_g1, cat: 4331182) from Applied
Biosystems as housekeeping.

Mice

Xenograft experiments were carried out following the
ethical guidelines established by the Biosafety and Welfare
Committee at CIC bioGUNE. The procedures employed
were carried out following the recommendations from
AAALAC. Xenograft experiments were performed as pre-
viously described [5], injecting 3·106 cells per tumor, two
injections per mouse, one per flank. All mice (female Hsd:
Athymic Nude-Foxn1 nu/nu) were inoculated at
8–12 weeks of age. Nineteen days post injection, once
tumors were stablished (25–130 mm3), mice were fed with
chow or doxycycline diet (Research diets, D12100402)
until the experimental endpoint.

p-HP1γ immunohistochemistry

After sacrifice, formalin-fixed paraffin embedded xenograft
tissues were stained for p-HP1γ. Tissues were depar-
affinized using the standard procedure and unmasking/
antigen retrieval was performed using pH 6.0 solution for
20 min at 98 °C in water bath. Tissue sections were stained
for p-HP1γ using primary antibody Phospho-HP1γ (Ser83)
(Cat. No: 2600, Cell Signaling technologies, 1:200) and

secondary antibody Biotinylated antibody Anti-Rabbit (BP-
9100, Vector Laboratories, 1:200). This was followed by
Vectastain ABC solution incubation (PK-6100, Vector
laboratories, 1:150) and DAB staining (SK-4105, Vector
laboratories) as per the manufacturer’s protocol. Stained
slides were scanned using Leica Aperio AT2 slide scanner.
The criteria for senescent staining used for quantification
was a very prominent nuclear staining in which the nucleus
was bigger in size and its staining was darker brown than
the other cells.

ChIP

ChIP was performed using the SimpleChIP® Enzymatic
Chromatin IP Kit (Cat #9003, Cell Signaling Technology,
Inc) as reported [15]. DNA quantification was carried out
using a Viia7 Real-Time PCR System (Applied Biosystems)
with SybrGreen reagents and primers that amplify the pre-
dicted PML binding region to MYC promoter
(chr8:128748295–128748695) as follows: left primer:
CCGGCTAGGGTGGAAGAG, right primer: GCTGCTA
TGGGCAAAGTTTC and PIM1 promoter (chr6:
37137097–37137612) as follows: left primer: ACTCCCTC
CGTGACTCATGT, right primer: ACGAGGGTGG
TCTTTCTGTG.

Secretome analysis

Secretomes were prepared as previously described [51].
MDA-MB-231 sh4 PML tet on and Cama-1 sh4 PML tet on
cells were pre-induced with doxycycline (150 ng ml−1) for
3 days. Three 150 cm2 plates where seeded per condition:
4 × 106 cells per plate of non-induced cells and 5 × 106 cells
per plate of doxycycline induced cells. After two days, cell
supernatants were removed and cells were washed five
times: the first two washes were performed with PBS and
the last three were made with serum-depleted DMEM. Cells
were left to grow for 24 h in serum-depleted DMEM.
Doxycicline was maintained (150 ng ml−1). Two biological
replicates, each with three technical replicates were
processed.

After 24 h supernatant was collected and one dish per
condition was trypsinized and counted to check cell number
and PML expression. The supernatant was first spun at
1000 rpm for 5 min followed by filtration through 0.2 μm
filtering bottles. After this, it was concentrated using 10 kDa
Amicons; first, 15 mL Amicons (Ref. UCF901024, Merck)
were used, followed by 0.5 mL Amicons (Ref. UCF501069,
Merck) to get final volumes close to 80 μL. The con-
centrated secretome was frozen at −20 °C until proteomics
analysis. Protein concentration was determined with a
Pierce BCA protein assay kit (Thermo Scientific). All
samples were digested with trypsin in-solution prior to
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analysis by liquid chromatography−mass spectrometry (LC
−MS). Tryptic digests were analysed by shotgun pro-
teomics using an LTQ Velos-Orbitrap mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany). The RAW
files of each MS run were processed using Proteome Dis-
coverer (Thermo Fisher Scientific), and MS/MS spectra
were searched against the human database of Swiss-Prot
using the MASCOT (Matrix Science, London, U.K) algo-
rithm. The results files generated from MASCOT (.DAT
files) were then loaded into Scaffold (Proteome Software,
Portland, OR), resulting in a nonredundant list of identified
proteins per sample achieving a protein false discovery rate
(FDR) under 1.0%, as estimated by a search against a decoy
database.

Secretome statistical analysis

Relative spectral counting-based protein quantification
analysis was performed on the different samples analyzed
using Scaffold. Files containing all spectral counts for each
sample and its replicates were generated and then exported
to R software for normalization and statistical analysis [52].
All statistical computations were done using the open-
source statistical package R. The data were assembled in a
matrix of spectral counts, where the different conditions are
represented by the columns and the identified proteins are
represented by the rows. An unsupervised exploratory data
analysis by means of principal components analysis and
hierarchical clustering of the samples on the SpC matrix
was first performed. Then, the GLM model based on the
Poisson distribution was used as a significance test [52].
Finally the Benjamini and Hochberg multitest correction
was used to adjust the p-values with control on the FDR.

Full information regarding the proteins detected in the
secretome analysis can be found in Supplementary Tables 1
and 2.

ROS analysis

MDA-MB-231 cells with inducible shRNA against PML
(sh4) were pre-induced with doxycycline (150 ng ml−1) for
3 days. Then, cells were seeded in a six-well plate in tri-
plicate (1.5 × 105 cells/well) maintaining the doxycycline
concentration. Two additional wells with non-induced cells
were used for positive and negative ROS controls
respectively.

After 72 h, 10 µM of 2′, 7′-Dichlorofluorescin diacetate
(DCF-DA) (Sigma-Aldrich Ref: 35845) reactive was added
to each well and cells were incubated for 30 min. In the last
5 min of the incubation time, 1 M hydrogen peroxide
(H2O2) was added to the positive control well.

Subsequently, cells were washed with PBS and raised
from plates employing 500 µL of trypLE reactive (Gibco™

ref: 12563–011). After that, cells were washed twice with
abundant PBS to eliminate the excess of DCF-DA reactive
and pellets were re-suspended in 500 µL PBS for FACS
analysis. Samples were analyzed in FACS CANTO II for
green fluorescence.

Datasets

Database normalization

All the datasets used for the data mining analysis were
downloaded from GEO and TCGA, and subjected to
background correction, log2 transformation, and quartile
normalization. In the case of using a pre-processed dataset,
this normalization was reviewed and corrected if required.

Correlation analysis

Pearson correlation test was applied to analyse the rela-
tionship between paired genes. From this analysis, Pearson
coefficient (R) indicates the existing linear correlation
(dependence) between two variables X and Y, giving a value
between +1 and −1 (both included), where 1 is total
positive correlation, 0 is no correlation, and −1 is total
negative correlation. The p-value indicates the significance
of this R coefficient.

Statistical analysis

No statistical method was used to predetermine sample size.
The experiments were not randomized. The investigators
were not blinded to allocation during experiments and
outcome assessment. Data analysed by parametric tests are
represented by the mean ± s.e.m. of pooled experiments
unless otherwise stated. n values represent the number of
independent experiments performed or the number of
individual mice. For each in vitro independent experiment,
technical replicates were used and a minimum number of
three experiments were performed to ensure adequate sta-
tistical power. In the in vitro experiments, normal dis-
tribution was assumed and one sample t-test was applied for
one component comparisons with control and Student’s t-
test for two component comparisons. For in vivo experi-
ments, a non-parametric Mann–Whitney U-test was used.
Two-tailed statistical analysis was applied for experimental
design without predicted result, and one-tail for validation
or hypothesis-driven experiments. The confidence level
used for all the statistical analyses was of 0.95 (alpha value
= 0.05).
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