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Even though great advances have been made in the treatment of cancer it remains 

among the leading causes of death worldwide and, in the last decades,  the incidence of 

cancer has increased more than 10% in 113 out of 188 countries studied between 1990 

and 2013 [1]. Consequently, there is a clear need for a better understanding of the 

molecular basis of the disease and to find new therapeutic options. A particularly 

promising field that has emerged in the last decade are non-coding RNAs, and 

microRNAs (miRNAs) in particular, as key regulators of many of the key 

characteristics of cancer. However, very often, studies have sought to identify miRNAs 

that are differentially expressed in cancer without paying sufficient attention to the 

functional consequences of this deregulation, or distinguishing between those miRNAs 

that are functionally important to cancer from those that are 'passenger' or secondary 

events. The central hypothesis of this thesis is to identify miRNAs that are primary or 

´driver´ miRNAs that are functionally important to the ´hallmarks of cancer´ phenotypes 

by using a functional screen approach. In this way it is hoped that we can get closer to 

effectively countering this disease for the benefit of patients. 

1. Hallmarks of Cancer 

The 'hallmarks of cancer' were first defined by Hanahan and Weinberg in their seminal 

paper published in 2000 [2]. They proposed that in spite of the diversity between 

different cancer types, they share certain attributes including the fact that normal cells 

undergo a malignant transformation to become cancerous cells. These characteristics 

were originally defined as self-sufficiency in growth signals, insensitivity to anti-growth 

signals, tissue invasion and metastasis, limitless replicative potential, sustained 

angiogenesis, and the evasion of apoptosis. 

One decade later, in 2011 Hanahan and Weinberg revised their schema to include, not 

only the intrinsic capabilities of tumour cells, but also the contribution of surrounding 

cells that form the "tumour microenvironment" [3]. These ten hallmarks of cancer can 

be summarized as follows (Figure I. 2).  
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Figure I. 2. Hallmarks of cancer. Figure shows the ten different hallmarks of cancer. Modified from D 

Hanahan and RA Weinberg, Cell, 2011. 

Below we discuss the hallmarks of cancer in more detail and how we plan to investigate 

the role of miRNAs in these hallmarks. 

1.1. Sustaining proliferative signalling 

Normal cells need stimulatory signals (also called growth signals (GS)) to proliferate, 

which are highly regulated to maintain tissue and cellular homeostasis. In contrast, in 

cancer, signalling upon GS stimulation is modified, enabling a chronic proliferation 

status [4, 5]. This can be achieved by various  mechanisms including acquiring the 

capacity to produce stimulating signals, an increase in specific growth factor receptor 

production, and/or  stimulating surrounding cells to obtain growth factors from them 

[3]. For example, more than 60% of melanoma patients have BRAF activating 

mutations that induce proliferation through over-stimulation of the ERK signalling 

pathway [6].  
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1.2. Evading growth suppressors 

Cell growth is a highly controlled biological function that in addition to pro-stimulatory 

signals, necessitate opposing growth suppressors which provide a 'brake' to regulate the 

proliferation process. These factors include the tumour suppressor proteins including Rb 

and P53 [7, 8]. In cancer cells, these growth suppressor pathways are frequently 

deregulated. For example, Rb and P53 are frequently disrupted by deletions, truncating 

mutations or missense mutations, as well as indirectly by modulating involved pathways 

such as PTEN or TGFβ [9, 10]. 

1.3. Avoiding immune destruction 

The innate and adaptive immune systems are not only important in protecting humans 

from pathogens, but also play a crucial role against the development of cancer. For 

example by eliminating viral infections that are responsible for some neoplasms (i.e. 

human papillomavirus, Epstein-Barr virus or Kaposi's sarcoma virus) [11], or more 

directly by detecting and eliminating initiating cancer cells or micrometastases [3, 12]. 

The process whereby the immune system identifies and eliminates cancer cells, known 

as tumour immune surveillance, was first identified by immunodeficient mice tumour 

models [12]. 

Tumour cells have developed different mechanisms by which they can escape immune 

surveillance including the expression of T-cell inhibitory molecules, tumour antigen 

loss or down-regulation of MHC molecules [12]. For example, T-cell inhibitory 

molecules such as HLA-G, IL-10 or sCD137 are induced in several cancers, including 

renal, lung, melanoma, colorectal and hepatocellular tumours [13-15]. In addition, in 

melanoma, down-regulation of MHC-encoded molecules down-regulation is being 

associated with disease progression [16].  

1.4. Enabling replicative immortality 

Normal cells have a limited number of divisions before they become senescent or die 

[17, 18]. In contrast, tumour cells have unlimited replicative ability to progress. In 

human cells, telomere length determines the number of divisions a cell will have [19]. 

With each cell division, telomeres are shortened, but tumour cells can avoid this 

shortening by expression of the telomerase enzyme, a molecule not usually expressed in 

normal cells [3].  
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1.5. Tumour promoting inflammation 

Chronic inflammation appears when tissues prolong their protective response against a 

loss of tissue homeostasis [20]. It has been long known that some tumours arise from 

pro-inflammatory conditions [21]. Inflammation contributes to different stages of cancer 

progression, including initiation, promotion, invasion and metastasis [22, 23].

Under inflammatory conditions, immune and inflammatory cells are recruited. These 

cells produce cytokines, chemokines, growth factors, prostaglandins and reactive 

oxygen and nitrogen species, which in turn, help in tumour progression [23, 24]. 

Cancer cells can also produce inflammatory signals increasing tumour inflammation. 

For example, Ras oncogene is able to induce interleukin-8 (IL-8) expression and IL-8 

can initiate tumour-associated inflammation [25]. 

1.6. Activating invasion and metastasis 

Metastasis is the process by which tumour cells escape from their primary site and start 

secondary tumours in distant organs. Acquisition of metastatic potential is a process that 

involves multiple steps and is usually a long process [26]. The different steps involved 

in cancer metastasis include local invasion, intravasation into circulation, survival in 

circulation, extravasation, formation of micrometastases and formation of metastases 

[27].

Cancer cells can become metastatic through several mechanisms. For example, breast 

cancer cells can modulate integrin signalling to modulate extracellular matrix (ECM) 

and invade [28]. Metalloproteases are also deregulated in several cancer types and are 

able to disrupt cell junctions, promoting invasion [29].

1.7. Inducing angiogenesis 

Tumours are metabolically very active and therefore need a constant supply of nutrients 

to grow. Angiogenesis is the process whereby new vasculature is formed, and tumour 

cells can induce angiogenesis to increase their nutrients and oxygen intake.  

Vascular endothelial growth factor (VEGF) is a major player in angiogenesis and is up-

regulated under hypoxic conditions [30, 31]. Tumour cells can promote angiogenesis 

via oncogene signalling. For example, in colorectal cancer, Myc and Ras oncogenes had 

been described to induce VEGF expression and sustain angiogenesis [32]. 
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In contrast, there are several angiogenesis inhibitors, such as TSP-1 that inhibit 

angiogenesis in several cancers including breast [33, 34]. However, under some 

circumstances, TSP-1 can also enhance tumourogenesis in breast and gastric carcinoma 

[35]. 

1.8. Genome instability and mutation 

Genomic instability and mutations are important factors for cancer initialization. 

Through different mutations, cancer cells acquire selective advantages which help 

tumour progression. Although, normal cells possess many mechanisms to detect and fix 

defects in the DNA, with consequent low mutation rates, in cancer cells mutation rates 

are much higher and genetic instability appears even in precancerous lesions, and is 

maintained throughout cancer progression [36]. Indeed, oncogenes such as Ras, cyclin 

E, myc or E2F1 can induce genomic instability [37-39]. These oncogenes can induce 

DNA replication loops to collapse and as a consequence double strand breaks to form 

[40]. Although these double strand breaks result in the activation of p53 protein, in 

cancer this gene is often mutated so that cells are not eliminated and therefore are able 

to progress. 

1.9. Resisting cell death 

In response to physiologic stresses, such as DNA damage or pathogenic infections, cells 

can undergo programmed cell death, also known as apoptosis. There are two mayor 

apoptotic pathways, the first is the extrinsic apoptotic pathway, and receives and 

processes extracellular apoptotic signals. The second is the intrinsic apoptotic pathway 

and processes intracellular apoptotic signals [41]. The activation of those pathways lead 

to an activation of the caspase cascade ending up in cell apoptosis. 

Tumour cells are able to evade cell death through various mechanisms, including most 

commonly the loss of TP53 function, which plays a pivotal role in apoptosis [42]. In 

addition, cancer cells (including colorectal, lung, gastric neuroblastoma, renal, 

lymphoma, prostate and leukaemia) can overcome apoptosis by up-regulation of anti-

apoptotic regulators such as Bcl-2 or by down-regulation of pro-apoptotic factors such 

as Bax or Bim [41, 43, 44]. 
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1.10. Deregulating cellular energetics 

Cancer is energetically a highly demanding disease. Normal cells transform glucose to 

pyruvate under aerobic conditions resulting in ATP generation in the mitochondria, 

whilst under anaerobic conditions little pyruvate is produced and instead energy is 

obtained via glycolysis without using oxygen [3]. In contrast, cancer cells can switch 

their metabolism to glycolysis even under aerobic conditions. This process is known as 

the Warburg effect [45]. The Warburg effect facilitates the ability of cancer cells to 

acquire and metabolize nutrients even though detrimental to a more efficient ATP 

production [46].  

The deregulation of genes, such as Myc, mTOR, HIF1 or Ras, can result in a metabolic 

reprogramming of tumour cells [47-49]. For example, Myc oncogene has been described 

to deregulate glycolisis through over-expression of GLUT1 in Rat1a fibroblasts. In 

addition, HIF1 gene has been described to induce the expression of glucose transporters 

and glycolitic enzymes. such as GLUT1 or hexokinase 2, driving metabolic adaptation 

of cancer cells to hypoxic conditions [49]. 

The overall aim of this thesis is to investigate the role of miRNAs in different cancer 

hallmarks using a functional screen as a tool to elucidate those miRNAs that play a 

direct role in these hallmarks. The following table describes the chapters and the 

relevant hallmarks of cancer studied in the respective chapters (Table I 1).  
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Chapters Title Cancer model 
Hallmark of 

cancer 

Chapter 2 

Identifying the role of miRNAs 

in paclitaxel resistance of breast 

cancer 

Breast cancer Resisting cell death 

Chapter 3 

Identifying the role of miRNAs 

in migration and invasion of 

breast cancer 

Breast cancer 
Sustaining invasion 

and metastasis 

Chapter 4 

Identifying the role of miRNAs 

in hypoxia and bevacizumab 

resistance of colon cancer 

Colon cancer 
Hypoxia and 

angiogenesis 

Chapter 5 
Identifying the role of miRNAs 

in the proliferation of DLBCL 
DLBCL 

Sustaining 

proliferative 

signalling 

 

Table I. 2. Studying different aspects of hallmarks of cancer. Table shows the different chapters of the 

thesis where a particular feature within a hallmark of cancer will be studied. 

2. microRNAs 

2.1. History 

The history of microRNAs (miRNAs) started in the early 90s when two independent 

studies were published in the same issue of Cell journal. In the first article, Lee et al. 

studied the lin-4 containing locus of Caenorhabditis elegans. They found that this locus 

did not encode for a protein but instead for two small non-coding lin-4 transcripts [50]. 

In the second article, Ruvkun et al. found that there are complementary regions to the 

small non-coding lin-4 transcripts in the 3' untranslated region (UTR) of lin-14 gene 

[50]. Thus, these studies discovered a new post-transcriptional regulatory mechanism 

where non-coding RNAs can modulate gene expression by direct binding to the 3' UTR 

region of genes. 

This remained something of an oddity until 2000 when Reinhart et al. discovered a new 

gene in nematodes, lethal-7 (let-7) which encoded a 21 nucleotide non-coding RNA 
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which was necessary for C. elegans development [51]. Later that year, Pasquinelli et al. 

identified let-7 gene homologues in other animal genomes, including vertebrate, ascidia, 

hemichordate, mollusc, annelid and arthropod, as well in the human genome [52]. 

2.2. miRNA biogenesis 

miRNA biogenesis is a controlled and sequential process covering different steps 

starting at primary transcripts and ending in a mature and functional miRNA (Figure I. 

3). 

miRNA genes are localized throughout the genome and can be found in all 

chromosomes [53]. Around 50% of miRNAs are co-transcribed as clusters and the same 

miRNA loci can encode for multiple miRNAs or two different miRNA loci can encode 

for the same miRNA [54, 55]. Most miRNA loci are located within introns of coding 

mRNAs, but there are also miRNAs which are encoded in 3'UTR sequence of coding 

mRNAs or in non-coding mRNAs [56]. 

The transcription process of miRNA genes is usually driven by RNA polymerase II (Pol 

II) [57]. However, it has also been reported that miRNAs encoded within Alu repeat 

sequences can be transcribed through RNA polymerase III (Pol III) recruitment [58]. 

The resulting transcripts, also known as pri-miRNAs, are usually over a thousand 

nucleotide long and contain stem-loop sequences [54]. 

The first maturation step occurs in the nucleus and is driven by Drosha, an RNAse type 

III nuclease [59]. In this step Drosha, with the help of DGCR8 (DiGeorge syndrome 

chromosomal region 8) cofactor, cleaves the pri-miRNA in the stem-loops to produce 

60-110 nucleotides long hairpin structures, also known as pre-miRNAs [60]. 

Alternatively, miRNAs known as mirtrons, do not undergo this maturation step and are 

processed by splicing mechanisms [61, 62].  

Once the pre-miRNAs are generated in the nucleus of the cell, they have to be exported 

to the cytoplasm. This is possible due to exportin 5 (EXP5), which is able to bind to pre-

miRNAs in a Ran-GTP dependent manner [63]. EXP5 is able to identify and bind to the 

stem of pre-miRNAs and this is facilitated by a short 3' overhang [64]. 
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Figure I. 3. miRNA biogenesis. Pri-miRNAs are transcribed and cleaved to pre-miRNA trough Drosha 

DGCR8 complex. Pre-miRNAs are then exported to the cytoplasm by Exportin 5 and further cleaved by 

Dicer. Finally mature sequences are biologically functional to modify gene expression. Modified from 

Lawrie CH, Br J Haematol, 2007. 

In the cytoplasm, pre-miRNAs are cleaved by Dicer endoribonuclease [65, 66]. Dicer, 

along with PACT and TRBP, cleaves pre-miRNAs near the terminal loop and forms a 

~22nt RNA duplex [67, 68].This duplex contains the mature miRNA sequence and the 

antisense passenger strand, also known as miRNA*. The duplex is then loaded into an 

Ago 1-4 protein and the antisense strand of the duplex is usually degraded, despite there 

are some studies that report antisense guide can be functional [69, 70]. Ago, TARBP 

and Dicer proteins together with the miRNA are assembled to create the RNA-induced 

silencing complex (RISC). This complex is guided by the miRNA sequence to target 

sequences which are usually located in the 3'UTR of the target gene mRNA. However, 

it has been described that miRNAs can target also 5'UTR sequences and sequences in 

coding regions [71, 72]. 

Although most miRNAs are generated by the canonical biogenesis, there are other 

miRNAs that undergo different biogenesis (Figure I 4). Some of those miRNAs are the 
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previously mentioned mirtrons, but there are also other miRNAs which are processed by 

Drosha-independent and Dicer-independent alternative biogenesis pathways [73]. 

 

Figure I. 4. Alternative miRNA biogenesis pathways. A) Drosha/DGCR8-dependent and Dicer-

dependent pathway. B) Drosha/DGCR8-independent and Dicer-dependent pathway. C) Drosha/DGCR8-

dependent and Dicer-independent pathway. Modified from Yang JS and Lai EC, Mol Cell, 2011. 

2.3. miRNA function 

The main function of miRNAs is to regulate gene expression at a post-transcriptional 

level. miRNAs are able to guide RISC complex towards target sequences repressing 

gene expression.  

To recognize the target sequence, the first 2-8 nucleotides in the 5' end of miRNAs play 

the most important role [74]. This sequence is also known as miRNA seed sequence and 

is complementary to the target mRNA. The remaining sequence of miRNAs does not 

pair perfectly with the target (in mammals). miRNAs with the same seed sequence 

usually share targets and the seed sequence is used for miRNA classification into 

families [75]. Nowadays, many miRNA target prediction algorithms are based on the 

seed sequence. Despite this, recent studies have shown that miRNA binding is not 

always perfectly complementary to the seed region [76]. 

miRNAs have been described to impair translation of mRNAs. However, mechanisms 

underlying this phenomenon are not completely understood. Recent studies have found 
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that this regulation is achieved by mRNA degradation, destabilization or de-adenylation 

[77, 78]. 

Other non-canonical functions of miRNAs have also been described. Some of these 

functions are opposite to canonical function, which include the induction of target gene 

expression or activation of mRNA translation [79, 80]. miRNAs are also able to interact 

with other molecules apart from mRNAs, like proteins that directly impair miRNA 

activity or long non-coding RNAs (lncRNAs) which could also act as miRNA decoy 

systems [81, 82]. 

2.4. miRNAs and Cancer 

Since miRNAs were first discovered in C.elegans, the relevance of miRNAs on 

different aspects of biology was investigated. The first evidence that miRNAs are 

involved in cancer came in 2002 when miR-15a and miR-16-1 genes were found to be 

located at the chromosome 13q14. This region is found to be deleted frequently in 

patients with B cell chronic lymphocytic leukaemias (B-CLL), suggesting that miR-15a 

and miR-16-1 may act as tumour suppressor miRNAs [83].  

The first evidence that miRNAs could act as tumour promoters, came out in 2005. He et 

al. demonstrated that over-expression of miR-17-92 cluster lead to an increased tumour 

progression in a c-Myc induced B-cell lymphoma mouse model [84]. Since then, tumour 

promoter miRNAs were called oncomiRs. 

Subsequently there have been many thousands of studies that have demonstrated the 

key role of miRNAs in cancer  including those that regulate many, if not all, of the 

hallmarks of cancer [3] (Figure I. 2). Below we review some of the evidence for the role 

miRNAs play in these hallmarks.  

2.4.1. Sustaining proliferative signalling 

A number of miRNAs have a direct implication in modulating cell cycle regulators such 

as PTEN, Myc, INK4 or  members of the RB pathway and Cyclin complexes [85]. For 

example, the miR-17-92 cluster has the capacity to decrease PTEN expression in 

lymphocytes increasing cell proliferation and miR-221/miR-222 can reduce p27 

expression to stimulate proliferation in different tumour types [86-88]. 
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2.4.2. Evading growth suppressors 

P53 can regulate expression of several miRNAs, such as miR-34 family miRNAs, which 

in turn regulate cell proliferation and survival [89]. Other miRNAs can regulate the 

expression of P53 itself, like miR-125, which negatively regulates P53 expression [90]. 

RB pathway  can also be targeted by several miRNAs, including miR-1, miR34, miR-22, 

miR-365, miR-29, miR-145 and Let-7 [91]. 

2.4.3. Avoiding immune destruction 

miRNAs also play a role in modulating immune system. Indeed, miRNAs play a main 

role in T cell and B cell development, as several studies have identified that a miRNA 

deficiency affects the development of those lineages [92]. Changes in the expression of 

immune system modulator miRNAs also have an implication in cancer development. 

miR-155 over-expression promotes pre-B cell proliferation resulting in B cell 

malignancy [93]. Other miRNAs, like miR-10b help tumour cells evade immune system 

surveillance through inhibition of class I polypeptide-related sequence B (MICB), a 

stress-induced ligand of the activating natural killer cell receptor NKG2D [94].  

2.4.4. Enabling replicative immortality 

Human cells have the ability to replicate themselves. However, this capacity varies 

between different cell types, being epithelial cells the ones with a higher replication 

capacity and the cells in the nervous system the ones which divide less. This process is 

highly regulated in normal cells, but tumour cells are able to escape this regulation and 

become immortal [2]. miRNAs also regulate this process at least indirectly, miR-290 

cluster can target Retinoblastoma-like 2 protein (RBl2) and indirectly affect telomere-

length homeostasis [95]. 

2.4.5. Tumour-promoting inflammation 

In normal tissues, inflammation is produced after tissue damage. This inflammation 

recruits inflammatory cells which help in the removal of dead cells and debris. In 

contrast, in a tumour, inflammatory cells can help in the progression of the tumour by 

increasing cell proliferation and inducing angiogenesis [3]. miRNAs can also regulate 

the inflammation process. miR-146a has been reported to negatively regulate the pro-

inflammatory cytokines IL6 and IL8 [96]. Inflammatory cytokines can also induce the 
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expression of miRNAs, IL6 for example induces miRNA-21 expression and contributes 

to tumour progression [97].

2.4.6. Activating invasion and metastasis 

Tumour invasion and metastasis are one of the mayor causes of therapeutic failure in 

cancer. The metastasis process is conformed of different steps, starting at genetic and/or 

epigenetic changes in the primary tumour which lead to local invasion of tumour cells, 

intravasation, survival in circulation and colonization of distant organs [26]. miRNAs 

play a role in every process of cancer metastasis. In breast cancer, miR-10b has been 

shown to promote metastasis both in vitro and in vivo [98]. In contrast, miR-31 is able to 

reduce breast cancer metastasis by inhibiting extravasation and metastatic colonization 

of breast cancer cells [99]. 

2.4.7. Inducing angiogenesis 

Oxygen and nutrients are necessary for cancer progression. When a tumour is growing, 

it promotes new vessel formation to increase oxygen and nutrients availability [100]. 

The hypoxia regulated miR-210 is a key miRNA in angiogenesis, as it can regulate the 

expression of Vascular Endothelial Growth Factor (VEGF), promoting angiogenesis 

[101]. Deregulation of other miRNAs, such as miR-126 or miR-378 can also induce 

angiogenesis by induction of VEGF expression [102, 103].

2.4.8. Genome instability and mutation 

In tumours, there is a high genetic heterogeneity driven by a general genetic instability. 

These alterations of the genome can modify not only the expression of tumour promoter 

or suppressor genes but also the expression of miRNAs. These modifications can give 

advantages to some tumour clones by generating more aggressive phenotypes [3]. In 

addition, many genome repair mechanisms are altered in cancer and miRNAs also play 

a role in the regulation of those mechanisms. The first evidence of the influence of 

chromosomal instability came out when chromosomal 13q14 abnormality in CLL 

resulted in miR-15 and miR-16-1 deletion [83]. Point mutations can also regulate 

miRNA activity, like a SNP mutation in the let-7 binding site of the 3’UTR of KRAS 

gene, increasing lung cancer risk [104].
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2.4.9. Resisting cell death 

miRNAs are involved in the regulation of both apoptotic pathways. Regarding the 

intrinsic pathway, miR-15 and miR-16, which negatively regulate Bcl-2 expression are 

usually not expressed in chronic lymphocytic leukaemias (CLL) [83]. Furthermore, 

miR-491, miR-133a and miR-608 had been reported to directly target BCL-XL inducing 

cell apoptosis [105-107]. In contrast, other miRNAs regulate the extrinsic apoptotic 

pathway. One example of these is miR-21, which regulate FasL expression reducing cell 

apoptosis [108].  

2.4.10. Deregulating cellular energetics 

Tumour cells have the ability to modify their metabolic pathways to reduce metabolic 

dependency increasing their options to survive. Several miRNAs are able to modify 

tumour cell metabolism, like miR-143, which can regulate glucose metabolism in cancer 

cells [109]. Other miRNAs are able to control mitochondrial respiratory chain. miR-

200a, down regulates TFAM expression, which is a key activator of the mitochondrial 

respiratory chain [110]. 

2.5. miRNAs and therapy 

As miRNAs clearly play a key role in cancer pathogenesis there has been much interest 

in their potential as a novel class of therapeutics. There are two main strategies in 

miRNA based therapies, one is the inhibition of miRNAs that are over-expressed (i.e. 

oncomirs) or alternatively the replacement of miRNAs that are missing or down-

regulated (i.e. tumour suppressor miRNAs). 

miRNA inhibition was the first approach taken to modulate miRNA expression. 

Hutvagner et al. demonstrated that 2’-O-methyl modified oligonucleotides could inhibit 

let-7 expression in C. elegans [111]. In 2005,  this technology was labelled antagomir, 

and was used to inhibit endogenous miRNAs in mice, including miR-16, miR-122, miR-

192 and miR-194 [112]. Subsequently antagomirs were further improved by using 

locked-nucleic-acid (LNA) modification [113]. LNA modification enhances the binding 

affinity to miRNAs and reduces degradation by nucleases [114]. Using this technique, 

the first miRNA-based drug was developed, miravirsen (SPC3649), an antagomir 

targeting miR-122 [115]. This drug was found to be stable in plasma and is well 

tolerated, with no dose limiting toxicities [116]. Currently this drug is in a phase II 
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clinical trial for the treatment of patients with hepatitis C (ClinicalTrials.gov: 

NCT02031133). Antagomir based therapies are also being used in the fight against 

cancer. Several studies are now in a preclinical phase and have shown promising results 

in cancer treatment. For example, miR-10b inhibition has been used to reduce breast 

cancer metastasis, or miR-155 inhibition with antimiRs attached to a low pH-induced 

transmembrane structure (pHLIP) to effectively treat lymphoma [117, 118]. 

Therapeutic replacement of miRNAs has also been used as a strategy to treat cancers 

where a particular miRNA is not expressed or is down-regulated (i.e. tumour 

suppressors). This replacement can be performed by delivering miRNA synthetic 

mimics directly, which do not need to be processed or by viral delivery of pri-miRNAs, 

which have to be processed by the tumour cells. The first study using miRNA 

replacement was in 2008, were lung cancer progression was inhibited by the 

replacement of let-7b in an orthotopic xenograph experiment [119]. miR-26a restoration 

by adeno-associated virus (AAV) delivery has also shown promising results in targeting 

liver tumours [120]. miR-34a, which is a potent tumour suppressor has also been 

restored in several experiments for the treatment of lung cancer [121-123]. These 

experiments have shown interesting results, being effective in lung cancer treatment. In 

2013 miR-34a based treatment, MRX34, entered in a phase I clinical trial 

(ClinicalTrials.gov: NCT01829971) to treat patients with solid tumours. This trial has 

now been finished showing effective activity against hepatocarcinoma (HCC), renal cell 

carcinoma (RCC) and melanoma [124]. 

miRNA based therapies have shown promising results so far, and in future, more 

miRNA based therapies will be tested in clinical trials, not only as single agents but also 

in combination with other drugs.  

miRNA as biomarkers have been widely studied comparing expression patterns of 

different cancers. However, understanding the function of each miRNA is still 

challenging, as miRNAs are able to regulate the expression of thousands of genes. 

Functional screening studies can help us to identify miRNAs related with a defined 

biological function, providing us the opportunity to better understand miRNAs-driven 

cancer mechanisms and to develop new anti-cancer therapies. 
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3. Functional screens 

In general terms, there are two major approaches to identify miRNAs (or genes) 

involved with a particular phenotype such as the hallmarks of cancer, using high 

throughput techniques, one is expression profiling study and the other functional 

screening assay [125]. Functional screens over-express or inhibit a subset of genes or 

other molecules and find which genes are associated with certain phenotypic effects. 

Omic technologies have revolutioned cancer research in recent years. In particular, the 

development of next generation sequencing (NGS) technology has lead to a huge 

advance in genomics and transcriptomics [126]. Using DNA sequencing we can have 

the genomic landscape of one disease, one individual or one determined situation (i.e. 

when a particular gene is over-expressed) and with RNA sequencing the transcriptomic 

landscape. In addition, other omic technologies such as proteomics and glycomics can 

provide invaluable information regarding the expression and functioning of proteins 

within a particular condition or individual.  

Despite the widespread use of these techniques, they are difficult to analyse, and still 

there is no consensus pipeline analysis which remains the bottleneck to many studies. In 

contrast, microarrays are more standardized and easier to analyse, but the differences 

observed on both NGS and microarrays could be due to indirect alterations that do not 

represent the real effect of altered molecules in a particular phenotype.  

Furthermore, when miRNA expression is studied, once a differentially expressed 

candidate miRNA is found, bioinformatic approaches are performed to identify possible 

miRNA targets that will enlighten the function of that miRNA. The miRNA target 

prediction algorithms are based in seed match, conservation, free energy and site 

accessibility [127]. However, miRNA target prediction algorithms predict thousands of 

targets for each miRNA and there is not a consensus about the best miRNA target 

prediction tool [128]. 

Functional screens are a valuable tool that overcomes the problems of indirect effects, 

difficult analysis, and regarding miRNAs, does not rely on algorithms to determine 

which could be the phenotype driven by particular miRNAs. Thus, functional screens 

enables us to find driver or key molecules responsible for a determined phenotype or 

cancer type. Among the functional screens, different strategies can be followed based on 
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the regulation of the expression of targets of interest, which can be both coding and 

non-coding genes, such as miRNAs. 

3.1. Functional screening strategies 

There are two main types of functional screens, loss-of-function screens or gain-of-

function screens. In the first, we inhibit the expression of our targets and in the second 

we over-express those targets of interest. Furthermore, those two mains strategies can 

be utilised either with single-plex or multi-plex approach (Figure I 5)[125]. 
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Figure I. 5. Functional screening strategies. Schematic representation of single-plex and multi-plex 

screening assays. In the single-plex screening different target molecules are either over-expressed or 

inhibited individually in separate wells of a multi-well plate. In the multi-plex screening, a number of 

cells are infected with a library for the over-expression or inhibition of a subset of molecules. Both 

functional strategies are then subjected to a phenotypic screening (e.g. cell proliferation, apoptosis, ...) 

and differential selection is observed in multi-well plate of single-plex assays or by observing changes in 

the proportion of populations in multi-plex assays. 

Single-plex Multi-plex

a,    b,  c,  d, ….

• Cell proliferation

• Apoptosis

• Cell invasion

• Drug sensitivity

• Etc.
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The advantages and disadvantages of the different functional screening  types and 

strategies are discussed below. 

3.1.1. Loss-of-function screens 

Loss-of-function screens were first developed in the 1990s in various biological 

systems. Winzeler EA et al. studied the function of Saccharomyces cerevisiae genes by 

constructing a library with precise deletions of one of the different open reading frames 

(ORF) [129]. Other studies used the potential of RNA interference (RNAi) to repress 

gene expression to perform functional experiments with RNAi.  First studies with RNAi 

were performed in invertebrate organisms such as C. elegans and Drosophila 

melanogaster [130, 131]. Once the effectiveness of RNAi in gene silencing was 

demonstrated, further functional experiments were performed with RNAi libraries [132-

134]. 

RNAi not only suppress invertebrate cells but also mammalian cells [135]. So, synthetic 

RNAi libraries were used as functional screens to suppress human genes [136, 137]. 

However, not all human cells can be efficiently transfected with RNAi libraries and 

thus, other delivery methods were developed including the viral delivery of short 

hairpin RNAs (shRNAs) [138]. For the over-expression of shRNAs different virus 

based delivery systems were used, in most cases retrovirus and lentivirus mediated 

delivery [139, 140]. 

Recently, due to advances in genome engineering methods, Clustered regularly 

interspaced short palindromic repeats (CRISPR) based loss of function screens are 

being carried out, whereby the effect of not just coding but also non-coding sequences 

can be investigated [141]. 

3.1.2 Gain of function screens 

Gain-of-function screens involve the over-expression of genes in cells coupled with the 

observation of the associated phenotypic effects. For the over-expression, genes had to 

be delivered into the cell and by a promoter, induce the expression of that gene [142]. 

The first gain of function studies were performed in 1980s and started with the 

construction of genomic libraries of yeast [143, 144]. These libraries were used to over-

express genes in order to find which gene generated resistance to drug treatment [145]. 

Gain of function screens in human cancer followed soon after [146]. 
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Delivery of cDNA was further improved by the use of retroviruses, which are more 

effective in different cell types compared to plasmid based transfections [147-149]. 

Recently, new techniques are giving opportunities to perform new gain of function 

screens. For example, CRISPR-Cas9-AID is being described as a powerful tool to 

generate point mutations into the genome and thus, enabling its use for gain of function 

screening tool [150]. 

3.2. miRNA functional screens 

As mentioned above, miRNAs regulate gene expression at a post-trascriptional level. 

For miRNA functional studies, miRNAs expression can be either repressed or over-

expressed. The first miRNA functional screening study was in 2006, when Voorhoeve 

PM et al. generated a retrovirus-based miRNA expression library to over-express 

miRNAs in cells [151]. Since then, several miRNA functional screening studies have 

been performed. 

For the inhibition of miRNAs, miRNA inhibitors or antagomirs are used. For example, 

Liqin, Du et al. identified miR-133a/b, miR-361-3p and miR-346 inhibitors to sensitize 

lung cancer cells to paclitaxel through a functional miRNA inhibition assay [152]. 

Rebustini, IT et al. used an antagomir library to study developmental alterations and 

found that antagomirs targeting miR-439-3p, miR-325-3p, miR-590-5p or miR-200c-3p 

generated changes in molar germ morphogenesis [153]. These experiments need a good 

knockdown of miRNAs to see phenotypic effect, which many times is difficult to 

achieve. In contrast, over-expression of miRNAs can be easily achieved using different 

expression promoters. Many gain of function miRNA screens use miRNA mimics, 

which ensures the presence of mature miRNAs in the transfected cell [154, 155]. This 

approach ensures the presence of mature miRNAs in the cell, but the canonical miRNA 

processing machinery is not taking part in this process. So, physiological changes 

within the cell derived from miRNA processing machinery will be omitted and 

furthermore, different variants generated from miRNA primary transcript will not be 

present [156]. Another advantage of using the over-expression approach is that in 

general, miRNAs are down-regulated in cancer compared to normal tissues [157]. 

Functional miRNA screenings for the over-expression of miRNAs can be performed in 

different ways. The screening can be done arrayed in single-plex format or pooled in 

multi-plex format (Figure I 5).  
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In arrayed screens, cells are infected individually with each miRNA and functional 

screens are performed in multi-well format (96 or 384-well format). In contrast, in 

pooled screens, cells are infected with a pool of miRNAs and then, functional screens 

are performed.  

In pooled miRNA functional screens, once cells are infected with the pool of miRNAs, 

cells are selected for a determined phenotype and selected sub-population is then 

sequenced and miRNAs detected. This pool-based screening method is more versatile, 

as it can be used for a wide range of applications [158]. In addition, the pool approach 

can be used in in vivo experiments. Because of the biology of miRNAs, having each of 

them multiple targets and with redundant functions, pooled approach also enables to 

synergistic effects of different miRNAs to occur.  

In this thesis, we used a pooled miRNA functional screening approach to explore the 

different aspects of hallmarks of cancer, in breast cancer, colon cancer and diffuse large 

B-cell lymphoma (DLBCL) (Table I 1) 

4. Breast Cancer 

Breast cancer is the most common cancer in women and the second leading cause of 

cancer deaths, only after lung cancer. In 2013, over 1.8 million new cases of breast 

cancer were diagnosed worldwide [1]. Better detection and therapy had improved breast 

cancer prognosis significantly and nowadays over 85 % of women survive more than 5 

years. However, still half of breast cancer patients succumb to disease [159]. The main 

risk factors in breast cancer are sex, age and family history, and also late menopause 

[160]. Breast cancer incidence increases with age in a sigmoidal manner. About 1 % of 

cases are diagnosed before age 30, 2.4 % of cases before age 35, and 6.6 % of cases are 

diagnosed before age 40 [161]. However, the presence of breast cancer in young women 

is often associated with a more aggressive disease [162]. Since the introduction of 

mammography screening, breast cancer is generally detected at an earlier stage [163]. 

For the localization of malignant lesions, the most widely used technique is the 

radioguided occult lesion localization, where a radiotracer is injected in the tumour and 

lesions are visualized by gamma rays [164]. 
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4.1. Breast cancer classification 

Breast cancer is a heterogeneous disease comprised of many different subtypes. Until 

recently classification of breast cancer was carried out by immunohistochemical 

staining of oestrogen receptor (ER), progesterone receptor (PR) and human epidermal 

growth factor receptor 2 (HER2), also known as Erb-B2, although the latter is often 

detecting by FISH [165, 166]. ER is activated by oestrogen hormone and takes part in 

the growth and differentiation of normal breast cancer epithelial cells [167]. Even in the 

70s, ER was associated with breast cancer and endocrine therapy was proposed to treat 

this subset of patients [168]. ER also has the ability to regulate PR expression. When PR 

is expressed it is activated by progesterone hormone and regulates proliferation of breast 

cancer cells [167]. HER2 is a proto-oncogene which encodes a tyrosine-kinase receptor 

located on the surface of breast cancer epithelial cells [169]. In early 90s it was found 

that HER2 was frequently amplified in some breast cancers [170]. 

More recently breast cancer has been classified upon molecular characteristics. The first 

paper which proposed a molecular classification for breast cancer was in 2000. Perou et 

al. analysed gene expression patterns of breast cancer patients by expression arrays and 

found different expression patterns [171]. They proposed 4 sub-groups according to the 

features they found; oestrogen receptor positive (ER+)/luminal like, basal-like, Erb-B2 

positive and normal breast. In 2001, Sorlie et al. also analysed gene expression of breast 

cancer patients and proposed to discriminate luminal tumours in luminal A, luminal B 

and luminal C tumours [172]. In 2009, Parker et al. proposed the PAM50 method, 

which is able to classify tumour types with the expression of 50 genes [173]. With the 

PAM50 method, breast cancer can be divided into luminal A, luminal B, human 

epidermal growth factor receptor 2 (HER2) positive and basal-like subtypes.  

These subtypes did not completely overlap ER status, instead they add more 

information for the classification of cancer types. If we look into receptor status, 

luminal tumours are usually ER and PR positive, whereas basal tumours are usually ER, 

PR and HER2 negative [174]. Tumours that are negative for ER, PR and HER2 are 

called triple negative breast cancer (TNBC). TNBC, along with luminal tumours can 

also be divided in several sub-types [175-177]. 

In recent years Next Generation Sequencing (NGS) has added even more complexity to 

breast cancer classification, introducing new patterns [178-181]. 
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Each different breast cancer subtype has different prognosis [182]. One of the most 

aggressive subtype is the TNBC subtype, which is usually high-grade and highly 

invasive [183]. In addition, when TNBC is refractory to chemotherapy, there are limited 

therapeutic options. Thus, a better understanding of metastasis mechanism and drug 

resistant is crucial in the study of TNBC.

4.2. Breast cancer metastasis 

Metastasis is a multistep process where genetics and epigenetics are mayor players.  For 

a metastasis to occur, cells have to be able to disperse from primary tumour, survive in 

distant organs and ultimately grow and form a metastasis (Figure I 6) [26]. 

Figure I. 6. Metastasis steps. Breast cancer cells are disseminated from primary tumour and only a small 

fraction of them will create micrometastases. From those micrometastasis again, only a couple of them 

will arise in macrometastases which are clinically detectable. Adapted from Vanharanta S and Massagué 

J, Cancer Cell, 2013. 

In breast cancer metastasis, primary tumours spread through blood vessels or lymph 

nodes to the brain, liver, lungs and bones [184]. Among them, the most common organ 

to suffer metastasis is bone, accounting for up to 50% of all metastasis [185].
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It has been recently shown that miRNAs play key regulatory roles in all the different 

steps of metastasis process in breast cancer [186]. Some miRNAs, such as miR-126 or 

miR-335 have shown anti-metastatic effects on in vivo breast cancer models [187]. In 

contrast, other miRNAs are able to induce metastasis. One example is miR-10b, which 

is highly expressed in metastatic cancer and is able to initiate metastasis when over-

expressed in non-metastatic cells [98]. However, further research is needed to fully 

understood the role of miRNAs in breast cancer metastasis and to find novel therapeutic 

options for this disease. 

Along with the relevance of miRNAs in breast cancer metastasis, in recent years, new 

mechanisms that help metastasis to succeed have been proposed. One of these ideas is 

that primary tumours have the ability to modify the microenvironment of distant organs 

by exosome-mediated communication [188]. However, specific markers that enable 

cells to metastasize are unknown in most cases. Thus, it is difficult to develop specific 

treatments against metastasis, although important studies are being done in this 

direction. In this regard, a recent publication proposed CD36 as a universal mechanism 

of cells to metastasize, and it is potentially targetable [189]. 

4.3. Breast cancer treatment 

Primary breast cancer is usually diagnosed by screening mammography and is treated 

locally with good prognostic in many cases. In contrast, when metastases occur, patients 

have a much poorer prognosis [190]. 

Among the different therapeutic options available include surgery, radiotherapy, 

immunotherapy, hormone therapy and chemotherapy. Surgery can either involve the 

whole breast being removed (can be skin-sparing or nipple-sparing) or the breast 

conserving surgery where the muscles are conserved [191-194]. Along with breast 

conserving surgery radiotherapy is often administered, which further improves patient 

survival [195]. 

For hormone positive breast cancers, hormone receptors can be targeted with hormone 

therapy. Tamoxifen is the main drug used in hormone therapy for the treatment of ER 

positive breast cancers and have showed a huge impact in breast cancer management 

[196]. For HER2 positive breast cancer immunotherapy is available. In these cases 
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monoclonal antibodies against HER2 are used, being Trastuzumab one of the most 

widely used ones [197, 198]. 

Finally, chemotherapy is also used as adjuvant or neo-adjuvant therapy to treat breast 

cancer patients. There are several different chemotherapy drugs, being anthracyclines 

and taxanes the most widely used in clinic (Table I 2). From those treatments we are 

going to investigate the role of miRNAs in response to paclitaxel treatment. 

Drug Class Agent Mechanism of action 

Anthracyclines Doxorrubicin Topoisomerase II inhibitor 

Taxanes 
Paclitaxel 

Docetaxel 
Microtubule inhibitor 

Other microtubule 

inhibitors 

Eribulin 

Vinorelbine 
Microtubule inhibitor 

Alquilating Agents 

Cyclophosphamide 

Cisplatin 

Carboplatin 

DNA crosslink 

Antimetabolites 

Metrotrexate 

Gemcitabine 

Fluorouracil 

Dihydrofolate reductase inhibitor 

Ribonucleotide reductase inhibitor 

Thymidine synthase inhibitor 

 

Table I. 2. Example of chemotherapy drugs used in breast cancer. 

Overall, patients treated with chemotherapy had showed good responses, especially 

TNBC patients [199]. However, when TNBC patients are refractory to therapy there are 

no other therapeutic options, as hormone therapy and immunotherapy are not available 

for TNBC patients and therefore, the prognosis for these patients is poor [200]. 

Regarding breast cancer resistance to chemotherapy, miRNAs have been described to be 

involved in resistance mechanisms. For example, miR-16 has been described to sensitize 

breast cancer cells to Paclitaxel, whereas miR-125b, miR-17 and miR-20b have been 

described to induce Paclitaxel resistance in breast cancer [201-203]. Other miRNAs has 

also been described to be involved in response to other chemotherapy agents in breast 

cancer like miR-21 which increases resistance to Doxorubicin in breast cancer cells or 

miR-218 which sensitizes breast cancer to Cisplatin [204, 205]. 
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5. Colon Cancer 

5.1. General features 

Colon cancer is the third leading cause for cancer incidence worldwide and the fourth 

cause of cancer related deaths [1]. Incidence is higher in men than woman and every 

year, colon cancer causes over 700000 deaths worldwide [1]. Prognosis of colon cancer 

patients have improved in the last decades, in part because of screening programmes for 

early detection [206]. In Europe the 5-year relative survival has been increasing to over 

60% [207]. The main risk factors for colon cancer are age, sex, family history, 

inflammatory bowel disease, obesity, diabetes, alcohol consumption and smoking [208]. 

5.2. Colon cancer development 

Colon cancer evolution is usually conformed by sequential steps and it can last more 

than a decade. The first step is the formation of adenomas and inactivation of 

adenomatous polyposis coli (APC) [209]. APC is a negative regulator of β-catenin, and 

when mutated, the Wnt signalling pathway gets activated [210]. The key events in 

adenoma malignization into carcinoma are activating mutation in KRAS gene and 

inactivating mutation in TP53 gene [211]. Along with these mutations, genomic 

instability is a common feature in colon cancer [212]. 

5.3. Colon cancer and hypoxia 

Hypoxia, a reduction in the normal level of tissue oxygen tension, is a 

microenvironmental factor appearing in advanced solid tumours which determines 

tumour behaviour [213]. The presence of hypoxia in tumours, including colon cancer, is 

related with an increased resistance to therapy and a poorer outcome [214, 215]. 

Furthermore, adaptation to hypoxic conditions enables colon cancer cells to metastasize 

[216, 217]. 

The master regulator of hypoxia response is the hypoxia-inducible factor (HIF)-1, 

whose expression is increased under hypoxic conditions [218]. In turn, HIF1 is able to 

activate several genes including the pro-angiogenic vascular endothelial growth factor 

(VEGF) [30]. HIF1 is composed by HIF1α and HIF2 sub-units and both HIF1α and 

HIF2 recognize similar hypoxia response elements (HREs) [219]. However in colon 

cancer HIF1α and HIF2 seem to have divergent roles [220]. 
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Hypoxia can also regulate expression of miRNAs which in turn deregulate several 

biological processes including angiogenesis, cell cycle, DNA repair and energy 

metabolism [221-223]. The main hypoxia regulated miRNA is miR-210, which has been 

reported to be over-expressed under hypoxic conditions in a number of cancer cell lines 

[221, 223]. In contrast, other miRNAs like miR-22 and miR-145 have been reported to 

down-regulate HIF1α in colon cancer cells, resulting in a reduction of VEGF expression 

[224, 225]. 

6. Diffuse large B-cell lymphoma (DLBCL) 

6.1. General features 

Lymphoma is the eight most common cancer type worldwide with more than 450000 

new cases per year [1]. Diffuse large B-cell lymphoma is the most common type among 

lymphoid malignancies, accounting for almost 40 % of all lymphoid tumours [226]. 

Despite great advances had been made in the last years due to anthracycline based 

chemotherapy (CHOP) and more recently, use of anti-CD20 antibody named 

Rituximab, still around half of patients succumb to the disease [227]. 

6.2. DLBCL classification 

DLBCL is characterized by a great clinical and pathological heterogeneity [228]. This 

heterogeneity is also present at the molecular level. Microarray expression experiments 

showed that there are two prognostically different subtypes, GC and ABC subtypes 

[229]. Germinal centre B cells (GC-like) subtype is characterised by switched IgH 

classes and the presence of genetic alterations such as t(14; 18), p53 mutations and 

deletion of PTEN. In contrast, activated B cells (ABC-like) subtype is characterized by 

recurrent CARD11 mutations, BLIMP1 inhibition and constitutive NF-Κβ activation 

[227]. 

6.3. DLBCL and miRNAs 

miRNAs are differentially expressed in DLBCL, being both diagnostic and prognostic 

biomarkers. The characteristic miRNA expression profile of DLBCL is able to 

distinguish DLBCL among follicular lymphoma (FL) and Burkitt's lymphoma (BL) 

[230-233]. 
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Within DLBCL, miRNAs are able to distinguish between GC-DLBCL and ABC-

DLBCL subtypes [230, 234, 235]. miR-421 and miR-17-92 cluster are differentially 

more expressed in GC subtype, whereas miR-155, miR-21, miR-221, miR-222, miR-

146a, miR-363 and miR-518a are highly expressed in ABC subtype (Figure I 7). In 

respect to prognostic value of miRNAs in DLBCL, miR-21 and miR-181a had been 

associated with an improvement in relapse free survival [234, 236, 237]. In contrast, 

miR-222 correlates with poor progression free survival [237]. 

 

Figure I. 7. Schematic representation of the main aberrantly expressed miRNAs in DLBCL. 

Deregulated miRNAs in ABC and GCB DLBCL subtypes. Modified from Lawrie et al., Microrna, 2016. 

miR-155 and miR-17-92 cluster are important miRNAs in the initialization and 

progression of DLBCL. miR-155 expression in DLBCL promotes cell proliferation and 

is associated with treatment failure [233, 238]. In addition, over-expression of miR-17-

92 cluster and MYC oncogene, accelerate lymphoma progression and increase tumour 

aggressiveness [239]. 
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All the aforementioned studies suggest that miRNAs are very important in DLBCL 

progression. So, it is clear that further research in the role of miRNAs in sustaining 

proliferative signaling of DLBCL could provide us relevant information to find new 

therapeutic strategies in order to cure this disease. 

7. Concluding remarks 

As we have seen, a better understanding of the hallmarks of cancer can give us new 

clues on cancer management. In the community different approaches have been used to 

study those hallmarks. Despite the important findings made with the widely used 

screening methods such as expression arrays, next generation sequencing (NGS) and 

proteomics, they might arise with non-specific results due to the systems noise, whereas 

functional screens detect specific driver genes that are relevant in key tumoural 

processes. Moreover, functional screens are very flexible methods that can be used for 

the study of several features of different cancer types. 

In the present work, microrna (miRNA) functional screen is going to be used as a 

method to directly assess the relevance of specific miRNAs in some of the most 

important hallmarks of cancer. These hallmarks include resisting cell death, activating 

invasion and metastasis, inducing angiogenesis and sustaining proliferative signalling. 
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Hypothesis 

The hypothesis of this thesis dissertation is that miRNAs play a functional role in 

hallmarks of cancer and that using functional screening methods we can identify 

miRNAs functionally associated with a defined phenotype. 

Objectives 

• To assess the relevance of miRNAs on resisting cell death, resistance of breast 

cancer upon paclitaxel treatment will be used as a model. miRNAs able to 

generate resistance against paclitaxel-induced death will be screened and 

candidates will be further validated. 

• To assess the relevance of miRNAs on activating invasion and metastasis, 

miRNAs able to modulate invasion and metastasis on breast cancer will be 

screened and candidates will be further validated. 

• To assess the relevance of miRNAs on inducing angiogenesis, a colon cancer in 

vivo model will be used to find miRNAs modulating tumour growth in hypoxia 

and anti-angiogenic treatment with bevacizumab. 

• To assess the relevance of miRNAs on sustaining proliferative signalling, 

miRNAs able to modify proliferation and survival of ABC and GCB DLBCL 

subtypes will be screened and candidates will be further validated 
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1. Cell culture 

1.1. Adherent cell lines 

1.1.1. Breast cancer cell lines 

The panel of different breast cancer cell lines was a kind gift from Dr. Ángel García 

(Inbiomed, Donostia - San Sebastian, Spain). Different breast cancer cell lines were 

used for experiments in the following chapters. These cell lines differ in respect to their 

hormone receptor status as shown below (Table III.M. 1). MCF7, ZR751, T47D, 

HCC1937 and HCC1569 cells were grown in Roswell Park Memorial Institute Medium 

(RPMI) (Gibco™, ThermoFisher Scientific, DE, USA) supplemented with 10% of Fetal 

Bovine Serum (FBS) (Gibco™, Thermo Fisher Scientific, DE, USA). MDA-MB-453, 

MDA-MB-435, MDA-MB-468, HCC1806, BT474, SKBr3, LM2 and MDA-MB-231 

cells were grown in Dulbecco's Modified Eagle Medium (DMEM) (Gibco™, Thermo 

Fisher Scientific, DE, USA) supplemented with 10% FBS. MDA-MB-436 cells were 

grown in DMEM media with 10% FBS and were supplemented with 10µg/mL of 

insulin.  

 
ER PR HER2 

MDA-MB-231 - - - 

MDA-MB-435 - - - 

MDA-MB-436 - - - 

MDA-MB-468 - - - 

MDA-MB-453 - - + 

MCF7 + + - 

SKBr3 - - + 

BT474 + + + 

T47D + + - 

ZR751 + - - 

T47D + + - 

HCC1569 - - + 

HCC1937 - - - 

HCC1806 - - - 

 

Table III.M. 1. Hormone receptor status of breast cancer cell lines used. Estrogen receptor (ER), 
progesterone receptor (PR) and herceptin receptor (HER2). 
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1.1.2. Colon cancer cell lines 

Colon cancer cell lines were used for hypoxia and angiogenesis chapter. Colon cancer 

HCT116 wt cell line was obtained from Cancer Research UK Cell Services and 

HCT116 HIF1a-/- cell lines was a kind gift from Dang, LH research group [240]. 

HCT116 wt and HCT116 HIF1a-/- cell lines were grown in DMEM supplemented with 

10% FBS.  

1.1.3. Kidney cell lines 

Kidney cell line HEK293 was obtained from the American Type Culture Collection 

(ATCC, Virginia, USA) and grown in DMEM supplemented with 10% FBS. 

1.2. Non-adherent cell lines 

1.2.1. Diffuse Large B-cell Lymphoma (DLBCL) cell lines 

 - ABC subtype: RIVA and OCI-LY-3 cell lines were cultured in RPMI media 

supplemented with 10% FBS and OCI-LY-10 cell line was cultured in RPMI media 

supplemented with 20% of human serum. 

 - GCB subtype: SU-DHL-4 and SU-DHL-10 cell lines were grown in RPMI 

media supplemented with 10% FBS 

2. Lentiviral infections 

Lentiviral infections were performed in different well formats, at different MOIs and 

with a single lentivirus clone or a pool of lentiviruses. In general, cells were seeded at 

50-70 % confluence and the next day, media was replaced with media containing the 

required amount of lentiviruses along with polybrene at a final concentration of 6 

µg/mL. This was left to absorb for 24 hours before changing the media again. After 72 

hours post-infection, puromycin was added to the culture at a concentration of 1 µg/mL 

to select infected cells. 

3. Extraction of nucleic acids 

3.1. Genomic DNA extraction  

3.1.1 Cultured cells: DNA was extracted from 5x104 to 10x104 cells pellets with 

Nucleospin® Tissue Kit (Macherey-Nagel) according to manufacturer's instructions. 

This kit uses SDS and proteinase K for lysis and DNA binding is based in silica-
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membrane technology. DNA was eluted in 30 µL H2O and quantified with NanoDrop® 

ND-1000 spectrophotometer (ThermoFisher Scientific, DE, USA). 

3.1.2 Frozen tumour biopsies: DNA was extracted from liquid nitrogen frozen tumour 

material of 0,5-1 cm3. Tumours were mechanically disrupted with scalpels (Swann-

Morton®, Sheffield, UK) and DNA was extracted with QIAmp DNA Mini Kit 

(QUIAGEN, Venlo, Netherlands) according to manufacturer's instructions. This kit uses 

enzymatic lysis and DNA binding is based in silica-gel membrane technology. DNA 

was eluted in 200µL H2O and quantified with NanoDrop® ND-1000 spectrophotometer 

(Thermo Fisher Scientific, DE, USA). DNA was stored at -20ºC. 

3.2. Plasmid DNA extraction 

For plasmid DNA isolation, Miniprep and Maxiprep methods were performed. These 

methods had two steps, first bacterial lysis and then DNA isolation. For lower yields, 

QIAGEN Plasmid Mini Kit (QUIAGEN, Venlo, Netherlands) was used, starting from 

an overnight (o/n) bacterial culture of 3 mL following manufacturer's instructions. For 

higher yields, QIAGEN Plasmid Maxi Kit (QUIAGEN, Venlo, Netherlands) was used, 

starting from an o/n bacterial culture of 250 mL following manufacturer's instructions. 

Isolated DNA was eluted in DNAse/RNAse free H2O and stored at -20ºC. 

3.3 Total RNA extraction 

3.3.1. Cultured cells: Total RNA was extracted using Tri Reagent® (Ambion). Briefly, 

cells were resuspended in 1 mL of Tri Reagent® and incubated 10 minutes at room 

temperature. 200 µL of chloroform was added to samples and samples were vortexed 

for 20 seconds. Samples were left 15 minutes in the bench and then centrifuged at full 

speed for 15 minutes at 4ºC. Aqueous phase was transferred to new eppendorfs and 500 

µL of isopropanol was added and mixed by inversion. After 10 minutes samples were 

centrifuged at full speed for 15 minutes at 4ºC. Resulting RNA pellet was washed with 

75 % ethanol and after ethanol removal samples were left to dry at room temperature for 

30 minutes. Finally, pellets were resuspended in 30 µL of DNAse/RNAse free water 

(Thermo Fisher Scientific, DE, USA). RNA quantification was determined with 

NanoDrop® ND-1000 spectrophotometer (ThermoFisher Scientific, DE, USA). RNA 

was stored at -80ºC. 

3.3.2. Tumour biopsies embedded in paraffin: Slices of tumour material embedded in 

paraffin were cut manually with HM355s microtome (Thermo Scientific, DE, USA). 

First cuts from paraffin samples were discarded in order to avoid RNA degraded 
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material. Then, 3 cuts of 10 µm thick were cut from each sample and collected. Total 

RNA was extracted with RecoverAll™ kit (Thermo Scientific, DE, USA) according to 

manufacturer's instructions. RNA was eluted in 30 µL of DNAse/RNAse free water 

(Thermo Fisher Scientific, DE, USA). RNA quantification was determined with 

NanoDrop® ND-1000 spectrophotometer (ThermoFisher Scientific, DE, USA). RNA 

was stored at -80ºC. 

4. pCDH PCR 

The pCDH lentiviral vector is described on page number 52. Samples containing the 

miRNA library were PCR amplified with pCDH primers (pCDH-F: 

CACGCTGTTTTGACCTCCATAGA, pCDH-R: CACTGACGGGCACCGGAG). These primers 

are designed flanking the cloning site of the lentivirus and allow to amplify the miRNA 

sequence inserted into the genome of cells. Briefly, 100ng of DNA was added to the 

PCR mix (5µL Buffer 10x, 2µL Mg2+, 1µL dNTP, 1µL FW primer, 1µL RV primer, 

29,6µL H2O and 0,4µL BIOTAQ™ DNA polymerase) (BIOLINE, London, UK). PCR 

reaction was carried out in a Verity Thermal Cycler (Applied Biosystems™). Samples 

were de-naturalized for 1 minute at 95ºC and 26, 28, 30 or 32 cycles were performed in 

three steps (95°C for 30 seconds, 62°C for 30 seconds and 72°C for 45 seconds). A final 

elongation step of 3 minutes at 72ºC was done and samples were cooled to 4ºC. 

5. Reverse transcription (RT) 

5.1. miRNA RT: Complementary DNA (cDNA) was obtained with TaqMan® 

MicroRNA Reverse Transcription Kit (Applied Biosystems™, California, USA) 

starting from 50ng of total RNA  using specific miRNA-RT oligonucleotides, according 

to manufacturer's instructions. RT reaction was carried out in a Verity Thermal Cycler 

(Applied Biosystems™, California, USA 

5.2. Total RNA RT: Complementary DNA (cDNA ) was obtained with High 

Capacity Reverse Transcription Kit (Applied Biosystems™, California, USA) starting 

from 500ng of total RNA using random primers, according to manufacturer's 

instructions. RT reaction was carried out in a Verity Thermal Cycler (Applied 

Biosystems™, California, USA) 



  General Materials and Methods 

43 

6. Quantitative polymerase chain reaction (qPCR) 

6.1. miRNA qPCR: The amplification reactions were performed in triplicate using 

TaqMan specific miRNA probes in an Applied Biosystems 7300 Fast Real-Time PCR 

System qPCR machine. Relative expression quantification was calculated using 2-ΔCt 

method normalizing Ct values of genes with Ct values of housekeeping controls 

(RNU6b and RNU48).  

 

6.2. mRNA qPCR: The amplification reactions were performed using designed 

oligonucleotides and amplification was measured using SYBR green (Thermo Fisher 

Scientific, DE, USA) in an Applied Biosystems 7300 Fast Real-Time PCR System qPCR 

machine. Relative expression quantification was calculated using 2-ΔCt method 

normalizing Ct values of genes with Ct values of housekeeping controls (Gapdh or 

Actin).  

7. DNA gel electrophoresis 

Agarose gels at varying concentrations of 0.8-2 % were prepared to effectively separate 

DNA fragments. Agarose (Ecogen, Barcelona, Spain) was mixed with 1xTBE buffer 

(Bio-Rad, California, USA) and heated into a microwave until agarose was completely 

diluted. GelRed (Biotium, California, USA) was added to the gel prior to solidification 

to enable visualization of DNA bands under UV light. Along with loaded samples, 

ΦX174 DNA-Hae III ladder was used (New England Biolabs, MA, USA). 

8. Next Generation Sequencing (NGS) 

NGS was carried out in the Genomics Platform of Biodonostia Institute. In brief, 

pCDH-PCR products were used to construct libraries as described by the manufacturer 

(Life Technologies, Carlsbad, CA, USA). Libraries were loaded into the appropriate Ion 

Chip, depending on the number of samples sequenced and the expected complexity of 

the library (Figure III.M 1) [241].  
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Figure III.M.1. Ion Torrent sequencing chips. A) Chip name. B) Number of wells (in millions). C) 

Image of the chip. D) Relative size of the sensor array area. E) Individual micro-wells and underlying 

electronics. Modified from B. Merriman and JM Rothberg, Electrophoresis, 2012. 

Samples were then sequenced using an Ion Torrent Personal Genome Machine (PGM) 

(Life Technologies). The PGM performs DNA sequencing based on the detection of 

changes in the pH (Figure III.M 2) [242]. The method is based in the synthesis of a 

complementary sequence of the template strand and during the process, ions are 

released with every nucleotide incorporation and the pH of the well changes, this 

change in pH can be detected, thus identifying each sequenced nucleotide base. 
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Figure III.M.2. Ion Chip well architecture. Schematic representation of a well. When a bead containing 

the DNA template falls into the well, complementary DNA strand is synthesized. With each nucleotide 

incorporation, a proton (H+) is released, changing the pH of the well (ΔpH). This produces a change in the 

surface potential of the metal-oxide-sensing layer which can be detected to identify the identity of the 

incorporated base. Modified from JM Rothberg et al. Nature. 2011. 

9. Next Generation Sequencing Analysis 

In NGS experiments, different samples were sequenced together and an output file for 

each sample was obtained. Those files were downloaded and each file was analysed in 

the same way using Galaxy server or Linux operating system. 

9.1. Analysis in Galaxy server 

We used the pipeline available at the Galaxy Server [243] to analyse all samples one 

by one. First, FASTQ files were converted to FASTA with FASTQ to FASTA 

converter. The quality formats from sample files were standardized with FASTQ 

Groomer tool. Identical sequences were then collapsed with Collapse tool and 

adapter sequence (CTGACGGGCACCGGAGCGATCGCAGATCCTTCGCGGCCGCGGATC) was 

removed with Clip tool. Next, sequences were mapped with Bowtie aligner to the 

human Hg 19 reference genome.  
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Aligned files were converted from SAM to BAM format with SAM to BAM 

conversion tool. Cufflinks tool was used to estimate fragments per kilobase of exon 

per million reads mapped (FPKMs).  

9.2. Analysis in Linux operating system 

9.2.1. Multi-sample processing  

In order to facilitate the analysis, a command was developed in Linux operating system. 

This command is a loop where all samples in a file with the same termination (.fastq, 

.sam, .bam, etc...) are analysed sequentially. An example is described in Figure III.M. 3. 

 
Figure III.M. 3. Multi-sample analysis loop. An example of the loop, where all the  names different 

files ending with ".fastq" are taken from the file (named as "i"). In this case, adapter sequences are 

trimmed and the loop generates an output file ending in "output.fastq" for each input file. The name of the 

input files is conserved in output files. 

9.2.2 Data pre-processing 

Adapter trimming: FASTQ files were downloaded from Ion Torrent Server and adapters 

were removed with cutadapt software [244]. The command used was: cutadapt -a 

adapter.sequence -m 18 -q 20 -o output.file imput.file. After trimming, only reads with a 

quality higher than 20 and with a minimum length of 18 bases were saved for future 

analysis.  

9.2.3. Alignment of sequences 

Reads were aligned against human GRCh37 human genome downloaded from Ensembl 

with bowtie2 aligner [245, 246]. The command used was: bowtie2 -x reference.genome 

imput.file -S output.file.  

After alignment, the resulting .sam files were compressed to .bam files with the 

following command: samtools view -bS imput.file > output.file. Files were then sorted 

and indexed to facilitate future processing with these commands: samtools sort 

imput.file -o output.file and samtools index imput.file. 
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9.2.4. Counting features 

Once reads were aligned, sorted and indexed, the number of reads mapping a specific 

feature (gene, miRNA, etc...) were counted with HTSeq software [247]. The command 

used for this was: htseq-count -q -a 0 -i gene_name -f bam imput.file features.file (based 

on GRCh37).  

9.2.5. Differential expression analysis 

After number of counts were calculated for each sample, a matrix was done with all 

those counts. With that matrix, differential expression analysis was performed in R 

statistics software with DESeq package according to DESeq manual [248]. 

10. Sanger sequencing 

After amplifying desired fragments by PCR, products were cleaned with ExoSAP-IT™ 

(Thermo Fisher Scientific, DE, USA). Briefly, 5µL of PCR product were mixed with 

ExoSAP and incubated 15 minutes at 37ºC followed by 15 minutes at 80ºC. Then, 

Sanger sequencing reaction was performed. This reaction consist on a PCR where 

3,25µL of purified PCR product is mixed with 0,5µL of Reaction premix, 1,25µL of 

Big Dye (Thermo Fisher Scientific, DE, USA) and 1,5µL of sequencing primer. The 

PCR conditions used were: 3 minutes at 94ºC, 25 cycles of 10 seconds at 96ºC, 5 

seconds at 50ºC and 4 minutes at 60ºC and finally samples were cooled down to 4ºC. 

Samples were sequenced in an ABI PRISM 3130 genetic analyzer (Thermo Fisher 

Scientific, DE, USA). Finally sequences were analysed with Mutation Surveyor® 

(SoftGenetics, PA, USA) software or with BioEdit Sequence Alignment Editor [249]. 

11. Production of competent bacteria 

Competent bacteria were produced from XL1-blue Escherichia Coli strain. Briefly, 

XL1-blue bacteria were grown o/n in 6mL LB broth (Conda, Madrid, Spain). Next day, 

1mL from o/n culture was added to 300mL of LB broth and were grown at 37ºC in a 

shaker Incubator OPAQ (OVAN, Barcelona, Spain). Every hour 1 mL of culture was 

removed and measured the OD at 600nm in a GeneQuant pro spectrophotometer 

(Amersham, Little Chalfont, UK). Bacteria were grown until OD600 reached a value of 

0,5-0,8. Then, bacteria were poured in 50mL disposable centrifuge tubes and kept on ice 

for 10 minutes. Bacteria were centrifuged at 2600 rpm, at 4ºC for 10 minutes and 

supernatant discarded. Each 50mL tube with bacteria were resuspended in 2mL of 
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sterile 100mM CaCl2 and 15% glycerol (Panreac, Barcelona, Spain) and 350µL were 

aliquoted in 1,5 centrifuge tubes. Finally, they were stored at -80ºC. 

12. Transformation into competent bacteria 

For plasmid transformation into competent bacteria, XL1-Blue competent bacteria were 

defrosted and mixed with 3µL of plasmid or ligation reaction. They were incubated for 

30 minutes on ice and then transformation was done by a heat shock of 2 minutes at 

42ºC in a block heater (Thermo Fisher Scientific, DE, USA). Bacteria were then 

immediately placed on ice. SOC medium (250µL) were added to bacteria and they were 

incubated for 1 hour at 37ºC in agitation in a shaker Incubator OPAQ (OVAN, 

Barcelona, Spain). Finally bacteria were seeded in LB agar (Conda, Madrid, Spain) 

plates with 100µM ampicillin (Gibco™, Thermo Fisher Scientific, DE, USA) and 

incubated o/n at 37ºC in an incubator (Selecta, Barcelona, Spain). Next day, ampicillin 

resistant colonies were grown and picked individually and were either amplified in LB 

broth (Conda, Madrid, Spain) or PCRed for sequencing.  

13. Statistical Analysis 

For statistical analysis, GrapPad Prism 7.0 statistical analysis software was used 

(GraphPad Software, La Jolla California, USA). If not otherwise specified, experiments 

were performed in biological triplicates. When two means were compared, t-test was 

used if the samples followed a normal distribution or Mann-Whitney test if there was 

not a normal distribution. When means between repeated measures were compared (i.e. 

same patients pre and post treatment), paired t-test was used if the samples followed a 

normal distribution or Wilcoxon matched-pairs signed rank test if there was not a 

normal distribution. For dose-dependence curves, Sigmoidal dose-response analysis was 

performed. For correlation studies, Pearson correlation coefficients were calculated. For 

contingency table analysis, Fisher's exact test was used. For survival studies Log-rank 

(Mantel-Cox) test was used. 

For miRNA differential expression analysis DESeq package was used in R statistics 

software according to DESeq manual [248]. 
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1. Introduction 

In cancer, miRNAs play important regulatory roles by either promoting or suppressing 

cancers [250]. Cancer associated miRNAs can be identified by several methods and the 

most widely used one is to detect them through expression profiling, where miRNA 

expression of cancer tissues are compared with other cancer tissues or non-cancerous 

tissues [125]. For expression profiling screens, microarray expression or next generation 

sequencing techniques are used [231, 251, 252]. However, these techniques are not able 

to identify the particular phenotype caused by each miRNA. Furthermore, bio-

informatics using target prediction algorithms are still not good enough elucidating 

miRNA targets [156]. 

An alternative screening method which overcomes aforementioned problems are 

miRNA functional screens, over-expressing miRNAs by various expression systems 

(e.g. expression plasmids, retroviruses or lentiviruses) or inhibiting expression by 

siRNAs or other miRNA inhibitors. In addition, these miRNA functional screens can be 

arrayed or pooled screens. In the arrayed screens cells are infected individually with 

each miRNA and in pooled screens cells are infected with a pool of miRNAs [156, 

253]. 

As we decided to pursue a pooled approach rather than a systematic testing of 

individual miRNA clones for the reasons described above at page 22, we needed to 

design and test a novel functional screening system based on the miRnome. This 

included the novel use of a PGM NGS (Ion Torrent) approach to measure the 

complexity of our starting and phenotypically selected cell populations. This chapter 

describes the experiments and reasoning we used to design the final functional screen 

approach for the following chapters.  
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2. Materials and methods 

2.1. miRNA library 

We obtained a miRNA-encoding lentiviral library from InteRNA Technologies of the 

Netherlands as part of a collaborative agreement. This library comprises 698 human 

individual miRNAs (i.e. the complete miRnome (miRBase V.14)) and has been 

previously described by Poell et al. [156]. These were supplied in separate tubes 

allowing us to pool them. The library was constructed by System Biosciences (System 

Biosciences, CA, USA), and contains the full length miRNA hairpin (i.e. pri-miRNA) 

plus ~100 nucleotide flanking sequence on each side cloned into the pCDH-CMV-

MCS-EF1-Purovector (Figure IV.M. 1).  

 

Figure IV.M.1. miRNA lentiviral library. Schematic representation how the miRNA lentiviral library 

was produced. 

Expression of the pri-miRNA is under a CMV promoter and the pCDH vector also 

includes a puromycin resistant gene for positive selection in cultured cells and 

resistance to ampicillin for bacterial culture selection (Figure IV.M. 2). It also contains 

the WPRE element to enhance the translation and stability of the transcripts produced 

under CMV promoter, and cPPT, gag, env and LTRs genetic elements, which are 
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necessary for viral packaging, transduction and integration into the genomic DNA. The 

SV40 origin helps the plasmid to effectively transduce into mammalian cells.  

 

Figure IV.M.2. pCDH-CMV-MCS-EF1-Puro vector map. Figure shows the different components of 

pCDH vector. 

2.2. Cloning of scramble sequence  

To create a lentivirus with the same backbone as the commercial library and over-

expressing a scramble sequence, first pCDH-CMV-MCS-EF1-Puro cDNA cloning and 

expression vector was purchased from System Biosciences (System Biosciences, CA, 

USA). Then, the scramble sequence was copied from CmiR0001-MR03 plasmid 

(GeneCopoeia™, Rockville, USA) by carrying out a PCR with primers designed for 

posterior sub-cloning into pCDH vector, which include XbaI and EcoRI restriction 

enzyme sites (Table IV.M 1).  

Oligo name Sequence 
Scr cloning Fwd 5'-AATCTAGATGCATGTCGATAACGCAGAG-3' 

Scr cloning Rev 5'-GGGAATTCAAAAAAGCTTTGAAGCAACT-3' 

 

Table IV.M. 1. Scramble cloning oligonucleotides. The table shows the sequences of the ordered 

oligonucleotides. Highlighted in yellow are XbaI restriction site (Fwd primer) and EcoRI restriction site 

(Rev primer). 

The PCR conditions were a denaturation step of 1 minute at 95ºC, 35 cycles of 30 

seconds at 95ºC, 30 seconds at 62ºC and 40 seconds at 72ºC, a elongation step of 3 
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minutes at 72ºC and a final step cooling sample to 4ºC. Both PCR product and pCDH 

vector were digested with XbaI and EcoRI restriction enzymes (New England BioLabs, 

MA, USA). The digestion conditions for PCR product were 40 units of XbaI enzyme, 

40 units of EcoRI enzyme and 30 µL of PCR product in 0,1 % BSA and 1 % NEBuffer 

2.1 (New England BioLabs, MA, USA). Digestion conditions for pCDH plasmid were 

40 units of XbaI enzyme, 40 units of EcoRI enzyme and 3 µL of plasmid in 0,1 % BSA 

and 1 % NEBuffer 2.1. They were incubated at 37ºC for 3 hours.  

After incubation with restriction enzymes, samples were purified with QIAquick PCR 

purification kit (QUIAGEN, Venlo, Netherlands). Then, insert and vector were ligated 

with T4 ligase (New England BioLabs, MA, USA). The conditions were 1 µL of 

plasmid, 8 µL of insert, and 20 units of T4 ligase in 1 % T4 ligase buffer. The ligation 

reaction was left 10 minutes at room temperature and T4 ligase was inactivated by 

heating the sample at 65ºC for 10 minutes. 

Competent bacteria were transformed with 5 µL of ligation product as described on 

page 48. Transformed bacteria were seeded in LB-agar plates with ampicillin and 

incubated at 37ºC o/n. Resulting colonies were amplified and plasmid extracted by 

miniprep. Sequences were verified by Sanger sequencing. 

2.3. Virus production 

To produce lentiviruses, first 2x106 HEK293T cells were seeded in P100 plates. Next 

day, our plasmid of interest was transfected along with packaging plasmids (addgene, 

MA, USA) (Figure IV.M. 4). For transfection, 5 μg of transfer plasmid, 3,25 μg 

pMDLg-pRRE, 1,25 μg pRSV-REV and 1,75 μg pCMV-VSV-G of packaging plasmids 

(addgene, MA, USA) were added to 1mL of serum-free DMEM in an eppendorf tube. 

Then, 24μL of previously vortexed TurboFect transfecting agent (ThermoFisher 

Scientific, DE, USA) was added to the mixture and it was vortexed for 20 seconds. 

Then, the transfection mix was incubated for 20 minutes at room temperature. Finally, 

the mix was added dropwise to HEK293T cells, which were previously in a P100 plate 

with 5mL of complete media. Transfection was left o/n and next day media was 

changed and replenished with 10mL of complete media. The first harvest was 48 hours 

post-transfection, media containing lentiviruses was removed, centrifuged at 1500 rpm 

and supernatant was aliquoted in 1,5 mL eppendorfs. Cells were replenished with fresh 
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media and next day (72 hours post-transfection) media was removed and aliquoted 

again. 

 

Figure IV.M.3. Packaging plasmids maps. The figure shows the vector maps of pMDLg-pRRE, pRSV-

REV and pCMV-VSV-G packaging plasmids. 

When high titers were needed, lentiviral particles were concentrated by adding Lenti-X 

Concentration reagent (Clontech laboratories, CA, USA). One volume of Lenti-X 

reagent was mixed with 3 volumes of virus in a 15mL falcon tube. Then, the mixture 

was incubated o/n at 4ºC. Next day the tubes were centrifuged at 1500 g at 4ºC for 45 

and supernatant was discarded. Resulting pellet was resuspended in 100μL of PBS. 
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1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

Figure 

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 
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plated 2
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Figure IV.R
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The GFP positive cells from wells showing GFP positive cells in a range of 5
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IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

A reported 

ranged from 1x10

The library also included a GFP expressing virus

resistance gene,

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

plated 2

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

IV.R

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

IV.R

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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ranged from 1x10
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resistance gene,

initial titration control to compare with our experimental set
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and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

IV.R

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library
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ranged from 1x10
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resistance gene,

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

5x10
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IV.R

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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A reported 

ranged from 1x10

The library also included a GFP expressing virus

resistance gene,

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

5x10

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 
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Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 

Optimization of functional screen with miRNA library

Results

1. Titration of miRNA library
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ranged from 1x10

The library also included a GFP expressing virus

resistance gene,

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

5x10

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

.1. GFP

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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The library also included a GFP expressing virus

resistance gene,

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

5x10

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

.1. GFP

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 

Optimization of functional screen with miRNA library

Results 
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The library also included a GFP expressing virus

resistance gene,

initial titration control to compare with our experimental set
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dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

.1. GFP

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

titre

ranged from 1x10

The library also included a GFP expressing virus

resistance gene,

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA
4 cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

.1. GFP

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 
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1. Titration of miRNA library

titre 

ranged from 1x10

The library also included a GFP expressing virus

resistance gene, 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

.1. GFP

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

 for each lentivirus was provided wi

ranged from 1x10

The library also included a GFP expressing virus

 with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

.1. GFP-

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 
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with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

-based titration.

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

for each lentivirus was provided wi
7 to 1x10

The library also included a GFP expressing virus

with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

based titration.

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

for each lentivirus was provided wi

to 1x10

The library also included a GFP expressing virus

with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

based titration.

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

for each lentivirus was provided wi

to 1x10

The library also included a GFP expressing virus

with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

based titration.

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

for each lentivirus was provided wi

to 1x10

The library also included a GFP expressing virus

with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

based titration.

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

for each lentivirus was provided wi

to 1x10

The library also included a GFP expressing virus

with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

based titration.

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

for each lentivirus was provided wi

to 1x10

The library also included a GFP expressing virus

with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

based titration.

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

for each lentivirus was provided wi

to 1x10

The library also included a GFP expressing virus

with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

based titration.

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

for each lentivirus was provided wi

to 1x10

The library also included a GFP expressing virus

with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

1:312500000) of the GFP-

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

based titration.

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

for each lentivirus was provided wi

to 1x1010

The library also included a GFP expressing virus

with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

-expressing virus. To increase infection efficiency, polybrene 

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

based titration.

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

for each lentivirus was provided wi
10

The library also included a GFP expressing virus

with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

expressing virus. To increase infection efficiency, polybrene 

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

based titration.

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

for each lentivirus was provided wi
10 IFU/mL with each tube holding a volume of around 25µL. 

The library also included a GFP expressing virus

with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

expressing virus. To increase infection efficiency, polybrene 

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

based titration.

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

for each lentivirus was provided wi

IFU/mL with each tube holding a volume of around 25µL. 

The library also included a GFP expressing virus

with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24

dilutions (1:20000, 1:100000, 1:500000, 1:2500000, 1:12500000, 1:62500000 and 

expressing virus. To increase infection efficiency, polybrene 

was added to the media at a concentration of 6µg/mL. The infection wa

and next day media was removed and replaced with fresh media. Forty

GFP positive cells were counted in the fluorescence microscope (Figure 

based titration.

Same picture as A, but this time cells were illuminated with a laser showing GFP positive cells.

The GFP positive cells from wells showing GFP positive cells in a range of 5

(1:500000 and 1:2500000 dilution wells) we

final titration obtained was 2.

IFU/mL. This difference is likely due to difference in cell line used (original titration 

carried out in HEK293) as well as loss of 

we corrected all of the supplied 
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1. Titration of miRNA library

for each lentivirus was provided wi

IFU/mL with each tube holding a volume of around 25µL. 

The library also included a GFP expressing virus

with a reported 

initial titration control to compare with our experimental set

For this titration we used the triple negative breast cancer cell line MDA

cell/well in a 24
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 Well 1 Well 2 Well 3 Mean Titre 

1:500000 49 61 72 60,66 3,03*107 IFU/mL 

1:2500000 13 9 7 9,66 2,416*107 IFU/mL 

 

Table IV.R.1. Library titration. The table shows GFP positive cell count in wells with 1:500000 and 
1:2500000 dilutions. The average counts are multiplied by the dilution factor to calculate the titre. 

3.2. Infection optimization 

The next stage was to optimize the infection conditions. Firstly, in order to confirm that 

our panel of breast cancer cell lines were sensitive to puromycin we seeded 2 x103 

cells/well in 96-well plates and treated cells in triplicate with 1:2 serial dilutions of 

puromycin starting at 10µg/mL. We tested MCF7, MDA-MB-231, MDA-MB-453, 

MDA-MB-468, MDA-MB-436, SK BR3, BT474, ZR751, HCC1937 and HCC1569 cell 

lines in this manner. Resulting GI50s, the puromycin concentration where cell growth is 

inhibited by 50% ranged from 0.08 µg/mL to 0.37 µg/mL (Figure IV.R 2) (Table IV.R 

2). Based on these results, we used a concentration of 1µg/mL to positively select 

lentiviral infected cells in further experiments. 
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Figure IV.R.2. Puromycin dose-response curves in different cell lines. Cells were treated with serial 
dilutions of puromycin and cell viability was measured 72 hours later with MTT assay. In the graphs, the 
survival percentage is represented against the logarithm of the concentration of puromycin. 
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Cell lines GI50 
MCF7 0.16 µg/mL 

MDA-MB-231 0.24 µg/mL 

MDA-MB-453 0.14 µg/mL 

MDA-MB-468 0.08 µg/mL 

MDA-MB-436 0.29 µg/mL 

SK Br3 0.17 µg/mL 

BT474 0.10 µg/mL 

ZR 751 0.37 µg/mL 

HCC1937 0.19 µg/mL 

HCC1569 0.19 µg/mL 
 

Table IV.R.2. Puromycin GI50. The table shows the GI50 values of puromycin for each cell lines 

Next, we optimised the infection conditions for our experimental setup. For this we 

used, a pool of 72 lentiviruses (plate number 1 of the library). As each lentivirus had its 

own specific titre, we adjusted dilutions of the 72 clones to generate equivalent 

infectious units (IFUs). We seeded 2.5x104 MDA-MB-231 cells/well in a 24-well plate 

and left until the next day to adhere. Cells were then infected in duplicate with the pool 

of lentiviruses at a final multiplicity of infection (MOI) of 1 and 5.  Empty vector 

(control virus which does not over-express any miRNA) and GFP control (control virus 

expressing GFP instead of puromycin resistance gene) were also included in the 

experiment (Figure IV.R 3). Polybrene at a final concentration of 6µg/mL was used in 

the infection to increase infection efficiency. 

 

Figure IV.R.3. Plate 1 experiment layout. Cells were infected in duplicate with a pool of plate 1 at 
MOIs of 1 and 5. GFP and empty vector viruses were used as controls. 

One hour post-infection we observed that cells had changed their morphology 

suggesting cytotoxicity of the infection mixture. Therefore, we replaced the media after 

1 hour and used this to further infect other cells and all cells were left overnight. This 
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time both sets of cells had changed their morphology but they were all alive. Forty-eight 

hours after infection, GFP-virus infected cells were visualized under the fluorescence 

microscope to measure infection efficiency. No significant differences were observed 

between cells infected for 1 hour or o/n (data not shown). 

After 72 hours post-infection, ~5x104 cells per-well were removed for DNA extraction 

and the remainder used to seed further cultures in the presence of 1 µg/mL puromycin. 

Puromycin was also added to non-infected cells as a control at the same concentration. 

These cells had died after 72 hrs further incubation, whilst the infected cells survived. 

Cells (~2x105) were taken for DNA and RNA extraction from both infection conditions 

(1 hour and o/n infections) for further analysis. 

3.3. Validation of infection 

DNA extracted from the infected cells was PCR amplified using vector-specific 

(pCDH) primers as described on page 42 and visualized on an 1.2% agarose gel. (Figure 

IV.R 4). 

 

Figure IV.R.4. Electrophoresis of cells infected with the pool of plate 1. PCR products from cells 
infected with pool of plate 1 at different conditions were loaded. Different fragments were amplified 
ranging from 250 to 600bp length. The ladder used was ΦX174 DNA-Hae III. 

All of the samples produced amplicons of 0.25-0.6~kb size. Amplicons from samples 

selected with puromycin were used to build libraries which were then sequenced on an 

Ion 314 Chip using an Ion Torrent Personal Genome Machine (PGM). A level of 89% 

1h infection o/n infection 1h infection o/n infection

72h post-infection Afterpuromycinselection

ΦX174

DNA-Hae III
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of loading was achieved, with only 28 % polyclonality (when two samples are read in 

the same well) (Figure IV.R 5). This gave a total of 6.9 x 105 usable reads with a mean 

length of 113 bp.  

 

Figure IV.R.5. Ion Torrent run summary. A) Representation of the chip loading (dark blue = 0% 
loading, dark red = 100% loading). Eighty nine percent of loading was achieved. B) Summary of the run. 
Percentages of loading, enrichment, clonality and usable final library. C) Reads distribution by read 
length. 

Distribution of number of reads per sample varied between 4.9x104 and 11.9x104 reads 

(Table IV.R 3). Most of the sequenced bases (~95%) had a quality value of at least 20 
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(threshold for quality control) and the mean read length for each sample varied from 

99bp to 120bp (Table IV.R 3).  

Sample Bases ≥ Q20 Reads Mean Read Length 

MOI 1.1 1h infection 5.1x106 4.7x106 4.9x105 104 bp 

MOI 1.2 1h infection 11.2x106 10.5x106 9.4x105 119 bp 

MOI 5.1 1h infection 10x106 9.3x106 8.8x105 112 bp 

MOI 5.2 1h infection 11.7x106 10.9x106 10.3x105 112 bp 

MOI 1.1 o/n infection 11.2x106 10.5x106 9.8x105 115 bp 

MOI 1.2 o/n infection 14.4x106 13.4x106 11.9x105 120 bp 

MOI 5.1 o/n infection 6.8x106 6.4x106 5.7x105 118 bp 

MOI 5.2 o/n infection 6.6x106 6.2x106 6.7x105 99 bp 

 

Table IV.R.3. Sequencing results summary for each sample. Eight samples were sequenced, * ≥ Q20 

= Quality equal or higher than 20. 

Resulting data was downloaded from Torrent Server and analysed using Galaxy’s 

public web server “usegalaxy.org” as described on page 45. 

All of the 72 miRNAs encoded in this pool were detected in o/n infected samples 

(Figure IV.R 6). In contrast, 7 miRNAs (miR-16-1, miR-184, miR-19b-2, miR-515-1, 

miR-516b-2, miR-518d and miR-520g) were not detected in cells infected for only 1 

hour. In subsequent experiments, o/n infections were performed. 
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Figure IV.R.6. FPKM values of detected miRNAs. Fragment per kilobase of exon per million reads 

mapped (FPKM) value distribution of the 72 miRNAs detected in the sample infected with MOI 5 o/n. 

Cells infected at MOI of 5 did not show higher Fragment per kilobase of exon per 

million reads mapped (FPKMs) compared to cells infected at MOI of 1, indeed the 

average FPKMs from samples infected with MOI 5 was slightly smaller (Table IV.R. 

4). 

 Average FPKMs 

MOI 1 samples 3.3x105 

MOI 5 samples 3.1x105 

 

Table IV.R.4. Average FPKM values of cells infected with MOI 1 or MOI 5.  

Although dilutions from each of the 72 clones were adjusted to generate equivalent 

infectious units (IFUs), FPKM values were different between miRNAs (Figure IV.R 7). 

When FPKM values were plotted against the pipetted volume taken from each clone to 

generate the pool, a significant positive correlation was observed (p<0.0001, 

R2=0.4359) (Figure IV.R 7). 
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Figure IV.R.7. Volume and FPKM correlation. Linear regression of pipetted volume and FPKMs for 
each miRNA detected in the sample infected with MOI 5 o/n. There is a significant correlation between 
pipetted volume and FPKMs (R2= 0.4359, p<0.0001). 

3.4. miRNA over-expression is maintained in time 

Next, we investigated whether miRNA expression itself was increased compared to 

basal levels after infection, and whether this expression was maintained over time. For 

that purpose, we cultured the o/n infected cells for 23 days with regular media changes 

and RNA was extracted as described on page 41. 

We tested the expression levels of two miRNAs, miR-155 and miR-19a, as miR-155 had 

high FPKMs (i.e. 6.7x105 in cells infected at MOI 5 o/n) and miR-19a low FPKMs (i.e. 

9.5x104 in cells infected at MOI 5 o/n). Cells were tested after puromycin selection 

(day0) and after 23 days (Figure IV.R 8A). Levels of miR-155 were increased by more 

than a 10.000 fold in cells infected at MOI 1 and MOI 5 compared to cells infected with 

an empty vector (Figure IV.R 8A). In contrast, miR-19a levels were not significantly 

increased compared to the empty vector at day 0 either at MOI 1 or MOI 5 (Figure IV.R 

8C). By day 23 there was a clear increase in miR-19b expression by ~3x at MOI 1 and 

MOI 5, this was nowhere near as prominent an increase as with miR-155 (14000x at 

MOI 1 and 33000x at MOI 5) (Figure IV.R 8B, 8D).  
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Figure IV.R.8. Long-term miRNA expression. Figure shows miR-19a and miR-155 expression values 

in cells infected with the pool of miRNAs from plate 1 normalized to the expression of cells infected with 

empty vector. Expression was measured after puromycin selection (day 0) (8A and 8C) and after 23 days 

in culture (8B and 8D). U6b was used as a reference gene control. 

3.5. Phenotypic selection of infected cells 

After successful infection with pool of plate 1, we investigated whether over-expression 

of particular miRNAs could be used to select cells with a defined phenotype, in this 

case against cisplatin, a DNA cross-linking agent used to treat breast cancer patients 

[254]. MDA-MB-231 cells (2x105 cells per well) were infected o/n with pate 1 at MOI 

of 1 and 5. Next day, cells were treated with 25, 50 and 75 µM of cisplatin for 3 days. 

Then, media was replenished and cells were left in culture for 13 days. As cells treated 

with 25 µM were confluent and very few cells were alive in wells incubated with 75 

µM, DNA was extracted from cells treated with 50 µM cisplatin, where the toxic effect 

of cisplatin was apparent but still were some cells alive. DNA was also extracted before 

seeding the cells as a day 0 control. 
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DNA extracted from cells at day 0 and from cells treated with 50  µM cisplatin was 

PCR amplified using pCDH primers and visualized on an 1.2% agarose gel. (Figure 

IV.R 9). 

 

Figure IV.R.9. Electrophoresis of cells treated with Cisplatin. PCR products from cells infected with 
pool of plate 1 at MOIs 1 and 5 before and after cisplatin treatment were loaded. Different fragments were 
amplified ranging from 300 to 600bp length. The ladder used was ΦX174 DNA-Hae III. 

All of the four samples produced amplicons of 0.3-0.6~kb size. Those amplicons were 

used to build libraries which were then sequenced on an Ion 316 Chip using an Ion 

Torrent Personal Genome Machine (PGM).  

A 78% of loading was achieved, with only 24% of polyclonality (Figure IV.R 10). This 

resulted in a total of 3.1 x 106 usable reads.  

 

ΦX174

DNA-Hae III
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Figure IV.R.10. Ion Torrent run summary  On the left panel chip loading (dark blue = 0% loading, 

dark red = 100% loading) is represented. On the right panel the summary of the run is represented. 

Percentages of loading, enrichment, clonality and usable final library. 

When individual samples were analysed, they produced on average up to 2-4x105 usable 

reads, with a mean length ranging from 100 to 108 bp (Table IV.R 5). 

Sample Bases ≥ Q20 Reads Mean Read Length 

Time 0 MOI 1 2.6x106 2.3x106 2.4x105 108 bp 

Time 0 MOI 5 3.4x106 3.1x106 3.4x105 101 bp 

Cisplatin MOI 1  2.4x106 2.2x106 2.4x105 100 bp 

Cisplatin MOI 5  4.2x106 3.8x106 3.9x105 105 bp 

 

Table IV.R.5. Sequencing results summary for each sample. Four samples were sequenced, * ≥ Q20 = 

Quality equal or higher than 20. 

Resulting data was downloaded from Torrent Server and analysed using Galaxy’s 

public web server “usegalaxy.org” as described on page 45. 

All 72 miRNAs were detected in all samples. When miRNA expression changes 

between cisplatin treated samples and time 0 samples were analysed, three miRNAs 

showed increased expression after cisplatin treatment at both MOI 1 and MOI 5 (Figure 

IV.R 11). These miRNAs were miR-1302-8, miR-155 and miR-203a , which increased 
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their expression ~2 fold. In addition, miR-148a, miR-518c and miR-524 decreased their 

expression after cisplatin treatment (Figure IV.R 11). 

 

Figure IV.R.11. miRNA expression after cisplatin treatment. Fold change of miRNA expression after 

cisplatin treatment at MOI 1 and MOI 5 normalized to time 0 "Control". miR-1302-8, miR-155 and miR-

203a increased their expression after cisplatin treatment and miR-148a, miR-518c and miR-524 decreased 

their expression after cisplatin treatment. 

3.6. Pooled infection with the entire library 

After demonstrating that the smaller pool of 72 miRNAs were efficiently infected, and 

that we were able to detect them by NGS, we extended the experiments to the entire 

library of 698 miRNAs. 

We used different pooling combinations (Table IV.R 6). Pool 1 and pool 9 were used 

because plate 1 has the lowest average titre of the library (4.22x106 IFU/mL) and plate 9 

has the highest average titre (2.06x107 IFU/mL). Pools 1-3, 4-6 and 7-9 were used to 

detect possible differences at time of infection between different plates that could 

introduce a bias (e.g. a poor representation of a particular plate) when the entire pool 

was used. To conform the different pools, same infectious units (IFUs) for each virus 

were used (i.e. 10000 IFUs). 

  



                                                   Optimization of functional screen with miRNA library 

69 

 

ID Pooled plates nº of pooled lentiviruses 

Pool 1 Plate 1 72 

Pool 9 Plate 9 79 

Pool 1-3 Plates 1, 2 and 3 232 

Pool 4-6 Plates 4, 5 and 6 237 

Pool 7-9 Plates 7, 8 and 9 229 

Pool 1-9 Plates 1, 2, 3, 4, 5, 6, 7, 8 and 9 698 

 

Table IV.R.6. Conformation of different pools. 

MDA-MB-231 cells were seeded at different numbers and well format depending on the 

number of different lentiviruses used for infections. For the pool 1 and pool 9, 2.5x104 

cells per well were seeded in 24-well plates and infected at a final MOI of 1 (Figure 

IV.R 12).  

 

Figure IV.R.12. Pool 1 and pool 9 experiment layout. Cells were infected with a pool of plate 1 , a pool 
of plate 9 or with empty vector at an MOI of 1. Two wells where only polybrene was added were used as 
controls for puromycin resistance and for non-infected control. 

For the pools 1-3, 4-6 and 7-9, 7.5x104cells per well were seeded in 6-well plates and 

infected at a final MOI of 1 (Figure IV.R 13).  
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Figure IV.R.13. Pools 1-3, 4-6 and 7-9 experiment layout. Cells were infected with a pool of plates 1, 2 
and 3, pool of plates 4, 5 and 6, pool of plates 7, 8 and 9 or with empty vector at an MOI of 1. Two wells 
where only polybrene was added were used as controls for puromycin resistance and for non-infected 
control. 

For, pool 1-9 infections, 2.25x105 MDA-MB-231cells were seeded in p100 plates. Two 

infections with the entire pool were performed, one at a final MOI of 1 and the other at 

a final MOI of 5 (Figure IV.R 14). For each experimental group, empty vector infection 

at a final MOI of 1 and two non-infected wells were included as controls.  

 

Figure IV.R.14. Pool 1-9 experiment layout. Cells were infected with a pool of plates 1 to 9 at a final 
MOI of 1 or 5. Another plate was also infected with empty vector at an MOI of 1. Two plates where only 
polybrene was added were used as controls for puromycin resistance and for non-infected control. 

Infections were carried out following the optimized protocol described before on page 

number 57, Briefly, all the infections were performed o/n with 6µ/mL of polybrene. 

Next day, media was changed, cells were left to recover for 72 hours and a fraction of 

cells was taken for DNA extraction. After puromycin selection (1µ/mL) for 72h, a 

fraction of all infected cells was taken for DNA extraction and the rest of the cells were 

frozen down. Extracted DNA was PCR amplified with pCDH primers. These products 

were visualized on a 1.8% agarose gel (Figure IV.R 15).  
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Figure IV.R.15.Electrophoresis of cells infected with different pools. PCR products from cells 

infected with different pools before (72 hours post-infection (72h p.i.)) or after puromycin selection were 

loaded. Different fragments were amplified ranging from 200 to 600bp length. Cells infected with 

different pools showed different patterns in the agarose gel. The ladder used was ΦX174 DNA-Hae III. 

All of the samples produced amplicons of 0.2-0.6~kb size. Those amplicons were used 

to build libraries which were then sequenced on an Ion 316 chip using an Ion PGM 

machine.  

Eighty six percent of loading was achieved, with 25% of policlonality (Figure IV.R 16). 

This resulted in a total of 2.3x106 usable reads. 

72h p.i. After puromycin selection

ΦX174

DNA-Hae III
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Figure IV.R.16. Ion Torrent run summary. A) Representation of the chip loading (dark blue = 0% 
loading, dark red = 100% loading). Eighty six percent of loading was achieved. B) Summary of the run. 
Percentages of loading, enrichment, clonality and usable final library. C) Reads distribution by read 
length. 

Samples infected with 1-9 pool had ~4x105 usable reads, whereas samples infected with 

pool 1-3, pool 4-6 and pool 7-9 had ~2x105 usable reads and samples infected with pool 

1 and pool 9 ~0,4x105 usable reads (Table IV.R 7). The mean read length per sample 

ranged between 111 and 124 base pairs. 

  

A) B)

C)
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Sample Bases ≥ Q20 Reads Mean Read Length 

Pool 1-9 MOI 1 

72h p.i. 

44.8x106 41.1x106 3.6x105 124 bp 

Pool 1-9 MOI 5 

72h p.i. 

43.7x106 40.3x106 3.5x105 123 bp 

Pool 1-9 MOI 1  60.4x106 55.7x106 5.1x105 118 bp 

Pool 1-9 MOI 5  53x106 48.6x106 4.4x105 120 bp 

Pool 1-3 MOI 1 25.2x106 23.1x106 2x105 123 bp 

Pool 4-6 MOI 1 21.2x106 19.5x106 1.7x105 124 bp 

Pool 7-9 MOI 1 17.9x106 16.5x106 1.6x105 112 bp 

Pool 1 MOI 1 3.6x106 3.3x106 0.3x105 111 bp 

Pool 9 MOI 1 6.1x106 5.6x106 0.5x105 117 bp 

 

Table IV.R.7. Sequencing results summary for each sample. Nine samples containing different pools 

were sequenced. * ≥ Q20 = Quality equal or higher than 20. 

Resulting data was downloaded from Torrent Server and this time, analysed in Linux 

operating system as described on page 46.  

For plate infected with pool 1 or with pool 1-3 performed all of the miRNAs were 

detected (Table IV.R 8). In cells infected with pool 9, miR-1299 was not detected, in 

cells infected with pool 4-6, miR-1273 and miR-132 were not detected and in cells 

infected with pool 7-9, miR-539, miR-766, miR-767, miR-941-3 and miR-1299 were not 

detected (Table IV.R 8). In the four samples infected with pool 1-9, none of the 

aforementioned 7 miRNAs were detected (i.e. miR-1273, miR-132, miR-539, miR-766, 

miR-767, miR-941-3 and miR-1299) (Table IV.R 8). In summary, from the 698 different 

miRNAs included in the pool 1-9, 691 were detected both at MOI 1 and MOI 5 

infections.  
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ID 
nº of detected 

miRNAs 

nº of pooled 

miRNAs 
Missing miRNAs 

Pool 1 72 72 - 

Pool 9 78 79 miR-1299 

Pool 1-3 232 232 - 

Pool 4-6 235 237 miR-1273 and miR-132 

Pool 7-9 224 229 
miR-539, miR-766, miR-767, miR-941-3 

and miR-1299 

Pool 1-9 691 698 
miR-1273, miR-132, miR-539, miR-766, 

miR-767, miR-941-3 and miR-1299 

 

Table IV.R.8. Number of miRNAs detected. Table shows the number of miRNAs detected in cells 

infected with different pools. 

3.7. Identification of the miRNAs not detected in the pooled infection 
with the entire library 

For the miRNAs not detected in any infection (i.e. miR-1273, miR-132, miR-539, miR-

766, miR-767, miR-941-3 and miR-1299), we individually infected MDA-MB-231 cells 

at MOI 1 and positively selected with puromycin. Once selected, DNA was extracted 

from cells and samples were PCR amplified using specific primers designed within each 

miRNA and pCDH reverse primer (Table IV.R 9). 
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miRNA Forward primer Reverse primer 

miR-1273 CGGGTGGTGGAGGTTGCA CACTGACGGGCACCGGAG 

miR-1299 CCTCATGGCAGTGTTCTGGA CACTGACGGGCACCGGAG 

miR-132 CAGTCTACAGCCATGGTCGC CACTGACGGGCACCGGAG 

miR-539 CCTTGGTGTGTTCGCTTTAT CACTGACGGGCACCGGAG 

miR-766 CAGCCAATTGTCATAGGAGC CACTGACGGGCACCGGAG 

miR-767 GCTCATGCACCATGGTTGTC CACTGACGGGCACCGGAG 

miR-941-3 GCGCCACGGAAGAGGAC CACTGACGGGCACCGGAG 

 

Table IV.R.9. Primers for non-detected miRNA amplification. Forward primers were designed for 

each miRNA and pCDH reverse primer was used as reverse primer. 

Resulting PCR products were visualized in a 1.8% agarose gel (Figure IV.R 17). 

 

Figure IV.R.17. Electrophoresis of non-detected miRNAs. PCR products from cells infected with 

individual miRNAs and amplified with specific primers were loaded. Different fragments were amplified 

ranging from 200 to 600bp length. The ladder used was ΦX174 DNA-Hae III. 

In cells infected with miR-766, miR-132 and miR-767 no amplification band was 

observed. In contrast, cells infected with miR-941-3 and miR-1273 showed multiple 

bands. Cells infected with miR-1299 and miR-539 showed a single band. 

ΦX174

DNA-Hae III
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3.8. Design and production of scramble control lentivirus 

Although empty vector lentiviruses were available as negative controls, we felt that a 

control containing a scramble miRNA sequence gives a more accurate control as it 

would activate the miRNA machinery in infected cells that would not happen with the 

empty vector controls. Therefore, we constructed this virus as described below and on 

page 53. 

We used a commercially available miRNA scramble sequence contained within pEZX-

MR03 vector, as there was not a suitable sequence in our library (Figure IV.R 18) 

(CmiR0001-MR03, GeneCopoeia™, Rockville, USA).  

 

Figure IV.R.18. pEZX-MR03 vector map. Both miRNA and GFP are under the expression of CMV 

promoter. 

Unfortunately, the scramble sequence used in this vector was not available so the first 

step was to sequence it. The plasmid was sequenced by Sanger sequencing as described 

above on page 47 using the recommended sequencing primer of the plasmid (5’-

CCGACAACCACTACCTGA-3’). For comparison, we sequenced plasmids with the 

same backbone that encoded for the expression of miR-125 and miR-210 

Once the three vectors were sequenced, sequences were compared with CLUSTAL W 

multi sequence aligner [255]. The scramble sequence was identified as that was 

different from the other two plasmids (Figure IV.R 19 (shown in blue)).  
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Figure IV.R.19. Alignment of Sanger-sequenced products. Plasmids over-expressing miR-210, miR-

125 and scramble were sequenced by Sanger sequencing and resulting sequences were aligned in Clustal 

multi sequence aligner. When bases in all three sequences are identical, Clustal give us a "*", when two 

sequences have the same base, but the third sequence is different gave us either ":" or "." and when all 

three sequences differ, it gave us a blank space " ". 

For the amplification of the identified sequence, specific primers designed flanking the 

scramble sequence were designed, and XbaI (TCTAGA) and EcoRI (GAATTC) 

overhangs were included in the 5’ end of forward and reverse primers to allow cloning 

into pCDH vector as described on page 53. 

The scramble sequence was amplified by PCR and a unique band at the expected size 

(200 bp) was observed (Figure IV.R 20). 
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Figure IV.R.20.Gel electrophoresis of scramble PCR products. A PCR for the amplification of 

scramble sequence was performed with primers with overhangs at different temperatures. In all three 

conditions a clear bland was seen at 200 bp size. The ladder used was ΦX174 DNA-Hae III. 

The amplicons were cloned as XbaI-EcoRI inserts into pCDH vector as described on 

page 53. Resulting clones were verified by Sanger sequencing (Figure IV.R 21) and 

viruses were produced with selected vector following the protocol described on page 54. 

 

Figure IV.R.21. Sequencing of cloned scramble sequence. Sanger sequencing of cloned scramble 

sequence. Scramble sequence was cloned successfully.  

For the titration of produced scramble virus, as the vector does not have any reporter 

gene, MDA-MB-231 cells were infected with serial dilutions of the scramble virus and 

compared with infections with empty vector at MOI 1. After the infection, cells were 

treated with puromycin and the ratio between alive and dead cells was compared. Cells 

infected with empty vector at MOI 1 showed some cytotoxicity, however, cells infected 

with scramble virus at the comparable MOI did not show any cytotoxic effects and 

morphology of cells was unaffected (data not shown).  

60ºC 62ºC 64ºC
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4. Discussion 

We have optimized different aspects of the miRNA functional screen which set up the 

bases for future experiments. We performed the titration of the library on MDA-MB-

231 cell line and realised that it was 135 times lower than that reported in HEK293 

cells. This difference was probably due to difference in cell lines as well as loss of titre 

due to freeze-thaw cycle. Next we used a single library plate (plate 1) that contained 72 

different miRNAs to infect MDA-MB-231 cells as proof of principle. We compared 1 

hour with o/n infection and observed that o/n infection was more efficient, as some 

miRNAs were not detected in cells infected for 1 hour. In addition, we also compared 

different MOIs and observed that infecting cells at MOI 1 or MOI 5 did not 

significantly effect miRNA expression. When we looked at the expression levels of 

individual miRNAs we found a strong correlation between the volume pipetted for each 

lentivirus miRNA. This could be in part explained because pipetting very small volumes 

(i.e. below 2µL) is not accurate, but also suggests that the actual individual titres of the 

library were not accurate and probably did not vary significantly between individual 

viruses as was suggested from the information we received. As a result we moved to 

fixed volumes when pooling viruses in subsequent experiments. 

We also observed that individual over-expression of miRNAs was not only maintained, 

but increased after 23 days in culture. However, the level of expression varied greatly 

between different miRNAs. In that regard, we have to take into account the basal 

miRNA expression levels of the cell line, as a basally over-expressed miRNA is 

difficult to further increase. In addition, some miRNAs may be detrimental for the cell 

line survival. 

Then, we phenotypically selected MDA-MB-231 cells by treating them with cisplatin. 

Although all 72 miRNAs were detected before and after treatment, three miRNAs were 

over expressed at both MOI 1 and MOI 5 when treated with cisplatin and other three 

diminished their expression. Among the over-expressed miRNAs, miR-203a has already 

been described to induce cisplatin resistance in breast cancer [256]. In addition, miR-

155 has been described to generate resistance to cisplatin in lung and colon cancer [257, 

258]. In contrast, miR-148a, whose expression was reduced in cells treated with 

cisplatin, has been reported to sensitize cells upon cisplatin treatment in several cancers 

including oesophageal cancer, bladder cancer and renal cancer [259-261]. 
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These results suggest that different clones had been selected due to cisplatin treatment 

and were likely to be involved in resistance to this drug. Further experiments are needed 

to validate these results but nonetheless we demonstrated that we could successfully 

perform a functional screen using our library in a pooled approach and successfully 

identify phenotype-relevant miRNA with NGS-based detection. 

Next, we expanded the experiment to infect MDA-MB-231 cells with the entire library, 

and only 7 miRNAs out of 698 were not detected. From those not detected miRNAs, we 

managed to individually infect and detect miR-1299 and miR-539. The fact that miR-

1299 and miR-539 were not detected in any of the infections may be a consequence of a 

low representation within the population due to a low titre or because they could be 

cytotoxic for cells. In contrast, miR-766, miR-132, miR-767,miR-941-3 and miR-1273 

although they were individually infected and selected with puromycin, we could not 

amplify them, suggesting that those miRNAs may not have been cloned correctly. 

Analysis of the experiments with the whole library were performed in Linux operating 

system instead of Galaxy. Linux allows us to analyse various samples at the same time, 

is faster, can be customized to different needs and does not rely in third party servers. 

Thus, the analysis method improved significantly.  

Finally, we constructed a virus with the same backbone of the library but which over-

expressed a scramble control. Interestingly, when we infected cells with the scramble 

virus, they displayed less toxicity than cells infected with viruses from the library at the 

same MOIs. This could be due to the viral concentration strategy. In the library, viruses 

were concentrated with polyethylene glycol and some cell debris was noted in the vials. 

In contrast, our scramble virus did not show cell debris and was not concentrated 

perhaps resulting in reduced toxicity. 

In summary, we set up the protocol for efficient infection and detection of miRNAs. In 

the following chapters, miRNA functional screening will be used to address the 

relevance of miRNAs in different hallmarks of cancer. 
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5. Conclusions 

1) In our experimental conditions, the titre of the library is 135 times lower than the titre 

reported by InteRNA company, probably caused by the difference in cell lines used as 

well as loss of titre due to freeze-thaw cycle.  

2) The infection protocol was optimized allowing a high representation of miRNAs to 

be present in the system 

3) The miRNA expression after infection with the library inversely correlates with the 

titres of the library, suggesting that the titres or pipetting are not accurate and was taken 

into account for future experiments.  

4) miRNA over-expression is maintained in time for at least 23 days. 

5) miRNA functional screening conditions were optimized and previously described 

cisplatin resistance/sensitivity modulating miRNAs (miR-203a, miR-155 and miR-148a) 

were identified to be deregulated in our functional screen with cisplatin. 

6) Infecting cells with the entire library resulted in a high representation of miRNAs, 

were 691 out of 698 different miRNAs were detected. 

7) NGS sequencing analysis was optimized and performed in Linux operating system, 

which, compared with Galaxy, allows the analysis of various samples at the same time, 

is faster, can be customized and does not rely in third party servers. 

8) Cloning of scramble sequence into the backbone of the library was performed and 

scramble viruses were produced, but different infection efficiency was observed when 

compared to the library. 
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1. Introduction 

Breast cancer is a heterogeneous disease consisting of several different subtypes, as 

described in page 24. Triple negative breast cancer (TNBC) accounts for 10-17% of 

breast cancers and is characterized by a lack of ER/PR/HER2 hormone receptors [262]. 

TNBC is the most aggressive form of breast cancer and has the worst prognostic 

outcome [263, 264]. Unlike other breast cancer subtypes that are characterised by drug-

targetable receptors, TNBC patients are generally treated using conventional neo-

adjuvant chemotherapies, in particular anthracycline/taxane combinations. TNBC 

patients that achieve complete response after conventional treatment modalities have 

similar survival prospects to other breast cancer subtypes [265, 266]. However, those 

that are either refractory to initial treatment, or who undergo consequent relapse due to 

innate and/or acquired resistance, have worse survival rates [265, 266].  

Paclitaxel, also known as Taxol is a taxane anti-cancer drug used in the treatment of 

several solid tumours, including ovarian, breast and lung cancer [267]. Paclitaxel was 

discovered in 1963, when an extract from Taxus brevifolia was isolated and its anti-

tumour effect tested in vitro [268]. Clinical trials with paclitaxel started in 1984 and in 

1992, paclitaxel was approved by the FDA for medical use [268, 269]. The mechanism 

of action of paclitaxel is to promote and stabilize microtubule assembly during mitosis, 

activating the spindle assembly checkpoint and generating a cell cycle arrest in mitosis 

[270]. As a result, cells can undergo cell cycle arrest or die [271]. 

Paclitaxel, together with anthracyclines are used as adjuvant therapy in both primary 

and refractory breast cancer, primarily in basal-like type breast cancer and in breast 

cancers which have high-risk indications, such as premenopausal, ER or PR or HER2 

negative, large tumours or patients with involved lymph node [272, 273]. However in 

metastatic breast cancer anthracyclines are usually not used due to associated cardiac 

toxicity [274]. Although there is a clear benefit from chemotherapy treatment such as 

paclitaxel for breast cancer patients, resistance is still a mayor problem, with 10-30% of 

patients with early stage breast cancer being refractory to treatment [275]. This is 

especially worrying in TNBC patients, due to a lack of alternative therapeutic options 

[276]. 

At the molecular level, there are several mechanisms proposed to be involved in 

resistance to chemotherapy. These include; a) drug transporters and metabolic enzymes 
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which decrease the intracellular drug concentrations, b) molecular alterations which 

have a direct impact in cell cycle arrest, apoptosis or DNA repair mechanisms, c) 

promotion of pro-oncogenic signalling pathways, d) epigenetic alterations such as 

histone acetylation and DNA methylation and e) reduction of drug targets availability 

[277]. 

miRNAs have an important role in all the aforementioned chemotherapy resistance 

mechanisms and had been reported to modulate drug resistance in several cancers, 

including breast cancer, ovarian cancer, lung cancer, prostate cancer, gastric cancer, 

colon cancer, hepatocellular carcinoma, cholangiocarcinoma, neuroblastoma and 

leukaemia [277-279]. In breast cancer, miRNAs have been described to  modulate 

resistance/sensitivity to several drugs, including radiotherapy, hormone therapy, 

targeted therapies and chemotherapy (Figure V.I 1) [280]. 

 

Figure V.1. miRNAs regulate resistance/sensitivity to breast cancer treatment. Figure shows some of 

the miRNAs reported to alter different breast cancer treatment efficacy. Modified from L Mulrane et al. 

Cancer Research, 2013  

Thus, due to the diversity of miRnome targets and the relevance in drug resistance, 

miRNAs are good candidates for the study of paclitaxel resistance. Therefore, we used a 

miRNA functional screen to identify which miRNAs have an impact in paclitaxel 

resistance in TNBC and to find new therapeutic targets to overcome paclitaxel 

resistance in breast cancer. 
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2. Materials and methods 

2.1. Cell culture 

MDA-MB-453, MDA-MB-435, MDA-MB-468, HCC1806, BT474, SKBr3, MDA-MB-

231, MCF7, ZR751, T47D, HCC1937 and HCC1569 breast cancer cell lines were 

cultured according to culture conditions described on page 39. 

2.2. Drug resistance assays 

2.2.1. Determination of GI50 by MTT assay: 

To determine the amount of drug needed to inhibit cell growth by 50% (i.e. the GI50), 

we seeded individual wells of a 96-well plate with 2 x 103 cells. The next day, different 

concentrations of paclitaxel, starting from 240nM (in serial dilutions 1:2, down to 

0.468nM) were added to triplicate wells (Figure V.M. 1). For those cell lines more 

resistant to paclitaxel (i.e. ZR751 and T47D), the starting paclitaxel concentration was 

increased up to 1µM. A column of wells was left without drug to be the negative 

control. The MTT assay was performed after 72 hours. Briefly, 10µL of MTT reagent (5 

mg/mL) (Sigma-Aldrich, Missouri, USA) was added to each well and the cells 

incubated for 4h at 37ºC. In that time, MTT was reduced by viable cells to formazan, 

which is insoluble and forms purple crystals. The media was then removed and the 

formazan crystals were resuspended in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, 

Missouri, USA). The absorbance at 595nm was measured using a Multiskan Ascent® 

spectrophotometer (Thermo Fisher Scientific, DE, USA) and the GI50 values were 

calculated by GraphPad Prism software (GrapPad Software v5.0). 
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Figure V.M. 2. TOPO® TA cloning system. A) TOPO TA vector map. B) Example of colonies growing 

in an agar plate. When the insert is cloned, lacZ gene is disrupted and colonies cannot metabolize Xgal. 

When insert is not cloned, lacZ gene is not disrupted and colonies metabolize Xgal generating blue 

colonies. 

2.4. Transfections with LNAs 

For transfection experiments, 2x105 cells/well were seeded in 6 well plates. Next day 

cells were transfected with turbofect transfection reagent according to manufacturer's 

instructions (Exiqon, Vedbaek, Dennmark) with 150nM of LNA probes specifically 

targeting miR-181b, miR-29a, miR-30c-2, miR-196a and miR-1295a (Exiqon, Vedbaek, 

Dennmark). A scramble LNA probe was used as a negative control. Forty eight hours 

after transfection, either RNA was extracted and miRNA expression was measured by 

qRT-PCR or transfected cells were used for further functional experiments detailed 

below. 

2.5. miRNA expression by qRT-PCR 

Expression of miR-181b-1, miR-29a, miR-30c-2, miR-1295 and miR-196a-1 were 

measured by qRT-PCR using TaqMan probes as described on page 43 and (Table V.M 

1). RNU6b was used as housekeeping control (Thermo Fisher Scientific, DE, USA). 
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miRNA name miRNA target sequence 

RNU6b CGCAAGGATGACACGCAAATTCGTGAAGCGTTCCATATTTTT 

hsa-miR-29a UAGCACCAUCUGAAAUCGGUUA 

hsa-miR-181b CUCACUGAACAAUGAAUGCAA 

hsa-miR-30c-2 CUGGGAGAAGGCUGUUUACUCU 

hsa-miR-196a CGGCAACAAGAAACUGCCUGAG 

hsa-miR-1295a UUAGGCCGCAGAUCUGGGUGA 

 

Table V.M.1. TaqMan probes. The different TaqMan probes with their miRNA target sequence are 

represented. 

2.6. Breast cancer patients cohort description 

Breast cancer tissue samples were obtained from the Pathology Department of 

Onkologikoa Hospital from 42 breast cancer patients who were diagnosed between 

2012 and 2016. Samples were taken at the time of diagnosis and after treatment 

schedule completion. Written consent was obtained from patients for the inclusion of 

their samples in this study and samples were collected in accordance with the 

Declaration of Helsinki, and approved by local ethics committees. Cases were selected 

and re-reviewed by two experienced breast pathologists independently.  

In the cohort, patients with different breast cancer subtypes were mixed. 28 patients had 

ER positive and PR positive breast cancer, 4 patients had ER positive and PR negative 

breast cancer and 10 had TNBC. All patients were negative for HER2 expression. 

Patients were treated with nanoparticle albumin bound paclitaxel (nab-paclitaxel) (n=5) 

or paclitaxel (n=1) as a monotherapy or combined therapy consisting of adriamicyn and 

cyclophosphamide with either nab-paclitaxel (n=7) or paclitaxel (n=29). 

2.7. Validated miRNA targets analysis 

To see if miRNAs share common targets, validated targets for miR-181b-1, miR-29a, 

miR-30c-2, miR-1295 and miR-196a-1 were downloaded from miRWalk repository 

(www.zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2) and common targets between 

two or more of these miRNAs were identified [281]. 
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3. Results 

3.1. Sensitivity of breast cell lines to paclitaxel treatment 

First, we wanted to assess the sensitivity of our panel of breast cancer cell lines to 

paclitaxel treatment. In order to do this, dose-dependence curves were calculated using 

MTT assays (Figure V.R 1A). The most sensitive cell line to paclitaxel in our analysis 

was the MDA-MB-231 cell line that had a GI50 of 0.61nM compared to an average 

GI50 of 33.34nM (Figure V.R 1B) (Table V.R 1).  

 

Figure V.R.1. Sensitivity of breast cancer cell lines to paclitaxel. A) Dose-response curves of a 
paclitaxel sensitive cell line (MDA-MB-231) and a resistant cell line (MCF7). B) Sensitivity of breast 
cancer cell lines to paclitaxel. GI50 values are represented in nM range. 

Cell lines GI50 (nM) 
MDA-MB-231 0.61 
MDA-MB-435 3.34 
MDA-MB-436 9.38 
MDA-MB-453 1.27 
MDA-MB-468 2.05 

MCF7 24.59 
BT 474 7.77 
T47D 240 

ZR-751 1000 
SK Br3 1.31 

HCC 1937 37.86 
HCC 1569 6.52 

 

Table V.R.1. Paclitaxel GI50 values of breast cancer cell lines. GI50 values are represented in nM 
range. 

In addition, ER negative cell lines were significantly more sensitive to Paclitaxel than 

ER positive cell lines (p<0.05) whereas sensitivity of PR and Her2 positive cell lines 

A) B)
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was similar to PR and Her2 negative cell lines (Figure V.R 2). TNBC cell lines also 

were more sensitive to Paclitaxel than non-TNBC cells, although not significantly 

(Figure V.R 2). Regarding molecular subtypes, basal-like cell lines were more sensitive 

than luminal-like cell lines to paclitaxel, although not significantly (Figure V.R 2). 

 

Figure V.R.2. Sensitivity of different breast cancer cell line subtypes to paclitaxel. GI50 values for 
different cell lines are represented in nM range. Cell lines are grouped depending on hormone receptor 
status (i.e. ER and PR) and Her2 amplification, TNBC cells are those negative for ER, PR and Her2. t-test 
was used for statistical analysis. In addition, cell lines are grouped depending on molecular subtypes 
(Basal A, Basal B and Luminal). ER negative cell lines are more sensitive to paclitaxel than ER positive 
cell lines (p<0.05).  

Therefore, for subsequent experiments we used the MDA-MB-231 cell line, as being 

the most sensitive cell line to paclitaxel analysis. 

 

*
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3.2. Identification of miRNAs implicated in paclitaxel resistance 

To identify miRNAs implicated in paclitaxel resistance, we performed a functional 

screen in MDA-MB-231 cells previously infected with pool 1, pool 9, pool 1-3, pool 4-

6, pool 7-9 and pool 1-9 as described on page 68. As described on drug resistance 

assays on page 87, drug resistance adaptation experiment was done. Briefly, cells were 

treated with 15nM, 30nM and 60nM of paclitaxel for 72 hours, media was changed and 

cultures were left growing for 20 days. In that time, cells which managed to survive 

paclitaxel treatment generated 36 colonies (Figure V.R 3) and (Table V.R 2). 

 

Figure V.R.3. Paclitaxel-resistant clone. Figure shows a paclitaxel-resistant clone generated after drug 

resistance adaptation experiment. Magnification x40. 
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Wells showing paclitaxel 

resistant colonies 

Number of 

colonies 

Pool 1 15nM 2 

Pool 1 30nM 4 

Pool 9 15nM 6 

Pool 9 30nM 1 

Pool 1-3 30nM 1 

Pool 4-6 15nM 3 

Pool 1-9  MOI 1 15nM 7 

Pool 1-9  MOI 1 30nM 2 

Pool 1-9  MOI 1 60nM 1 

Pool 1-9  MOI 5 15nM 8 

Pool 1-9  MOI 5 30nM 1 

 

Table V.R.2. Resulting colonies from paclitaxel resistance adaptation experiment. Table shows the 

number of colonies picked and from which wells were picked. In total 36 colonies were picked. 

Colonies were individually trypsinized, picked and expanded by consecutive passages 

from 96-well plate to p100 plate. Figure V.R 4 diagram summarizes the functional 

screen.  
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Resistant clones 

1) Pool 1 15nM C2 10) Pool 1-9  MOI 1 15nM C4 

2) Pool 1 30nM C2 11) Pool 1-9  MOI 1 15nM C8 

3) Pool 9 15nM C1 12) Pool 1-9  MOI 1 15nM C11 

4) Pool 9 15nM C4 13) Pool 1-9  MOI 1 60nM C1 

5) Pool 9 15nM C5 14) Pool 1-9  MOI 5 15nM C2 

6) Pool 9 15nM C6 15) Pool 1-9  MOI 5 15nM C3 

7) Pool 4-6 15nM C4 16) Pool 1-9  MOI 5 15nM C4 

8) Pool 1-9  MOI 1 15nM C2 17) Pool 1-9  MOI 5 15nM C5 

9) Pool 1-9 MOI 1 30nM C1  

 

Table V.R.3. Paclitaxel resistant clones. Table shows the 17 clones that resulted resistant to paclitaxel 

compared with parental MDA-MB-231 cell line. 

To elucidate the miRNAs encoded by each of the 17 resistant clones, we amplified the 

encoding region using vector-specific pCDH primers. The resulting amplicons were 

resolved by electrophoresis and in most samples more than one DNA band was detected 

(Figure V.R 6). This indicates that multiple miRNA-encoding viruses were present in 

the cell populations, either due to multiple infections within the same cell or insufficient 

separation of individual cells. 
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Figure V.R.6. Electrophoresis of paclitaxel resistant clones. PCR products from paclitaxel resistant 
clones were loaded into a 1.8% agarose gel. Different fragments were amplified ranging from 250 to 
600bp length. The ladder used was ΦX174 DNA-Hae III. 

Those clones that did display a single band (i.e. pool 9 15nM C1, pool 9 15nM C4 and 

pool 9 15nM C5 (Figure V.R 6)) were Sanger sequenced. For the rest of the clones, we 

sub-cloned these multiple PCR products into TOPO® TA vector as described on page 

88. At least 20 bacterial colonies were picked from each clone, amplified with pCDH 

primers and sequenced by Sanger sequencing. A schematic representation of the process 

is represented in figure V.R 7.  

ΦX174

DNA-Hae III
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Figure V.R.7. Schematic representation of Pool 1-9 MOI 1 15nM C11 containing miRNA 
identification process. First, PCR product was sub-cloned into TOPO TA vector. Then, it was 
transformed into competent bacteria and grown in a LB-agar plate with ampicillin selection. Individual 
bacteria were picked and PCRed. PCR product from each bacterial colonies were loaded in one lane. A 
single band per bacterial colony was observed in a range between 300 to 600bp length. Finally, those 
PCR products were Sanger sequenced and miRNA sequences were identified.  

Sub-cloning

Transformation

PCR bacterial

colonies

Sanger sequencing

ΦX174

DNA-Hae III Pool 1-9 MOI 1 15nM C11



                        Identifying the role of miRNAs in paclitaxel resistance of breast cancer  

99 

In total, more than 260 PCR products were Sanger sequenced and 57 different miRNAs 

were detected (Table V.R 4). From them, 14 were selected on the basis of frequency of 

occurrence and relevance to cancer as identified by literature search. The selected 

miRNAs were miR-23a, miR-29a, miR-30c-2,miR-134, miR-155,miR-181b-1,miR-196a-

1, miR-329-2, miR-337, miR-491, miR-543,miR-650, miR-1295 and Let-7a-1. 

Resistant 

clones 

miRNAs (how many times sequenced) 

 Pool 1 

15nM C2 
miR-155 

(1) 
miR-181b-1 

(1) 
miR-491 

(1) 
       

Pool 1 30nM 

C2  
miR-18b 

(2) 
miR-155 

(3) 
miR-181a-1 

(3) 
miR-181b-1 

(3) 
miR-197 

(1) 
miR-203 

(1) 
miR-508 

(2) 
   

Pool 9 15nM 

C1  
miR-1281 

(1) 
         

Pool 9 15nM 

C4  
miR-650 

(1) 
         

Pool 9 15nM 

C5  
miR-650 

(1) 
         

Pool 9 15nM 

C6  
miR-1180 

(1) 
miR-1281 

(7) 
        

Pool 4-6 

15nM C4  
miR-1182 

(1) 
miR-1205 

(1) 
        

Pool 1-9 

MOI 1 60nM 

C1  

miR-23a 

(3) 
miR-26b 

(3) 
miR-512-1 

(1) 
miR-512-2 

(1) 
miR-662 

(2) 
     

Pool 1-9 

MOI 5 15nM 

C5  

miR-let7b 

(6) 
miR-134 

(15) 
miR-181b-1 

(7) 
       

Pool 1-9 

MOI 1 15nM 

C2  

miR-107 

(6) 
miR-126 

(1) 
miR-181b-1 

(5) 
miR-491 

(11) 
miR-1295a 

(1) 
miR-

1302-8 

(2) 

    

Pool 1-9 

MOI 1 15nM 

C4  

miR-365a 

(8) 
miR-527 

(9) 
miR-1296 

(9) 
       

Pool 1-9 

MOI 1 15nM 

C8  

miR-let7c 

(3) 
miR-29a 

(4) 
miR-181b-1 

(2) 
miR-196a-1 

(4) 
miR-521-2 

(2) 
miR-873 

(7) 
    

Pool 1-9 

MOI 1 15nM 

C11  

miR-30c-2 

(1) 
miR-101-1 

(4) 
miR-128-1 

(3) 
miR-411 

(3) 
miR-543 

(1) 
miR-650 

(1) 
miR-1322 

(1) 
   

Pool 1-9 

MOI 5 15nM 

C2  

miR-199a-1 

(2) 
miR-199a-2 

(2) 
miR-548e 

(1) 
miR-1184 

(2) 
miR-1286 

(5) 
     

Pool 1-9 

MOI 5 15nM 

C4  

miR-let7a-1 

(4) 
miR-15a 

(5) 
miR-218-1 

(3) 
miR-362 

(2) 
miR-513a 

(3) 

miR-519 

(2) 
miR-614 

(1) 
miR-616 

(3) 
miR-

1178 

(1) 

miR-

1295a 

(6) 
Pool 1-9 

MOI 5 15nM 

C3  

miR-134 

(12) 
miR-329-2 

(6) 
        

Pool 1-9 

MOI 1 30nM 

C1 

miR-30c-2 
(9) 

miR-218-2 

(8) 

miR-337 
(7) 

miR-942 

(3) 
      

 

Table V.R.4. Sequenced miRNAs. Table shows the miRNA content of the 17 clones that resulted 

resistant to paclitaxel and how many times was sequenced each miRNA. Highlighted in green are the 

miRNAs selected for further validation. 

3.3. miRNA over-expression modulate cell response to paclitaxel 
treatment 

To validate the 14 selected miRNAs, MDA-MB-231 cells were infected with individual 

lentiviruses at MOI 1. An empty vector lentivirus was used as a control. Dose-

dependence curves were performed by treating the cells with paclitaxel and measuring 

cell viability with MTT assay (Figure V.R 8). There was no difference between controls 
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and selected miRNAs which we reasoned could be due to long-half life of proteins 

involved in paclitaxel-resistance that were targeted by the miRNAs, and the fact we 

used a shorter incubation time compared to the initial set of experiments (i.e. 3 days vs 

20 days).  

 

Figure V.R.8. Dose-response curves of miRNAs. MDA-MB-231 cells were individually infected with 

the selected 14 miRNAs. On the left panel are represented dose-response curves of cells infected with the 

miRNAs individually or with empty vector and treated with paclitaxel. On the right panel, the GI50 

values are represented for individual miRNAs (n=1) and for empty vector (n=5). No significant 

differences were observed between miRNAs and empty vector. 

Therefore, we repeated the initial screening experiment, this time leaving resistant cells 

growing for 20 days after 3 day treatment with 15, 30 or 60nM of paclitaxel. Once 

resistant colonies were formed, they were fixed, stained and counted under the 

microscope (Figure V.R 9). 
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Figure V.R.10. Validation of paclitaxel resistance miRNAs. Paclitaxel resistance adaptation 

experiment was performed with MDA-MB-231 cells over-expressing the different miRNAs. Either t-test 

or Mann-Whitney tests were used for statistical analysis. A) Number of paclitaxel resistant colonies on 

cells treated with 15nM of paclitaxel. miR-29a, miR-30c-2, miR-181b-1 and miR-1295 formed 

significantly more  resistant colonies than empty vector (p<0.05). B) Number of paclitaxel resistant 

colonies on cells treated with 30nM of paclitaxel. miR-29a and miR-181b-1 formed significantly more  

resistant colonies than empty vector (p<0.05). 

To investigate if resistance was cell line specific, we repeated the assays in other breast 

cancer cell lines (i.e. MDA-MB-543, MCF-7, MDA-MB-436, MDA-MB-468 and 

HCC-1569). For this experiment we carried out individual infections of lentivirus 

carrying miR-181b-1, miR-29a, miR-30c-2, miR-1295 and miR-196a-1 on the different 

cell lines at MOI 1. miR-196a-1, was included because although it did not form 

significantly more resistant colonies than empty vector in MDA-MB-231 cells 

(p=0.108), there was an evident trend in that direction. Number of colonies from wells 

treated with 15nM were counted, as higher number of colonies were observed in these 

wells comparing with 30nM and 60nM wells, with the exception of MDA-MB-436 cell 

line, where 15nM wells were confluent and 30nM wells were counted. 

Overall, miRNAs significantly increased resistance to paclitaxel in TNBC cell lines (i.e. 

MDA-MB-231, MDA-MB-436 and MDA-MB-468) compared to non-TNBC cell lines 

(Figure V.R 11). Interestingly, over-expression of miR-181b-1 significantly increased 

resistance to paclitaxel in all TNBC cell lines, whereas in non-TNBC cell lines, miR-

181b over-expression did not produce significant differences in paclitaxel resistance. 
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From non-TNBC cells, MCF7 cells showed a significant increase in resistance to 

paclitaxel when miR-29a and miR-1295 were over-expressed (Figure V.R 11). 

 

Figure V.R.11. Validation of paclitaxel resistance miRNAs in other breast cancer cell lines. 

Paclitaxel resistance adaptation experiment was performed with cells over-expressing the validated 

miRNAs in different breast cancer cell lines (TNBC cell lines are in top panel and non-TNBC cell lines in 

lower panel). Either t-test or Mann-Whitney tests were used for statistical analysis. Number of paclitaxel 

resistant colonies are represented and statistically significant differences are highlighted with "*" 

(p<0.05). 

3.4. Endogenous miRNA expression in breast cancer cell lines is not 
correlated with paclitaxel resistance 

As we had shown that the over-expression of these miRNAs resulted in an increase of 

Paclitaxel resistance in some cell lines, we looked for a correlation between the levels of 

resistance and endogenous levels of these miRNAs in our panel of breast cancer cell 

lines. Consequently, we measured the expression of miR-181b, miR-29a, miR-30c-2, 

miR-196a-1 and miR-1295 in different cell lines by qRT-PCR using U6b expression as a 

control gene and correlated this with the values of paclitaxel GI50 in the various cell 

lines. No significant relationship was observed between endogenous miRNA expression 

and paclitaxel resistance (Figure V.R 12). 
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Figure V.R.12. Correlation between miRNA expression and GI50 in our panel of breast cancer cell 

lines. miRNA expression on MDA-MB-231, MDA-MB-436, MDA-MB-435, MDA-MB-453, MDA-MB-

468,  MCF7, BT474, T47D, ZR-751, SkBr3, and HCC1569 cell lines was measured. In the graphs, 2-ΔΔCt 

values of miRNAs are represented against GI50 values of paclitaxel. No correlation was observed 

between miRNA expression and paclitaxel resistance. 

When we analysed TNBC cell lines separately, we observed a positive correlation 

between miR-29a expression and paclitaxel GI50 values (R2=8.993), although only four 

TNBC cell lines were included in this analysis (Figure V.R 13). 
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Figure V.R.13. Correlation between miRNA expression and GI50 in TNBC cell lines. miRNA 

expression on MDA-MB-231, MDA-MB-436, MDA-MB-435 and MDA-MB-468 cell lines was 

measured. In the graphs, 2-ΔΔCt values of miRNAs are represented against GI50 values of paclitaxel. A 

positive correlation was observed between miR-29a expression and paclitaxel resistance. 

3.5. Inhibition of miRNA expression with LNAs increases 
chemosensitivity upon paclitaxel treatment 

To test whether inhibition of these miRNAs could sensitize cells to paclitaxel treatment 

we treated cells with locked nucleic acids (LNAs) antagomir sequences. 

Complementary LNAs against miR-181b-1, miR-29a, miR-30c-2, miR-1295 and miR-

196a or a scramble LNA sequence were used to transfect MDA-MB-231 cells. Cells 

were then treated with 15nM of paclitaxel and drug-adaptation assays were performed 

as described before. 
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Inhibition of miR-181b expression with LNAs significantly increased the sensitivity of 

cells to paclitaxel treatment (p<0.05), with an increase in sensitivity of more than 50%, 

as shown in figure (Figure V.R 14). Inhibition of miR-29a and miR-196a also resulted 

in a sensitization of cells, although not statistically significant. 

 

Figure V.R.14. miRNA inhibition sensitizes cells upon paclitaxel treatment. Paclitaxel resistance 

adaptation experiment was performed with MDA-MB-231 cells where miRNA expression was inhibited 

with LNAs. Either t-test or Mann-Whitney tests were used for statistical analysis. Figure shows the 

number of paclitaxel resistant colonies on cells treated with 15nM of paclitaxel. miR-181b-1 inhibition 

significantly sensitized cells compared with negative control (p<0.05).  Experiments were performed in 

triplicate. 

We tested this effect on other breast cancer cell lines (MDA-MB-468 and MCF7). This 

time, inhibition of those miRNAs did not result in a sensitization of cells upon 

paclitaxel treatment (Figure V.R 15). Only miR-29a sensitized MDA-MB-468 cells 

upon paclitaxel treatment, but not significantly. 
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Figure V.R.15. Effect of miRNA inhibition in other cell lines. Paclitaxel resistance adaptation 

experiment was performed with MDA-MB-468 and MCF7 cells where miRNA expression was inhibited 

with LNAs. Either t-test or Mann-Whitney tests were used for statistical analysis. Figure shows the 

number of paclitaxel resistant colonies on cells treated with 15nM of paclitaxel. miRNA inhibition did not 

sensitized cells upon paclitaxel treatment.  Experiments were performed in triplicate. 

3.6. miRNA driven resistance against paclitaxel related anti-mitotic 
compounds 

In order to investigate whether the miRNA driven resistance was specific for paclitaxel, 

we tested eribulin and vinorelbine anti-mitotic drugs. To determine which was the best 

concentration of drug to perform drug resistance adaptation experiments, MDA-MB-

231 cells were treated with different concentrations of eribulin (1, 3, 6, 10 or 20nM) or 

vinorelbine (50, 75 or 100nM) for three days. Drug-ranges were calculated according to 

previous studies from literature. Then media was replenished and cells were maintained 

in culture. After 20 days, wells where 1, 3 and 6nM of eribulin or 50nM of vinorelbine 

was added were confluent, and in wells where 20nM or eribulin or 100nM of 

vinorelbine was added, few colonies were observed. Therefore we selected 10nM of 

eribulin and 75nM of vinorelbine as the best concentration to perform drug resistance 

adaptation experiments. Drug resistance was tested in MDA-MB-231 cells infected with 

lentiviral viruses over-expressing miR-181b-1, miR-29a, miR-30c-2, miR-1295 or miR-

196a and treated for 3 days with 10nM and 75nM of eribulin and vinorelbine 

respectively, then drugs were removed and resulting resistant colonies were counted at 

day 20. 
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Cells which over-expressed miR-29a formed significantly more resistant colonies than 

controls when treated with either eribulin or vinorelbine (p<0.001). When cells were 

treated with vinorelbine, the cells over-expressing miR-181b and miR-30c-2 also formed 

more resistant clones compared with the empty vector (p<0.01 and p<0.05 respectively) 

(Figure V.R 16). 

 

Figure V.R.16. Effect of miRNA over-expression on resistance to eribulin or vinorelbine treatment. 

Eribulin and vinorelbine resistance adaptation experiments were performed with MDA-MB-231 cells 

over-expressing different miRNAs. Either t-test or Mann-Whitney tests were used for statistical analysis. 

A) Number of eribulin resistant colonies on cells treated with 10nM of eribulin. miR-29a formed 

significantly more  resistant colonies than empty vector (p<0.001). B) Number of vinorelbine resistant 

colonies on cells treated with 75nM of vinorelbine. miR-181b-1,miR-29aand miR-30c-2formed 

significantly more resistant colonies than empty vector (p<0.01, p<0.001 and p<0.05). 

3.7. miRNA expression in a cohort of patients treated with paclitaxel 

Next, miRNA expression was studied in a cohort of 42 breast cancer patients from 

Onkologikoa Hospital (Donostia San-Sebastián, Spain) that were treated with paclitaxel 

either as a single agent or in combination. The hormone receptor status and histological 

grade of the tumours of the cohort are shown in Table V.R 5. Patients were treated with 

nab-paclitaxel, paclitaxel or combined therapy of adriamicyn and cyclophosphamide 

with either nab-paclitaxel or paclitaxel as shown in Table V.R 5. 
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Features n 

Immunohistochemical 
status 

ER + 4 

ER + PR + 28 

Triple - 10 

Histological grade I 1 

II 29 

III 12 

Tumour size (mm) <30 7 

30-60 24 

>60 11 

Treatment  Paclitaxel 1 

Nab-paclitaxel 5 

AC + paclitaxel 29 

AC + Nab-paclitaxel 7 

Response to treatment CR 26 

Refractory 16 

 

Table V.R.5. Cohort of breast cancer patients. *n= number of patients, *AC = Adriamicyn and 

cyclophosphamide,*CR= complete response. 

Biopsy material (formalin-fixed paraffin-embedded (FFPE)) was available pre- and 

post-treatment. Response to treatment was determined by magnetic resonance and by 

examination of the post-treatment lesion by an expert pathologist. Complete response 

(CR) was determined as those tumours not detectable by post-treatment magnetic 

resonance in addition to an absence of tumour cells in the affected lesion. Expression 

levels of miR-181b-1, miR-29a, miR-30c-2, miR-196a-1 and miR-1295a were not 

statistically different between patients who achieved complete response and patients that 

were refractory to therapy in samples taken pre-treatment (Figure V.R 17). 
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Figure V.R.17. miRNA expression in pre-treatment samples. miR-181b, miR-29a, miR-30c-2, miR-

196a and miR-1295a expression was measured by qRT-PCR in pre-treatment FFPE samples and 

expression of patients who achieved complete response and refractory patients was compared. Either t-

test or Mann-Whitney tests were used for statistical analysis. No significant differences were observed. 

However, when samples were grouped according to hormone receptor status, miR-181b 

and miR-1295a were significantly over-expressed in triple negative subgroup compared 

to other subgroups (Figure V.R 18). 
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Figure V.R.18. miRNA expression in different cancer subtypes. miR-181b, miR-29a, miR-30c-2, miR-

196a and miR-1295a expression  was measured by qRT-PCR in pre-treatment FFPE samples and 

expression in different breast cancer subtypes was compared. Either t-test or Mann-Whitney tests were 

used for statistical analysis. miR-181b and miR-1295a are over-expressed in TNBC patients (p<0,01). 

*ER = Estrogen receptor, *PR = Progesteron receptor. 
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miRNA expression was also analysed in  samples post-treatment (from 16 patients that 

did not have CR) and interestingly, miR-29a expression significantly increased 

compared to pre-treatment samples (Figure V.R 19). The other miRNAs did not 

significantly modify their expression after treatment schedule. 

 

Figure V.R.19. miRNA expression in patients pre and post treatment. miRNA expression was 

determined by qRT-PCR with TaqMan probes. Either paired t-test or Wilcoxon matched-pairs signed 

rank tests were used for statistical analysis. miR-29a expression is significantly increased in post-

treatment samples compared to pre-treatment samples (p<0.05). 



                        Identifying the role of miRNAs in paclitaxel resistance of breast cancer  

113 

The concordance in expression of those five miRNA was another analysed factor. The 

pre-treatment relative expression values of one miRNA were plot against the relative 

expression values of other miRNA to see if there was any correlation between them. 

miR-181b showed a significant positive correlation with miR-29a and miR-30c-2 

(Figure V.R 20). This means that in patients where miR-181b was high, the other two 

miRNAs were also high and vice versa. miR-29a also showed a positive correlation 

with miR-30c-2 and miR-1295a (Figure V.R 20). 

 

Figure V.R.20. miRNA expression correlation. miRNA expression was determined by qRT-PCR and 

correlation between miRNAs was analysed. miR-181b expression positively correlates with miR-29a and 

miR-30c-2 expression. miR-29a expression positively correlates with miR-30c-2 and miR-1295a 

expression (p<0.05). 
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As there was a positive correlation between some miRNAs, we investigated if this could 

be due to a coordinate expression. When we looked at the genomic location of miR-

181b, miR-29a, miR-30c-2, miR-196a and miR-1295a, they all were encoded in 

different regions, with miR-181b and miR-1295a the closest ones but with 27Mb 

distance between them (Table V.R 6). 

miRNAs Genomic location 

miR-181b Chr1: 198858873..198858982 

miR-29a Chr7: 130876747..130876810 

miR-30c-2 Chr6: 71376960..71377031 

miR-196a Chr17: 48632490..48632559 

miR-1295a Chr1: 171101728..171101806 

 

Table V.R.6. Genomic location of miRNAs. Table shows the genomic location of miRNAs; 

chromosome number, start and end positions. Reference: human genome GRCh38 

3.8. Paclitaxel resistant miRNAs share common targets 

Next we investigated validated targets of the candidate miRNAs to see if there was a 

shared target or common pathway between selected miRNAs. List of validated targets 

was obtained from “miRWalk” and common targets between different miRNAs were 

identified (Table V.R 7). 
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 hsa-miR-181b-1 hsa-miR-29a hsa-miR-30c-2 hsa-miR-196a hsa-miR-1295a 

BCL2 Yes Yes Yes Yes No 

AKT1 Yes Yes Yes No No 

TP53 Yes Yes Yes No No 

SYNE1 Yes Yes Yes No No 

LIN28 Yes Yes Yes No No 

CDKN2A Yes Yes No No No 

CREB1 Yes Yes No No No 

RRBP1 Yes Yes No No No 

PTEN Yes Yes No No No 

DGCR8 Yes No Yes No No 

RNASEN Yes No Yes No No 

SOX2 No Yes Yes No No 

BCR Yes No No No No 

 

Table V.R.7. miRNA validated targets. Table shows shared common targets between miR-29a, miR-

30c-2, miR-181b-1 and miR-1295. *Yes= validated target for that miRNA, *No= target not validated for 

that miRNA. 

Among gene targets, BCL2 was the most common target in 4 out of 5 of the miRNAs. 

Other targets such as TP53, AKT1, SYNE1 and LIN28 are shared targets between miR-

181b, miR-29a and miR-30c-2 miRNAs. miR-1295 did not share any target with the 

other miRNAs and miR-196a only shared one target. 
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4. Discussion 

Recently, miRNAs have been described to play an important role in resistance to breast 

cancer treatment [282-287]. Furthermore, miRNA deregulation has been related with 

almost all therapies used in breast cancer [282]. Previously, miR-21, miR-125b,miR-

520h and miR-18a have all been reported to induce resistance to paclitaxel in breast 

cancer [202, 288-291]. In contrast Let-7a, miR-342, miR-34a , miR-218, miR-100 and 

miR-24 had been reported to sensitize tumour cells to paclitaxel in breast cancer [292-

297]. However, in those studies, individual miRNAs were studied, with the exception of 

[202] and [295], where differential miRNA expression between parental and paclitaxel 

resistant cells was determined by microarray expression. These studies with parental 

and resistant cell lines have the limitation that only endogenous levels of miRNAs are 

compared and the role of miRNAs that are not endogenously expressed in those cell 

lines can not be studied, limiting the study to a subset of miRNAs. In the current study 

we used a lentivirally encoded miRNA library as a functional screening tool to identify 

miRNAs involved in resisting paclitaxel-induced cell death in breast cancer. 

MDA-MB-231 cells were infected with different pools containing a miRNA library and 

paclitaxel-resistant cells were selected by treating the cells with the drug. Paclitaxel-

resistant clones were sequenced and 57 different miRNAs were detected in these clones. 

From these, 14 miRNAs were selected for validation. We were able to validate five of 

these using individual lentiviral infections (miR-181b-1, miR-29a, miR-30c-2, miR-

196a-1 and miR-1295a). The reason for the low level of validation could be the 

redundancy of the mechanisms of the resistance resulting from individual lentiviral 

infections. 

The validated miRNAs were tested in other breast cancer and miR-181b-1 was found to 

increase paclitaxel resistance in all of the TNBC cell lines tested, suggesting that 

acquired resistance to paclitaxel could be breast cancer subtype specific. Previous 

studies have reported that response to paclitaxel did not differ when comparing breast 

cancer patients with different hormone status or HER2 expression disease [298]. 

However, miR-181b has previously been reported to be over-expressed in TNBC 

compared to normal tissue, suggesting that miR-181b is important in TNBC [299]. 

Interestingly, miR-181b expression is higher in high-grade tumours and in tumours with 

high Ki67 expression, demonstrating a correlation with breast cancer aggressiveness 
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[300]. Over-expression of miR-181b has also been described to be involved in 

doxorrubicin resistance [301], but we were unable to reproduce those results in MDA-

MB-231 cells (data not shown). Further experiments are needed to assess if the 

mechanisms underlying miR-181b mediated paclitaxel resistance is related with receptor 

status of breast cancer or with the molecular subtype (i.e. basal-like). 

The miRNAs, miR-29a, miR-30c-2, miR-196a-1 and miR-1295a also induced resistance 

to paclitaxel in TNBC cell lines, but this phenotype was not subtype specific as miR-29a 

and miR-1295a also induced resistance in MCF7 cell line (ER+). 

We also looked at resistance to other anti-mitotic drugs used in the clinic vinorelbine 

and eribuline [302]. miR-29a over-expression conferred resistance to both virorelbine 

and eribuline. In contrast, miR-181b-1 and miR-30c-2 conferred resistance to eribuline 

but not vinorelbine. All together, these results suggest that resistance to anti-mitotic 

compounds driven by miR-29a can be due to a common mechanism as this miRNA was 

able to create resistance to different anti-mitotic drugs in MDA-MB-231 cell line. In 

contrast, miR-181b and miR-30c-2 induced resistance may be drug specific. 

Interestingly, miR-29a has also been reported to be responsible for resistance against 

doxorubicin and docetaxel, providing further evidence that miR-29a driven resistance 

mechanism may be generic, for example by PTEN down-regulation [303, 304]. Our 

results contribute to these findings by including three drugs where miR-29a over-

expression induces resistance, widening the possible therapeutic window of miR-29a 

inhibition. However, when we inhibit miR-29a expression to sensitise cells to paclitaxel, 

we only showed an effect in MDA-MB-231 and MDA-MB-468 cells but not in MCF7 

cells, suggesting only certain breast cancer subtypes may benefit from the treatment. 

When miRNA expression in patients refractory to therapy was analysed, miR-29a 

expression increased significantly in post-treatment samples, suggesting that miR-29a 

may be related with paclitaxel treatment failure in breast cancer patients. This result is 

in line with literature, where miR-29a has been shown to be over-expressed after 

treating breast cancer patients with chemotherapy [305]. However, our cohort of 

patients was very heterogeneous, including several breast cancer subtypes and different 

treatment options and thus, an expanded and more homogeneous cohort could help in 

elucidating the effects of these miRNA in resistance to chemotherapy. 
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When miRNA expression was inhibited with LNAs, miR-181b inhibition resulted in 

sensitization of cells to paclitaxel treatment in MDA-MB-231 cells. miR-29a inhibition 

also appeared to sensitise MDA-MB-231 and MDA-MB-468 cells, although not 

significantly. There was no effect on the sensitivity of MCF7 cell line. This could be 

because transfections have a transitory effect and single dose treatment may not be the 

best approach to overcome paclitaxel resistance. 

We also analysed the miRNA validated targets. Among gene targets, BCL2, TP53, 

AKT1, SYNE1 and LIN28 were common targets of most of the identified miRNAs. It 

should be noted however that, for most of these genes, resistance against paclitaxel 

treatment was associated with over-expression [292, 306, 307], whereas we would 

expect the over-expression of identified miRNAs to be associated with a decrease in 

those target genes. 

In conclusion, the functional screen of paclitaxel-resistant miRNAs resulted in the 

finding of novel miRNAs involved in paclitaxel resistance. Therefore, functional 

screens are a valuable tool in relating miRNA-drug phenotype. Our results showed that 

miR-29a and miR-181b may be good candidates for miRNA-inhibition which could 

overcome resistances to chemotherapy. 
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5. Conclusions 

1) miR-181b-1, miR-29a, miR-30c-2, miR-196a-1 and miR-1295a were identified in the 

paclitaxel functional screen and the induced paclitaxel resistance was validated in 

MDA-MB-231 cells. 

2) Overall, miR-181b-1, miR-29a, miR-30c-2, miR-196a-1 and miR-1295a contributed 

more to paclitaxel resistance in TNBC cells than in non-TNBC cells. 

3) miR-181b-1 distinctly contributed to paclitaxel resistance only in TNBC cells. 

4) Inhibition of miR-181b expression sensitized MDA-MB-231 cells to paclitaxel. 

5) miR-29a over-expression contributed to virorelbine and eribuline resistance and miR-

181b and miR-30c-2 over-expression contributed to eribuline resistance in MDA-MB-

231 cells. 

6) miR-29a expression is increased in post-treatment samples compared to pre-treatment 

samples of breast cancer patients resistant to chemotherapy. 
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1. Introduction 

Although the prognosis of breast cancer has improved significantly in the last few 

decades largely due to population screening programmes, and targeted therapies, the 

presence of metastatic disease remains associated with a poor prognostic outcome [308]. 

Nearly 30% of patients diagnosed with early-stage breast cancer will go to develop 

distant metastasis [309]. From those, around 80% of them will die within just 5 years 

[186]. Therefore, there is a clear clinical need to improve the outcome of these patients, 

either by preventing the development of metastasis in the first place, or to develop novel 

treatment strategies against metastatic disease once established. 

Metastasis is the process by which tumour cells escape from their primary tumour to 

distant tissues in the body through a sequence of steps including local invasion, 

intravasation into circulation, survival in circulation, extravasation, formation of 

micrometastases and formation of metastases [26, 27]. Activation of molecular 

mechanism, such as migration and invasion are very important in this process [184, 

310]. Migration involves the movement of cells from one site to another, necessitating a 

decrease on their intercellular adhesiveness of tumour cells in order to detach from the 

primary tumour [311]. For this to occur, alterations such as cytoskeletal changes, cell-

matrix interactions, actin-myosin contractions or focal adhesions disassembly needs to 

happen [312]. This process, starting with non-motile cells forming part of the tumour 

bulk and ending with motile individual cells is known as the epithelial-mesenchymal 

transition (EMT) [311]. During EMT process, cells lose epithelial markers, such as E-

Cadherin and gain mesenchymal markers, such as N-Cadherin and Vimentin (Figure 

VI.I 1) [313]. 
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Figure VI.I.1. Characteristics of epithelial-mesenchymal transition. Figure shows characteristics of 

epithelial and mesenchymal states and the markers associated to each state. *EMT = Epithelial-

mesenchymal transition, *MET = Mesenchymal-epithelial transition. Modified from HJ Maier, T Wirth 

and H Beug, Cancers, 2010. 

Once cells are able to migrate, the next step is to invade through basement membranes 

and endothelial cells and to disseminate through blood and lymph vessels [314]. In the 

invasion process, cells can undergo two strategies, one is to use the acquired migration 

capabilities to move through tissue structures and the second is to degrade tissue 

structures by proteolytic degradation [315]. There are two main types of proteases one 

are cell surface proteases like membrane type (MT) matrix metalloproteinases (MMPs) 

or ADAMs (a disintegrin and metalloproteinases) [316, 317]. The other type of 

proteases are secreted proteases which again can be MMPs and ADAMs [318]. MMPs 

and ADAMs can perform proleolysis of either structural extracellular matrix (ECM) 

proteins like collagens, fibronectin and laminin or other proteases and cell surface 

receptors [315, 318]. 
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Thus, migration and invasion contribute to dissemination of cancer cells which need to 

further survive in circulation, extravasate and survive and proliferate in distant organs 

for a metastasis to occur [26]. 

miRNAs can play different roles in the breast cancer metastatic process, some miRNAs 

act as positive modulators of metastasis (i.e. miR-21, miR-29b) and other miRNAs as 

suppressors (i.e. miR-124, miR-126, miR-335) [187, 319-321]. Furthermore, recent 

studies have shown that breast cancer related circulating miRNAs (i.e. miR-10b, miR-

21, miR-155) are over-expressed in patients with breast cancer metastasis, suggesting 

that miRNAs may be good biomarkers for early detection of metastatic breast cancer 

[322-326]. However, most of the studies to date have identified miRNAs associated 

with breast cancer metastasis without an understanding of the functional relevance of 

those miRNAs in the acquisition of a metastatic phenotype. 
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2. Materials and methods 

2.1. Cell culture 

LM2 cells were a kind gift from Roger Gomis (IRB Barcelona, Barcelona, Spain). LM2 

cells are a highly metastatic cell line derived from the MDA-MB-231 cells, which were 

been selected by two serial xenograph experiments where cells were tail vain injected 

and rescued from lung metastasis [327]. These cells stably express a triple-fusion 

reporter protein encoding for thymidine kinase 1, green fluorescent protein (GFP) and 

firefly luciferase, enabling the in vivo monitoring of cells in real time by IVIS® imaging 

system [327]. Both MDA-MB-231 and LM2 cell culture conditions are detailed on page 

39. 

2.2. In vitro invasion assay 

Invasion assay was performed with Corning® BioCoat™ Matrigel® Invasion Chambers 

(Corning, NY, USA). MDA-MB-231 or LM2 cells were grown in serum-free media for 

24 hours. Then, 2.5 x 104 cells per well were seeded on top of the transwell in serum-

free media. Complete media with 10% FBS was added to the low compartment as a 

chemo-attractant. Cells were incubated at 37ºC for 24 hours and non-invading cells 

from the top of the chamber were removed with a cotton swab. Chambers were washed 

with PBS and fixed and stained with Toluidine Blue 0.4% formaldehyde for 20 minutes. 

Then, chambers were washed with water. The number of invading cells was counted 

under the microscope in 6 non-adjacent fields per chamber, with a magnification of 

200x. All experiments were performed in triplicate and results were normalized to an 

empty vector control in miRNA over-expression assays or to a scramble control on 

miRNA inhibition assays. 

2.3. Wound healing assay 

We used wound healing assays to assess the migration capacity of cells. Approximately 

2 x 105 cells were seeded in 6 well plates and grown until 90-95% confluent. Cells were 

then serum starved overnight and three scratch wounds were made per well with a 

200µL pipette tip. Two perpendicular scratches were performed and photos were taken 

in the resulting cross at time 0 and after 24 hours. Photos were taken under the 

microscope at a magnification of 40x. Migration into the cell-free scratch area was 
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measured with Photoshop (Adobe Systems Incorporated, CA, USA) and data was 

expressed as percentage. 

2.4. lnvasion screening assay 

For invasion phenotype assays screen, we used MDA-MB-231 containing the miRNA 

library or an empty vector as a control. The cells underwent two consecutive invasion 

rounds with Corning® BioCoat™ Matrigel® Invasion Chambers (Corning, NY, USA) 

as described above (in vitro invasion assay). Cells were incubated for 24 hours and non-

invading cells from the top of the chamber were separated with a cotton swab and 

cultured in 24-well plates. Invading cells were trypsinized and grown until confluence 

in 24-well plates. Invasive cells were then subjected to a second run of the assay. 

2.5. PCR of invasive cells 

To assess the non-saturating conditions that could introduce bias in the relative 

quantities of each miRNA, PCR reactions at different cycles were performed. First, 

DNA from invasive and non-invasive cells was amplified using pCDH primers as 

described on page 42. Each sample was subjected to 24, 26, 28 or 30 cycles of 

amplification in a Verity Thermal Cycler (Applied Biosystems™) to determine the pre-

saturating conditions. The PCR products were loaded in a 1.8% agarose gel and the 

DNA bands were visualized under UV light.  

2.6. Lentiviral miRNA inhibitors based upon the Tough Decoy system 

The Tough Decoy system from Sigma-Aldrich is based on a vector system developed  

by Haraguchi T, Ozaki Y and Iba H [328]. This system harbours TuD RNA expression 

cassettes which are driven by a gene expression promoter. When expressed, TuD RNAs 

had miRNA binding sites complementary to the target miRNA. Thus, they act as 

competitive inhibitors of miRNAs, binding to specific miRNAs and preventing miRNA-

target interaction.  

For these experiments we seeded 1x105 LM2 cells in 6-well plates and the next day 

infected the cells with anti-miR-10b, anti-miR-298, anti-miR-203a or anti-miR-Scramble 

Tough Decoy inhibitors using a MOI of 25 (Sigma-Aldrich, Missouri, USA). Three 

days after infection, cells were selected with puromycin. 
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2.7. Metastasis in vivo experiment 

In vivo experiment was performed by Roger Gomis research group (IRB Barcelona, 

Spain). Four groups of eight mice female athymic Nude-Foxn1 nu/nu mice of 8-12 

weeks of age were injected in the tail vain with 2,5 x 104 cells per mouse using a 26G 

needle as previously described [329]. In the first group, LM2 cells infected with anti-

miR-scramble were injected, in the second cells infected with anti-miR-10b, in the third 

group cells infected with anti-miR-298 and in the third group cells infected with anti-

miR-203. The tumour cells were monitored once a week by luminescence imaging using 

an IVIS spectrum system (Figure VI.M 1).  

 

Figure VI.M.1. Schematic representation of in vivo assay. Four groups of eight mice were tail-vain 

injected with  LM2 anti-Scr, LM2 anti-miR-10b, LM2 anti-miR-298 or LM2 anti-miR-203a cells. Cells 

were monitored every week by luminescence imaging.  

After 36 days post-injection, the mice were culled and lungs were extracted post-

mortem. Ex-vivo luminescence of lungs was measured and samples for RNA and DNA 

Anti-Scr Anti-miR-10b Anti-miR-298 Anti-miR-203a

Day 0
End point

Day 36

2,5 x 104 cells 
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extraction were taken from each mice. The remaining lungs were fixed in formalin and 

embedded in paraffin. 

All animal experiments were performed following the ethical guidelines of The 

Institutional Animal Care. 

2.8. Matrix Metalloproteinase expression 

The expression of 18 different matrix metalloproteinases (MMPs) was measured by 

qRT-PCR as described on page 43, using the following primers as previously described 

[330] (Table VI.M 1). 
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Metalloproteases Primer sequences 

MMP1 
Forward: 5’-TCAACCAGGCCCAGGTATT-3’ 

Reverse: 5’-GGTACATCAAAGCCCCGATA-3’ 

MMP2 
Forward: 5’-TGGGAGAAGGCCAAGTGGTCCGTG-3’ 

Reverse: 5’-GTGCAGCTGTTGTACTCCTTGCCA-3’ 

MMP3 
Forward: 5’-CCAGGGATTAATGGAGATGC-3’ 

Reverse: 5’-ATCTTGAGACAGGCGGAACC-3’ 

MMP7 
Forward: 5’-TGTATGGGGAACTGCTGAC-3’ 

Reverse: 5’-TCATCCTCATCGAAGTGAGC-3’ 

MMP8 
Forward: 5’-CTCAAGATGACATCGATGGC-3’ 

Reverse: 5’-TCTTTGTAGCTGAGGATGCC-3’ 

MMP9 
Forward: 5’-AAGGATACAGTTTGTTCCTCGTG-3’ 

Reverse: 5’-GCCCCTCAGTGAAGCGGTACAT-3’ 

MMP10 
Forward: 5’-AAGTTAACAGCAGGGACACC-3’ 

Reverse: 5’-CTTGGATAACCTGCTTGTACC-3’ 

MMP11 
Forward: 5’-AGATCTACTTCTTCCGAGGC-3’ 

Reverse: 5’-TCCAGAGCCTTCACCTTCAC-3’ 

MMP13 
Forward: 5’-TGACGATGTACAAGGGATCC-3’ 

Reverse: 5’-CATTGTTTCTCCTCGGAGAC-3’ 

MMP14 
Forward: 5’-GACACCCACTTTGACTCTGC-3’ 

Reverse: 5´-GAAGACAAACATCTCCCCTC-3´ 

MMP15 
Forward: 5’-GAAGTGGAACAACCACCATC-3’ 

Reverse: 5’-AAGAGTACCATGATGTCGGC-3’ 

MMP16 
Forward: 5’-AGCAGTCCATGAACTGGGAC-3’ 

Reverse: 5’-AGGAATCTTGTCAGGTGGAC-3’ 

MMP17 
Forward: 5’-CAAGTGGAACAAGAGGAACC-3’ 

Reverse: 5’-GAGAAGTCGATCTGGATGTC-3’ 

MMP18 
Forward: 5’-GCAAGAGACATGATCATGCC-3’ 

Reverse: 5’-TTGTGCCCTGACTCATGAGC-3’ 

MMP24 
Forward: 5’-CTACCAGTACATGGAGACGC-3’ 

Reverse: 5’-CCAGAACTGCTCGATCTGC-3’ 

MMP25 
Forward: 5’-AAAGTCATGCAGAGGTTCGC-3’ 

Reverse: 5´-GCAAAGTCGATGAGGATGTC-3´ 

MMP26 
Forward: 5’-CATGCAGATGCATGCTCTGC-3’ 

Reverse: 5’-GCATGGCCTAAGATACCACC-3’ 

MMP27 
Forward: 5´-AACTGGACCAAGGATGGAGC-3´ 

Reverse: 5’-ATCATTGGAGTGAGAGAGCC-3’ 

 

Table VI.M.1. Metalloprotease primers. The table shows the sequences of the primers used for MMPs 

amplification. 
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3. Results 

3.1. Identification of invasion-associated miRNAs in MDA-MB-231 
cells 

MDA-MB-231 cells containing the entire miRNA library or an empty vector control 

were added to matrigel invasion chambers. Cells were isolated as described on page 

127, according to whether they had migrated across the chamber (invasive) or not (non-

invasive) (Figure VI.R 1). Invasive and non-invasive populations were separated, and 

the invasive populations were used to carry out a second round of the assay. 

 

Figure VI.R.1. Schematic representation of invasion-associated miRNA functional screen. Briefly, 

MDA-MB-231 cells were infected with a pool of 698 different miRNAs. Then, cells were subjected to 

two rounds of invasion assay in matrigel invasion chambers (in triplicate). In parallel experiments were 

carried out with an empty vector control. Selected invasive and non-invasive cells were sequenced by 

NGS and differentially expressed miRNA were detected by differential expression analysis. 

To validate the invasive phenotype, we compared the invasive properties of the selected 

cell populations in a further matrigel assay. Both, empty vector and miRNA library 

invasive cells, displayed an increased invasiveness of more than 1.5 and 2 fold 

respectively compared to the non-invasive cell populations (Figure VI.R 2). As can be 
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seen from Figure VI.R 2 there was a significantly more pronounced invasive phenotype 

in those cells containing the library than those with the empty  vector control (p=0.026).  

 

Figure VI.R.2.  Selected populations are more invasive than non-selected parental cells. The figure 

depicts the invasive index of 'non-invasive' and 'invasive' selected cell populations in a further round of 

invasion testing. t-test was used for statistical analysis. 

3.2. Differential expression analysis between non-invasive and invasive 
cells  

Once confirmed the enhanced invasive phenotype, we used NGS to sequence three 

separate populations of cells with an invasive phenotype and three populations with a 

non-invasive phenotype. 

Non-saturating PCR conditions were determined first by PCR amplification for 

different cycle numbers of all cell populations DNA. Resulting PCR products were 

visualized on a 1.8% agarose gel. As shown in (Figure VI.R 3), 28 cycles were enough 

to reach the pre-saturating stage. 

*
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Figure VI.R.4. Ion Torrent run summary. A) Representation of the chip loading (dark blue = 0% 
loading, dark red = 100% loading). Fifty percent of loading was achieved. B) Summary of the run. 
Percentages of loading, enrichment, clonality and usable final library. C) Reads distribution by read 
length. 

The average number of reads per condition was ~1x105 reads (Table VI.R 1). However, 

the non-invasive sample#3 had more than 5 times the reads the non-invasive samples 

had. The mean read length of all samples was ~188bp (Table VI.R 1). 
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Sample Bases ≥ Q20 Reads Mean Read Length 

Non-invasive (1) 7x106 6.1x106 3.8x104 184 bp 

Non-invasive (2) 7.8x106 6.8x106 4.1x104 188 bp 

Non-invasive (3) 39.9x106 34.5x106 21.3x104 187 bp 

Invasive (1) 9.9x106 8.4x106 5.3x104 185 bp 

Invasive (2) 25.6x106 21.8x106 13.6x104 188 bp 

Invasive (3) 21.7x106 18.6x106 11.2x104 193 bp 

 

Table VI.R.1. Sequencing results summary for each sample. Three non-invasive and three invasive 

samples were sequenced. * ≥ Q20 = Quality equal or higher than 20. 

The read data in FASTQ format was downloaded from Torrent Server and analysed 

locally with DESeq software using the pipeline we designed as described on page 46. 

Using unsupervised cluster analysis we observed non-invasive and invasive populations 

distinctly (Figure VI.R 5A and 5B). This observation was confirmed by principal 

component analysis (PCA) (Figure VI.R 5C).  
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Figure VI.R.5. Differential expression analysis. Differential expression analysis was performed in R 

statistics software with DESeq package. A) Heatmap showing the expression data of the 30 most highly 

expressed miRNAs. B) Heatmap showing the Euclidean distances between the samples as calculated from 

the variance stabilising transformation of the count data. C) Principal component analysis.  

Differential expression analysis with DESeq software identified 23 differentially 

expressed miRNAs (p<0.05) between the invasive and non-invasive populations (Table 

VI.R 2). Nine of these were more highly expressed in invasive cells than in non-

invasive cell population, and 14 more highly expressed in non-invasive cells than in 

invasive cells. 

 

A) B)

C) Invasive

Non-invasive
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id 
Base 
Mean 

Base 
Mean 
Non-

Invasive 

Base 
Mean 

Invasive 

Fold 
Change 

Log2 
Fold 

Change 
pval 

Let-7f-2 758.69 1146.13 371.24 0.323 -1.626 0.000366 
miR-320a 74.70 122.78 26.62 0.216 -2.205 0.000488 
miR-203 123.65 194.11 53.19 0.274 -1.867 0.000574 

miR-126 199.02 318.82 79.22 0.248 -2.008 0.000945 

miR-196a-2 565.78 208.21 923.36 4.43 2.14 0.003111 

miR-1288 311.15 452.30 170.00 0.375 -1.411 0.004023 

miR-509-1 37.01 60.43 13.58 0.224 -2.153 0.004479 

miR-520f 19.61 36.50 2.72 0.074 -3.742 0.004977 

miR-892b 24.35 44.10 4.60 0.104 -3.260 0.004977 

miR-155 260.96 356.05 165.87 0.465 -1.101 0.005232 

miR-296 86.52 41.79 131.26 3.14 1.65 0.007097 

miR-298 2935.30 1391.38 4479.22 3.21 1.68 0.011082 

miR-617 15.47 28.48 2.45 0.086 -3.537 0.011238 

miR-30e 12.63 24.54 0.72 0.029 -5.085 0.011624 

miR-10b 142.50 64.60 220.41 3.41 1.77 0.014592 

miR-1302-8 345.73 173.91 517.54 2.97 1.57 0.016322 

miR-2113 30.93 48.87 12.99 0.265 -1.910 0.018248 

miR-579 614.88 322.94 906.83 2.80 1.48 0.024977 

miR-561 39.60 17.56 61.63 3.50 1.81 0.03034 

miR-29a 22.15 34.70 9.60 0.276 -1.852 0.037282 

miR-181d 457.09 223.30 690.88 3.09 1.62 0.040647 

miR-99a 7.37 13.92 0.81 0.058 -4.089 0.041981 

miR-101-1 1300.89 946.88 1654.90 1.74 0.80 0.047402 

 

Table VI.R.2. Differentially expressed miRNAs.*Base Mean = mean normalised counts, averaged over 
all samples from both conditions. *Base Mean Non-Invasive = mean normalised counts from Non-
Invasive condition.*Base Mean Invasive = mean normalised counts from Invasive condition. *pval = p 
value 

3.3. Validation of functional screen: miR-298 and miR-10b increases 
and miR-203 decreases the metastatic potential of MDA-MB-231 cells 

In order to validate these findings, we selected 7 miRNAs on the basis of p-value and a 

previously published connection with cancer. Four of these were over-expressed in non-

invasive cells (miR-203,let-7f-2, miR-320a and miR-126) and three over-expressed in 

invasive cells (miR-10b, miR-196a-2and miR-298) (Table VI.R2).[331]. 

To validate the phenotype of these miRNAs, we used MDA-MB-231 cells transduced 

with individual lenitiviruses at MOI 1. Once stably selected, these cells were used to 

carry out migration wound healing assays as described on page 126. 
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Cells that over-expressed either miR-10b or miR-298 showed a significant increase in 

migration capacity (p<0.05) (Figure VI.R 6). In addition, over-expression of miR-203 

significantly reduced migration of cells (p<0.001). 

 

 

Figure VI.R.6. miR-10b, miR-203 and miR-298 validation by wound healing assay. Top panel shows 

photos taken from scratch at time 0 and 24 hours later with a magnification of 40x. Lower figure shows 

the migration of cells as percentage relative to empty vector carrying cells. Either t-test or Mann-Whitney 

tests were used for statistical analysis.  miR-10b and miR-298 over-expression significantly increased the 

migration capability of MDA-MB-231 cells in respect to empty vector whereas miR-203 over-expression 

significantly reduced it. 

Empty vector miR-10b miR-203 miR-298

0h

24h
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In contrast, cells that over-expressed either let-7f-2, miR-320a, miR-196a-2 or miR-126 

did not modify the migration capacity of cells (Figure VI.R 7). 

 

Figure VI.R.7. Wound healing assay. Figure shows the migration of cells as percentage. Either t-test or 

Mann-Whitney tests were used for statistical analysis. None of the miRNAs modify the migration 

capacity of MDA-MB-231 cells. 

To further examine the phenotype of those miRNAs, we measured invasion using 

matrigel invasion chambers. Cells that over-expressed either miR-10b or miR-298 

showed an increase in invasion capacity, although the former was not significant 

(Figure VI.R 8). In contrast, miR-203 over-expression significantly reduced the invasion 

capacity of cells. 
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Figure VI.R.9. Matrigel invasion assay in LM2 cells. Invasion index of miR-298 and empty vector. t-

test was used for statistical analysis.  miR-298 over-expression increases invasion capability of LM2 cells. 

3.5. Tough Decoy inhibition of miR-10b and miR-298 decreases 
whereas inhibition of miR-203a increases invasive potential of LM2  
cells  

Next, we inhibited the expression of miR-10b, miR-298 and miR-203a, using Tough 

Decoy based inhibitors. Using the Matrigel assay, in LM2 infected cells, we observed a 

reversal of the phenotype with both anti-miR-10b and anti-miR-298 resulting in a 

significantly reduced invasive phenotype compared to controls (p<0.05 and p<0.001), 

and inhibition of miR-203a significantly increased invasion capacity (p<0.001) (Figure 

VI.R 10). 
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Figure VI.R.10. Matrigel invasion assay with Tough Decoy miRNA inhibitors.  Invasion index of 

different miRNA inhibitors is represented. Either t-test or Mann-Whitney tests were used for statistical 

analysis. miR-10b and miR-298 inhibition reduces invasion capability of LM2 cells whereas miR-203 

inhibition significantly increases it. 

3.6. In vivo effect of miRNAs on metastatic formation in breast cancer 

In order to test the effects of these miRNAs in vivo we used the Tough Decoy system to 

inhibit expression of miR-298, miR-10b and miR-203a in the LM2 cell line which stably 

expresses luciferase, enabling in vivo monitoring of cells in real time. 

These experiments were performed by Roger Gomis´s research group in IRB Barcelona. 

LM2 cells with anti-miR-10b, anti-miR-298, anti-miR-203a or anti-miR-Scramble were 

tail vein injected into athymic Nude mice (n=8 per group) and lung metastasis 

colonization was monitored for 36 days, measuring luminescence once a week using an 

IVIS spectrum system (Figure VI.R 11). 
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Figure VI.R.11. Lung metastasis colonization assay. Representative bioluminescence images from 

each experimental group at days 0, 1, 5 and 36. The colour scale describes the photon flux (photons per 

second) emitted from xenographted mice. 

Inhibition of miR-203a significantly increased lung metastasis from day 5 onwards 

(p<0.05) (Figure VI.R 12). This increase was maintained until day 36 when the signal 

was four times higher than in control cells. Inhibition of miR-298 also increased lung 

metastasis, although the increase was significant only at day 36 (p<0.05) (Figure VI.R 

12). Although there was a trend towards an increase in metastatic signal in mice where 

miR-10b was inhibited this increase was not significant. 
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Figure VI.R.12. miR-203a inhibition increases lung metastasis formation. Quantification of the 

luminescence signal (photon flux per second) as a function of time. Luminescence of LM2 anti-miR-298, 

LM2 anti-miR-203a and LM2 anti-miR-10b mice were compared against LM2 anti-Scr group. P-values 

were calculated for each day using t-test. miR-203a inhibition significantly increases lung metastasis 

formation from day 5 onwards (represented with one star for each day) (p<0.05). miR-298 inhibition 

increases lung metastasis but only at day 36 (represented with another extra star at day 36) (p<0.05). 

Once the mice were culled, lungs were extracted and bioluminescence was measured ex 

vivo. Again, miR-203a inhibition significantly increased metastatic capacity of LM2 

cells (p<0.05), whereas inhibition of miR-10b and miR-298 did not modify metastatic 

capacity of LM2 cells (Figure VI.R 13). 
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Figure VI.R.13. Ex vivo bioluminescence. Lungs were harvested after necropsy and bioluminescence 

was measured. Top panel shows representative images of lungs from each experimental group. t-test was 

used for statistical analysis. The colour scale describes the photon flux (photons per second) emitted from 

xenographted mice. Lower plot shows bioluminescence signal (photon flux per second) of harvested 

lungs after necropsy. miR-203a inhibition significantly increases lung bioluminescence signal ex vivo 

(p<0.05). 

3.7. miR-10b, miR-298 and miR-203a regulate expression of matrix 
metalloproteinases  

As matrix metalloproteinases are key factors in metastasis (as described in introduction, 

page 123), we measured the expression of 18 MMPs in response to over-expression of 

miR-10b, miR-298 and miR-203a. 

anti-Scr anti-miR-298 anti-miR-203a anti-miR-10b
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Over-expression of miR-10b in MDA-MB-231 cells resulted in a significant increase of 

both MMP3 and MMP15 (Figure VI.R 14). There was also an increase in the expression 

of MMP1, MMP11 and MMP14, although this was not significant. miR-203a over-

expression in contrast, significantly decreased MMP1 and MMP14 expression and over-

expression of miR-298 significantly reduced expression of not just MMP1 and MMP14 

but also MMP3, MMP11 and MMP15. MMP2, MMP7, MMP8, MMP9, MMP10, 

MMP17, MMP18, MMP24, MMP25, MMP26 or MMP27 were not expressed in MDA-

MB-231 cells (data not shown). 

 

Figure VI.R.14. MMPs expression in MDA-MB-231 cell line.MMP expression was normalized with 

GAPDH expression and is represented as 2-ΔΔCt. Either t-test or Mann-Whitney tests were used for 

statistical analysis. Over-expression of miR-10b, miR-203a and miR-298 was compared to empty vector 

control. Differentially expressed MMPs are highlighted with "*" (p<0.05). 

Next we carried out the contrary experiment by inhibiting miRNA expression in LM2 

cells. This time miR-10b inhibition resulted in a significant reduction on MMP3, 

MMP14 and MMP16 expression (Figure VI.R 15). Additionally, miR-203a inhibition 

resulted in a reduced expression of MMP2 and increased expression of MMP3. miR-298 

inhibition also reduced expression of MMP2 and MMP15 but increased expression of 
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MMP3.Neither MMP7, MMP8, MMP9, MMP10, MMP13, MMP18, MMP24, MMP25, 

MMP26 or MMP27 were expressed in any of LM2 cells. 

 

Figure VI.R.15. MMPs expression in LM2 cell line. MMP expression was normalized with GAPDH 

expression and is represented as 2-ΔΔCt. Either t-test or Mann-Whitney tests were used for statistical 

analysis.  Inhibition of miR-10b, miR-203a and miR-298 was compared to scramble control. Differentially 

expressed MMPs are highlighted with "*" (p<0.05). 

A summary of significantly up-regulated or down-regulated MMPs upon either miRNA 

over-expression or inhibition is shown in Table VI.R 3. 
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 MDA-MB-231 

Over-expression of miRNAs 

LM2 

Inhibition of miRNAs 

miR-10b miR-203a miR-298 miR-10b miR-203a miR-298 

MMP1 - Down Down - - - 

MMP2 - - - - Down Down 

MMP3 Up - Down Down Up Up 

MMP11 - - Down - - - 

MMP13 - - - - - - 

MMP14 - Down Down Down - - 

MMP15 Up - Down - - Down 

MMP16 - - - Down - - 

MMP17 - - - - - - 

 

Table VI.R.3. Summary of up-regulated and down-regulated MMPs. *Up = significantly up-

regulated (p<0.05), *Down = significantly down-regulated (p<0.05), *"-" = No significant differences. 
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4. Discussion 

Several studies have showed the relevance of miRNAs in breast cancer metastasis [336-

338]. However, these studies are primarily based upon microarray techniques and are 

therefore less effective at identifying the miRNAs responsible for metastasis than a 

functional screening approach. 

In the current study, we infected MDA-MB-231 cells with a miRNA library and 

selected invasive cells with matrigel invasion assays. A recent study by Zhan Y et al 

used a similar approach to study miRNAs involved in breast cancer metastasis in the 

MCF7 cell line, a non-migratory cell line, therefore inducing the invasion phenotype on 

these cells [339]. We decided to take a more physiologically relevant approach by 

aiming to identify miRNAs that were responsible for the highly migratory phenotype of 

MDA-MB-231 cells. Furthermore we examined both invasive and non-invasive 

population whereas the study by Zhan et al was limited to invasive populations only. 

Once populations were selected, we performed a PCR of the clones under non-

saturating conditions, which help us to see more differences after sequencing, as under 

saturated conditions is hardly difficult to assess differences between amplified PCR 

products. With non-saturated PCR products, both invasive and non-invasive populations 

were sequenced and differential expression analysis was performed. 

Differential expression analysis of the sequenced samples allowed us to identify 23 

differentially expressed miRNAs. Three of these (miR-10b, miR-298 and miR-203) were 

validated for migration and invasion capability by infection with individual miRNA-

expressing lentiviruses. Both miR-10b and miR-298 increased migration and invasion of 

cells, whereas miR-203 reduced both migration and invasion capability. miR-10b has 

been previously characterized as enhancing metastasis and miR-203 as inhibiting 

invasion in breast cancer [98, 332-335]. miR-298 has not yet been described as a 

modulator of metastasis in cancer. miR-298 is found in the Gnas/GNAS cluster along 

with miR-296, at human chromosome 20q  [340, 341], and has been demonstrated to 

play a role in sensitization of breast cancer cells to doxorubicin [342]. miR-298 has been 

reported to increase proliferation of gastric cancer cells [343], but to act as a tumour 

suppressor in ovarian cancer [344].  

Inhibition of miR-10b, miR-298 and miR-203a in MDA-MB-231 cells reversed the 

invasion phenotype, increased invasiveness of miR-203 inhibited cells and decreased 
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invasiveness of miR-10b and miR-298 inhibited cells. However, when the effect of miR-

10b, miR-298 and miR-203a inhibition was studied in vivo, only inhibition of miR-203a 

resulted in an increased metastasis. It has been previously reported that miR-203a over-

expression reduces invasiveness of breast cancer cells in vivo [335], and we observed 

that miR-203a inhibition promotes metastasis. Even though most of the studies pointed 

miR-203a as tumour metastasis suppressor, it should be considered the possible 

subtype-dependent role of this miRNA, as He S et al. associated miR-203a inhibition 

with a reduced invasive capacity of luminal MCF7 cell line [345]. 

In order to elucidate the mechanism involved in metastasis modulation by miR-10b, 

miR-298 and miR-203a, matrix metalloproteinase expression upon the deregulation of 

miRNAs was studied. MMPs are a family of zinc-dependent endoproteinases, whose 

main function is to degrade the extracellular matrix (ECM) [29]. Although MMPs have 

been associated with promotion of cancer cell invasion and metastasis, some MMPs like 

MMP8, MMP12 and MMP26 have been described to be protective in cancer metastasis 

progression [346, 347]. 

Expression levels of 18 MMPs was measured and overall, miR-10b over-expression 

resulted in an increase of MMPs, being the increase of MMP3 and MMP15 expression 

significant. To date, miR-10b expression has been linked with MMP deregulation in 

hepatocellular carcinoma, ovarian cancer, nasopharyngeal carcinoma and glioma [348-

351]. Our study is the first one describing that MMPs may be important in miR-10b 

induced invasiveness. 

In contrast, over-expression of miR-298 and miR-203a resulted in a reduction of MMP1 

and MMP14 expression. Additionally, miR-298 over-expression also reduced the 

expression of MMP3, MMP11 and MMP15. When looking at the UTRs of these MMPs 

in TargetScan prediction algorithm, MMP15 has a predicted binding site for miR-298 

suggesting a direct down-regulation of MMP15 by miR-298 [352]. A recent study 

suggests that miR-203 over-expression may decrease MMP13 expression in breast 

cancer [335]. Our results suggest that miR-203a over-expression may also reduce the 

expression of MMP1 and MMP14 which previously have been reported to promote 

breast cancer metastasis [353-355]. The fact that miR-298 over-expression reduced the 

expression of MMPs was unexpected, as our results suggest that miR-298 may be a 

metastasis promoter in breast cancer. 
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When the expression of miR-10b, miR-298 and miR-203a was inhibited, miR-10b 

inhibition resulted in a decrease of MMP3, MMP14 and MMP16, confirming that miR-

10b may modulate metastasis by MMP deregulation. Inhibition of miR-203a showed a 

general up-regulation of MPPs and inhibition of miR-298 resulted in either an increase 

or decrease of MMPs. 

In conclusion, we have described for the first time that miR-298 can regulate breast 

cancer cell migration and invasion. However, in vivo studies did not show any reduction 

in cell metastasis when miR-298 was inhibited, suggesting that more studies are needed 

to determine the mechanism of action of miR-298. In addition, although it has 

previously been described that miR-10b and miR-203a are able to modulate metastasis 

in vivo, we have described for the first time that this could be due to MMPs 

deregulation. 
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5. Conclusions 

1) Functional invasion miRNA screening assay increased invasiveness of population 

selected for invasion. 

2) Functional invasion miRNA screening assay derived invasive and non-invasive 

populations were distinctly separated by their miRNA signature in differential 

expression analysis. 

3) From the differentially expressed miRNAs between the invasive and non-invasive 

populations, miR-10b and miR-298 were validated, resulting in an increased migration 

and invasion of MDA-MB-231 cells, whereas miR-203 was validated resulting in a 

reduction of both migration and invasion capability of MDA-MB-231 cells. 

4) Inhibition of miR-10b, miR-298 and miR-203 expression resulted in a reversed 

phenotype in LM2 cells, where miR-10b and miR-298 inhibition increased invasiveness 

and miR-203 inhibition reduced invasiveness of LM2 cells. 

5) Inhibition of miR-203a expression in LM2 cells increased metastasis in an in vivo 

invasion xenograph. 

6) Over-expression of miR-10b increases MMP3 and MMP15 expression in MDA-MB-

231 cells. 

7) Over-expression of miR-298 decreases MMP1, MMP3, MMP11, MMP14 and 

MMP15 expression in MDA-MB-231 cells. 

8) Over-expression of miR-203a decreases MMP1 and MMP14 expression in MDA-

MB-231 cells. 

9) Inhibition of miR-10b expression decreases MMP3, MMP14 and MMP16 expression 

in LM2 cells. 

10) Inhibition of miR-298 expression decreases MMP2 and MMP15 expression and 

increases MMP3 expression in LM2 cells. 

11) Inhibition of miR-203a expression decreases MMP2 expression and increases 

MMP3 expression in LM2 cells. 
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1. Introduction 

Deprivation of oxygen, or hypoxia, is a hallmark of tumours and promotes alterations in 

both oncogenic and metabolic pathways [30, 356, 357]. Hypoxia is the consequence of 

high metabolic and proliferation rates, combined with an aberrant vascularisation and 

poor oxygen delivery [358]. The presence of hypoxia is common in solid tumours, and 

is a poor prognostic indicator of several cancers, including colon cancer [215, 359, 360]. 

Hypoxia stabilizes the hypoxia-inducible factor 1 (HIF1) sub-units HIF1α and HIF2α 

which in turn induce tumour progression, angiogenesis and metastasis [361]. The 

growth of new blood vessels (angiogenesis) is a regulated process where the vascular 

endothelial growth factor (VEGF) is a key component of the process [362]. Hypoxia 

regulates angiogenesis, as HIF1 is able to induce VEGF expression, which in turn 

activates angiogenesis process [363]. In tumours, in part due to this hypoxia-

angiogenesis pathway, vasculature is often chaotic and highly abnormal [357].  

Much effort in recent years has been made to target different components of the hypoxic 

pathway as therapeutics. The aim of these strategies is to target hypoxia related genes 

and angiogenesis, reducing nutrients supply in tumours and making cells unable to 

survive in hypoxic conditions [364]. These therapies include those that target HIF1α 

expression, HIF1 transcription or HIF1 target gene products, together with those that 

target epidermal growth factor receptor (EGFR) or vascular endothelial growth factor 

receptor (VEGFR) (Table VII.I 1) [357]. 
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Pathway Target Agent 

HIF1α expression 

HIF antisense mRNA EZN-2968 

Topoisomerase I Topotecan 

Translation Digoxin 

HIF1 transcription 

HIF-p300 binding Chetomin and analogues 

Thioredoxin 1 PX12 and PMX290 

DNA binding Echinomycin 

HIF1 target gene 

products 

CA9 and CA12 Aryl sulphonamides 

GLUT1 Flufosfamide and Fasentin 

MCT1 
Α-cyano-4-

hydroxyciannamate 

Receptor tyrosine kinases 

VEGFR Bevacizumab 

EGFR 
Gerfitinib, Erlotinib and 

Cetuximab 
 

Table VII.I.1. Representative examples of hypoxic-pathway targeting drugs. CA = carbonic 

anhydrase, EGFR = epidermal growth factor receptor, GLUT1 = glucose transporter 1, MCT1 = 

monocarboxylate transporter 1, VEGFR = vascular endothelial growth factor receptor. Modified from 

WR Wilson and MP Hay, Nat Rev Cancer, 2011. 

Bevacizumab is a humanized monoclonal antibody which specifically targets VEGFR 

[365]. Bevacizumab is widely used as first-line or second-line therapy for many 

advanced tumour types including colon cancer [366]. In colon cancer, bevacizumab is 

used in metastatic colon cancer in combination with other chemotherapeutic agents, 

such as 5-fluorouracil, leucovorin irinotecan (FOLFIRI), 5-fluorouracil, leucovorin, 

oxaliplatin (FOLFOX),  5-fluorouracil, leucovorin irinotecan, oxaliplatin (FOLFOXIRI) 

or capecitabine, oxaliplatin (XELOX) (Figure VII.I 1) [367]. 
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Figure VII.I.1. Decision tree for first-line treatment of patients with metastatic colon cancer. Figure 

shows a proposed treatment decision tree. Modified from S Stintzing, F1000Prime Rep, 2014.  

Adding bevacizumab to 5-fluorouracil based chemotherapy improves overall survival of 

colon cancer patients up to 52% when administered as first line therapy and 33% when 

administered as second line therapy [368], and this benefit extended the overall survival 

of patients with metastatic colon cancer up to 24 months [367]. 

miRNAs appear to play a fundamental role in hypoxia [369], and a number of  hypoxia-

regulated miRNAs (HRMs) have been identified [221, 370]. More than 90 HRMs have 

been described to date, however the different HRM profiles are not consistent, probably 

due to differences in tissue, severity of hypoxia and the detection method used [369, 

371]. The notable exception is miR-210, which has been described to be over-expressed 

in hypoxia in multiple studies and has been related with a poorer prognosis in colon and 

breast cancer [371-373].  

Apart from HRMs, there are other miRNAs which have been described to modulate 

hypoxic response in cancer but not necessarily directly regulated by hypoxia. These 

include miR-22 and miR-107 which inhibit HIF1α and HIF1β expression in colon cancer 

and reduce VEGF expression, therefore reducing angiogenesis [224, 374]. In addition, 
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miR-145 inhibits p70S6K1 expression, resulting in a decreased expression of the 

p70S6K1 downstream molecules HIF1α and VEGF [225]. 

We studied the interface between HIF1α, miRNAs and hypoxia in colon cancer along 

with the effect of bevacizumab treatment. Colon cancer is the third most common 

cancer worldwide [1]. Although colon cancer mortality has decreased progressively in 

Western countries due to early detection of cancerous lesion in screening programmes 

and better therapies, it is still responsible of over 700000 deaths per year worldwide [1, 

375]. The presence of hypoxia is common in colon cancer, and is a poor prognostic 

indicator, increasing mortality risk and is associated with disease stage and metastasis 

[360, 376, 377]. 

  



Identifying the role of miRNAs in hypoxia & bevacizumab resistance in colon cancer 

159 

2. Materials and methods 

2.1. Cell culture 

Parental HCT-116 (HCT-116 wt), HCT-116 with HIF1α knock out (HCT-116 HIF1a-/-) 

and HCC1806 cell lines were grown as described on page 39. HCT-116 HIF1a-/- was 

generated by LH Dang's research group by targeting exons 3 and 4 of HIF1α  gene as 

described previously [378]. 

2.2. miRNA expression with microarrays 

To determine the miRNA expression levels in cell lines, RNA was extracted as 

described on page 41. Two micrograms of RNA was labelled and hybridized to 

Affymetrix Genechip miRNA v. 4.0 microarrays using a GeneChip® Fluidics Station 

450 (Affymetrix, CA, USA) in accordance with the manufacturer’s instructions 

(Affymetrix, CA, USA). The raw data were quartile normalized using the Affymetrix 

miRNAQC software tool before exporting intensity data into Genespring 7.2 (Agilent, 

CA, USA) for subsequent analysis. 

2.3. Proliferation assay under hypoxia or with different glucose 
conditions 

Hypoxic condition consisted in cells grown in 0.1% O2 or 1% O2 in an INVIVO2 400 

hypoxic incubator (Baker Ruskinn, USA). 

In glucose experiments, media with different glucose concentrations were made. 

DMEM with no glucose, no glutamine, no phenol red media(Thermo Fisher Scientific, 

DE, USA) was supplemented with 4mM L-glutamine, Sodium pyruvate, phenol red and 

1mM, 5mM or 25mM of D-glucose (ThermoFisher Scientific, DE, USA). 

To study the effect of hypoxia or glucose concentration on cell lines, we carried out 

proliferation studies as follows. Briefly, 8x104 cells were seeded in triplicate in 6-well 

plates and 3 wells from each cell line and condition were counted with Cellometer Auto 

T4 Bright Field Cell Counter for four days (Nexcelom Bioscience, Massachusetts, 

USA). 
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2.4. Spheroid culture 

HCT-116 wt, HCT-116 wt library, HCT-116 HIF1a-/- and HCT-116 HIF1a-/- library cell 

lines were grown as spheroids, as previously described [379]. To create the spheroids, 

5x103 cell/well were seeded in round bottom, ultra low attachment 96-well plates 

(Corning, NY, USA) in a final volume of 200 µL and cells were spun down at 2000 rpm 

for 20 minutes. Ten replicates from each cell line were plated and spheroid volume was 

measured every two days for 11 days. To calculate the volume of spheroids photos were 

taken at a 100x magnification and the area calculated using Image J Software, as 

previously described in [380]. From the area, the radius was calculated by (R= ) 

and the volume calculated (V= ).  

2.5. Clonogenic assays 

To study the clonogenic capacity of HCT-116 wt, HCT-116 wt library, HCT-116 

HIF1a-/- and HCT-116 HIF1a-/- library cell lines clonogenic assays were performed. 

Briefly, 100, 200, 500, 1000, 2000 and 5000 cells per well were seeded in 6-well plates. 

Cells were then incubated under normoxic or hypoxic (0.1% O2) conditions for 48 

hours. After that, cells were incubated under normoxic conditions for 12 days until 

colonies were visible. Colonies were washed with PBS and fixed and stained for 1 hour 

with 0.5% methylene blue dissolved in 50% ethanol and plates were washed with tap 

water. Colonies were visualised and counted with GelCount™ system (Oxford 

Optronix, Abingdon, UK). 

2.6. Hypoxia in vivo experiment 

This study was performed by Professor Adrian Harris´ research group at the Weatherall 

Institute of Molecular Medicine of the University of Oxford, UK. The aim of this study 

was to determine the effect of miRNAs on an in vivo system in HIF1α-dependent 

context along with bevacizumab treatment. HCT-116 wt, HCT-116 wt library, HCT-116 

HIF1a-/- and HCT-116 HIF1a-/- library cell lines were subcutaneously injected into eight 

mice and were either treated with bevacizumab or PBS in the following groups (Table 

VII.M. 1). 
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Group Injected cell lines and treatment 

A HCT-116 wt + PBS 

B HCT-116 wt + Bev 

C HCT-116 wt library + PBS 

D HCT-116 wt library + Bev 

E HCT-116 HIF1a-/- + PBS 

F HCT-116 HIF1a-/- + Bev 

G HCT-116 HIF1a-/- library + PBS 

H HCT-116 HIF1a-/- library + Bev 

 

Table VII.M.1. Mice groups of the experiment. 8 groups were made for the experiment. Each of the 

four cell lines (HCT-116 wt, HCT-116 wt library, HCT-116 HIF1a-/- and HCT-116 HIF1a-/- library) 

were injected in two groups and one group of these was treated with bevacizumab and the other with 

PBS. 

In total 64 CD1 nu/nu female and 5-6 weeks old mice were used. For the injection of 

cells, mice were anaesthetized and 1x107cells in 100 µL of serum free media mixed 

with 100 µL of matrigel (BD Biosciences, New Jersey, USA). Once the average size of 

tumours reached 150 mm3, mice were treated twice a week intraperitoneally with 100 

µL of either bevacizumab (10mg/kg) or PBS. 

Tumour volume was measured every week with a calliper, and the mice were followed 

for four and a half months. Mice were culled when tumours were bigger than 1500 

mm3or at the final endpoint (day 137). 

All animal experiments were performed following the ethical guidelines of The 

Institutional Animal Care. 
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3. Results 

3.1. Infection of HCT-166 cell lines with the library  

In this study we used the parental HCT-116 (HCT-116 wt) and HCT-116 with HIF1α 

knock out (HCT-116 HIF1a-/-) cell lines, described on page 159. Cells were infected 

with the library at MOI 50 following the protocol described on page 57. As a negative 

control, cells were infected with empty vector at the same MOI. Cells infected with the 

library were named as HCT-116 wt library and HCT-116 HIF1a-/- library. 

Infection efficiency was determined by NGS. First, DNA from infected cells was 

extracted and samples PCR-amplified at saturating cycles with pCDH primers as 

described in page 42. Resulting amplicons were visualized on a 1.8% agarose gel 

(Figure VII.R 1). 

 

Figure VII.R.1.  pCDH PCR. Figure shows PCR products from HCT-116 wt library and HCT-116 
HIF1a-/- library cells. The PCR reached saturation after 30 cycles. The ladder used was ΦX174 DNA-Hae 
III.  

Both samples produced amplicons of 0.3-0.6~kb size. Samples were then sequenced 

together on an Ion 318 chip on a PGM machine as described on page 43. 

HCT-116 wt library and HCT-116 HIF1a-/- library samples produced 1.1x106 and 

1.8x106 usable reads respectively (Table VII.R 1). Around 85 % of sequenced bases had 

a good quality value (Q≥20) and the mean read length was 194 and 195 bp. 

  

ΦX174

DNA-Hae III
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Sample Bases ≥ Q20 Reads Mean Read Length 

HCT-116 wt 

library 
20.7x107 17.8x107 1.1x106 195 bp 

HCT-116 HIF1a-/- 

library 
36.1x107 31.3x107 1.8x106 194 bp 

 

Table VII.R.1. Sequencing results summary for each sample. HCT-116 wt library and HCT-116 

HIF1a-/- library samples were sequenced. * ≥ Q20 = Quality equal or higher than 20. 

Resulting data was downloaded from Torrent Server and analysed in Linux operating 

system as described on page 46. From the initial library containing 698 different 

miRNAs a total of 589 different miRNAs were identified in HCT-116 wt library cells 

and 588 different miRNAs in HCT-116 HIF1a-/- library cells. 

3.2. miRNA expression determination by microarrays 

In order to confirm that the expression of the miRNAs was modulated after infection 

with the miRNA library, we carried out miRNA v.4.0 microarray analysis using RNA 

extracted from HCT-116 wt, HCT-116 wt library, HCT-116 HIF1a-/- and HCT-116 

HIF1a-/- library cells. 

A comparison between the expression of miRNAs in wt cells infected with the library 

with those without library, identified 161 miRNAs that were more than two fold 

increased in library-infected cells. Similarly, HIF1a-/- cells with the library, expressed 

150 miRNAs at twice the level of endogenously expressed miRNAs (Figure VII.R 2).  

Figure VII.R. 2.  miRNA microarrays. miRNA expression of HCT-116 wt, HCT-116 wt library, HCT-

116 HIF1a-/- and HCT-116 HIF1a-/- library cell lines was determined with miRNA microarrays. Figure 

shows the more than 2 fold over-expressed miRNAs in HCT-116 wt library and HCT-116 HIF1a-/- library 

cell lines. 
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3.3. HIF1α knock-out reduces cell growth of HCT-116 cell line, both in 
normoxia and hypoxia 

To determine whether the presence of miRNA library and/or HIF1α knock-out had any 

impact on cell proliferation, we performed proliferation assays on cells under different 

O2 conditions and in different glucose conditions, as hypoxia is often a result of a poor 

vasculature, which causes a decrease of nutrients, including glucose [219]. For glucose 

experiments HCT-116 wt, HCT-116 wt library, HCT-116 HIF1a-/- and HCT-116 HIF1a-

/- library cell lines were grown with 1mM, 5mM or 25mM of glucose for 4 days. All 

four cell lines grew similarly at 25 and 5mM glucose and no significant differences in 

growth curves between cell lines were observed (Figure VII.R 3). In contrast, at 1mM 

glucose, cells proliferated less (p<0.01). However, no differences in growth were 

observed between different cell lines at 1mM glucose (Figure VII.R 3). 

 

Figure VII.R.3. Proliferation assay under different glucose conditions. Upper panel shows growth 

curves of HCT-116 wt, HCT-116 wt library, HCT-116 HIF1a-/- and HCT-116 HIF1a-/- library cell lines 

grown in different glucose conditions. No differences between different cell lines were observed. Lower 

panel shows number of cells grown in different conditions at day 4. Either t-test or Mann-Whitney tests 

were used for statistical analysis. Cells grown at 1mM glucose grow less compared to both cells grown at 

5 or 25mM glucose (p<0.01). 

HCT-116 wt
library

HCT-116 
HIF1a-/-

HCT-116 
HIF1a-/- library

HCT-116 wt

HCT-116 wt

HCT-116 wt library

HCT-116 HIF1a-/-

HCT-116 HIF1a-/- library
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To determine the effect of hypoxia on cell proliferation, cells were grown under 

normoxia or hypoxia (0.1% O2 or 1% O2). In general, cells grew slower at 1 and 0.1 % 

O2 (Figure VII.R 4). The presence of the library did not significantly modify the growth 

of cell lines, but HIF1α knock-out cells grew significantly slower than wt cells (Figure 

VII.R 4). 

 

Figure VII.R.4.  Proliferation assay under different oxygen conditions. Upper panel shows growth 

curves of HCT-116 wt, HCT-116 wt library, HCT-116 HIF1a-/- and HCT-116 HIF1a-/- library cell lines 

grown in different oxygen conditions. Either t-test or Mann-Whitney tests were used for statistical 

analysis. HCT-116 wt and HCT-116 wt library cells grow significantly faster than HCT-116 HIF1a-/- and 

HCT-116 HIF1a-/- library cell lines (p<0.001). Lower panel shows number of cells grown in different 

conditions at day 4. Cells grown at 1mM glucose grow less compared to both cells grown at 5 or 25mM 

glucose (p<0.01). 

3.4. HIF1α knock-out reduces cell growth of HCT-116 cell line derived 
spheroids 

To determine cell growth under more physiologically-relevant conditions we grew the 

cell lines as spheroids. Spheroid growth was measured every two days for up to 11 days, 

as after this time most spheroids had lost their conformation. 
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HCT-116 wt library
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Spheroids from cell lines with HIF1α knock-out grew significantly slower than wt cells, 

however the presence of the library did not significantly modify spheroid growth 

(Figure VII.R 5).  

 

Figure VII.R.5.  Spheroid growth curves. HCT-116 wt, HCT-116 wt library, HCT-116 HIF1a-/- and 

HCT-116 HIF1a-/- library cell lines were grown as spheroids for 11 days. t-test was used for statistical 

analysis. Volume of 10 spheroids per cell line were measured. Spheroids with HIF1α knock-out grew 

slower than wt cells (p<0.001). 

We observed that the presence of the library in HCT-116 wt cells led to a faster loss of 

spheroid spatial conformation compared to spheroids without the library (Figure VII.R 

6). 

 

Figure VII.R.6. Examples of spheroid morphology. Photos of HCT-116 wt and HCT-116 wt library 

spheroids taken at different days. At day 9, HCT-116 wt library spheroid lost its morphology. 

By day 9, there was a significant higher loss of shape in those spheroids containing the 

library (p<0.001) (Table VII.R 2). 
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 HCT-116 wt 
HCT-116 wt 

library 
p-value 

Spherical shape 19 4 p<0.001 

Lost shape 11 26  

Total 30 30  

 

Table VII.R.2. HCT-116 wt library spheroids lost their shape faster than HCT-116 wt spheroids. 

Table shows the number of HCT-116 wt and HCT-116 wt library spheroids that lost or not their spherical 

shape from 3 independent experiments (n=10). p-value was calculated with Fisher's exact test. 

3.5. Clonogenic capacity of HCT-116 cells  

Clonogenic capacity is the ability to form colonies starting from a single cell. To 

measure the clonogenic capacity, different cell numbers (as shown below) were seeded 

and half of the cells incubated for 14 days in normoxia (normoxic condition) and the 

other half for 48 hours in hypoxia followed by 12 days in normoxia (hypoxic condition). 

Colonies from wells where 5000 cells were seeded could not be counted because they 

were confluent. In the wells where 100, 200, 500 and 1000 cells were seeded, no 

differences in total number of colonies were observed (Figure VII.R 7). However, when 

2000 cells were seeded, cell lines with the HIF1α knock-out had significantly less 

colonies than wt cells (Figure VII.R 7). The presence or absence of the library did not 

significantly modify colony formation, although wt library cells did form slightly more 

colonies than wt cells when 1000 and 2000 cells were seeded. 
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Figure VII.R.7. Clonogenic assay. Number of colonies formed in cells incubated under normoxic or 

hypoxic conditions. t-test was used for statistical analysis. In wells where 2000 cells were seeded, cell 

lines with HIF1α knock-out formed significantly less colonies than wt cell lines (p<0.05). 

3.6. In vivo functional screen of HCT-116 cells with miRnome 

We carried out in vivo functional screen in the laboratory of Professor Adrian Harris 

(Weatherall Institute of Molecular Medicine, Oxford, UK) with our previously infected 

cell lines to further investigate the miRNA-hypoxia relationship and differences 

between in vitro and in vivo selection. For this study, the four cell lines HCT-116 wt, 

HCT-116 wt library, HCT-116 HIF1a-/- and HCT-116 HIF1a-/- library were used. Each 

cell line was subcutaneously injected into 16 mice, and subsequently divided into two 

groups. One group was treated with bevacizumab and the other group was treated with 

PBS, as shown below (Figure VII.R 8).  
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Figure VII.R.8. In vivo functional screen. Eight groups of eight mice were conformed.  1x107 cell per 

mice were subcutaneously injected and tumour growth was measured. Mice were either treated with 

Bevacizumab or PBS. 

Growth curves from the first 60 days of the experiment were included, as after this time, 

the wt PBS group had only one mouse alive (Figure VII.R 9).  

 

Figure VII.R.9. Progression of tumour growth. The volume of subcutaneous tumours was determined 

by direct measurement with a calliper and represented as average mm3 with standard deviation. A) 

3

A)

C)

B)

D)
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tumour growth of all 8 groups included in the study. B) tumour growth of groups including Wt cells. C) 

tumour growth of groups including HIF1a-/- cells. D) tumour growth of groups including cells containing 

the library. 

As expected mice with bevacizumab had tumours that were significantly smaller than 

those from mice treated with PBS (Figure VII.R 10). This effect was irrespective of the 

presence of the library or knock-out of HIF1α.  

 

Figure VII.R.10. Bevacizumab treatment significantly reduces tumour growth. The volume of 

subcutaneous tumours was determined by direct measurement with a calliper and represented as average 

mm3 with standard deviation. p-values were calculated for several time points using t-test. Tumour 

volumes from mice treated with bevacizumab were significantly smaller than those from mice treated 

with PBS (A; p<0.001, B; p<0.001, C; p<0.05 and D; p<0.01). 

Looking at growth curves from mice with Wt cells compared to mice with HIF1a-/- 

cells, knock-out of HIF1α resulted in a significant reduction of tumour growth 

irrespective of the presence of the library or treatment with bevacizumab (Figure VII.R 

11). 

A)

C)

B)

D)
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Figure VII.R.11. HIF1 α knock-out significantly reduces tumour growth. The volume of 

subcutaneous tumours was determined by direct measurement with a calliper and represented as average 

mm3 with standard deviation. p-values were calculated for several time points using t-test. Tumour 

volumes from mice where HIF1α deficient cells were injected grew significantly less than those where 

Wt cells were injected (p<0.05). 

Tumours in mice with cells containing the library showed a tendency to grow less than 

with cells without the library (Figure VII.R 12). However, only the Wt library group of 

mice treated with bevacizumab showed a significant reduction in tumour growth 

compared with Wt group treated with bevacizumab (p<0.05) (Figure VII.R 12B).  

 

3
3
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B)

D)

A)
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Figure VII.R.12. The presence of the library reduces tumour growth . The volume of subcutaneous 

tumours was determined by direct measurement with a calliper and represented as average mm3 with 

standard deviation. p-values were calculated for several time points using t-test. The presence of the 

library reduced tumour growth in mice treated with either bevacizumab or PBS. This differential growth 

was significant in mice injected with Wt library cells and treated with bevacizumab (B; p<0.05). 

Overall survival was also analysed. Mice which were culled without reaching the 

maximum allowed tumour volume (1500 mm3) were censored. No deaths from other 

causes were observed. Survival was represented as Kaplan-Meier curves (Figure VII.R 

13). 

 

Figure VII.R.13. Kaplan-Meier curves showing overall survival. A) Kaplan-Meier of all 8 groups 

included in the study. B) Kaplan-Meier of groups including Wt cells. C) Kaplan-Meier of groups 

including HIF1a-/- cells. D) Kaplan-Meier of groups including cells containing the library. 

Bevacizumab treatment resulted in an improved overall survival in mice with all the 

different studied cell lines (HCT-116 wt, HCT-116 wt library, HCT-116 HIF1a-/- and 

HCT-116 HIF1a-/- library cell lines) compared to PBS controls (Figure VII.R 14). 

However, in mice with HCT-116 wt library cell line, the overall survival improvement 

lost significance. 

A) B)

C) D)
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Figure VII.R.14. Bevacizumab treatment significantly increases overall survival. Kaplan-Meier 

curves of mice treated with bevacizumab or PBS. Mice treated with bevacizumab survive significantly 

longer than those mice treated with PBS (A; p<0.001, C; p<0.001, D; p<0.05). B) Mice injected with Wt 

cells containing the library and treaded with bevacizumab, although they showed an increase in overall 

survival compared to PBS treatment, this was not significant. 

A comparison between xenographs where HIF1α was knocked-out and xenographs 

containing wt cells, showed a significant improvement in overall survival (p<0.001) 

(Figure VII.R 15A). In addition, HIF1α knock-out increased bevacizumab treatment 

effect, producing a significant improvement in overall survival (p<0.05) (Figure VII.R 

15B). 

In contrast, the presence of the library in either PBS or bevacizumab-treated mice 

resulted in a loss of this difference in OS between mice with HIF1α knock-out cells and 

mice with wt cells (Figure VII.R 15C and 15D).  

A)

C)

B)

D)
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Figure VII.R.15. HIF1 α knock-out significantly increases overall survival. Kaplan-Meier curves of 

mice injected with Wt cells or with HIF1a-/- cells. Overall survival of mice were HIF1α knock-out cells 

were injected showed a significant increase in overall survival compared to mice injected with Wt cells 

(A; p<0.001, B; p<0.05). C) and D) HIF1α knock-out did not modify overall survival of mice injected 

with cells containing the library. 

When the effect of the library on survival was analysed, the presence of the library in wt 

cells improved bevacizumab treatment efficacy (p<0.05) (Figure VII.R 16B), but there 

was no significant difference in mice not treated with bevacizumab (Figure VII.R 16A 

and C). 
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Figure VII.R.16. The presence of the library increases overall survival of mice treated with 

Bevacizumab. Kaplan-Meier curves of mice injected with cells containing or containing the library. A), 

C) and D) The presence of the library increased overall survival although not significantly. B) The 

presence of the library significantly increased the overall survival of mice injected with Wt cells and 

treated with bevacizumab (p<0.05).  

3.7. Identification of differentially expressed miRNAs 

As day 0 control, DNA was extracted from three independent flasks of HCT-116 wt 

library and HCT-116 HIF1a-/-library cell lines on the same day they were injected into 

the mice (i.e. Day=0). Once the xenograph experiment was finished and mice were 

culled, DNA was extracted from tumour material of HCT-116 wt library + PBS (group 

C), HCT-116 wt library + Bev (group D), HCT-116 HIF1a-/- library + PBS (group G) 

and HCT-116 HIF1a-/- library + Bev (group H) groups previously described on page 

160. Pre-saturating conditions were first determined. Samples were PCR amplified with 

pCDH primers for 28 to 32 cycles and resulting amplicons were visualized on 1.8% 

agarose gels (Figure VII.R 17). 

 

Figure VII.R.17. PCR of xenograph samples. Figure shows PCR products of a PCR for six mice (59H, 

60H, 62H, 49G, 52G and 55G) performed at different number of cycles (28, 30 and 32 cycles). The PCR 

reached saturation after 30-32 cycles. The ladder used was ΦX174 DNA-Hae III. 

PCRs produced amplicons of ~200-600bp and as shown in figure VII.R 17, PCRs 

became saturated at cycle 30-32, so 28 cycle amplicons were used for NGS library 

preparation. Libraries were sequenced in 4 different Ion 318 Chips using a PGM. In two 

of the chips 7 samples were sequenced, in other chip 11 samples and in the last chip 12 

samples, which made a total of 37 samples. 

The percentages of loading ranged between 59 and 67% (Figure VII.R 18). The number 

of polyclonal reads was about 30-40% and the total usable reads were 3-4 x106 reads 

(Figure VII.R 18). 

ΦX174

DNA-Hae III

59H 60H 62H 55G49G 52G

28c 30c 32c 28c 30c 32c 28c 30c 32c 28c 30c 32c 28c 30c 32c 28c 30c 32c



Identifying the role of miRNAs in hypoxia & bevacizumab resistance in colon cancer 

176 

 



Identifying the role of miRNAs in hypoxia & bevacizumab resistance in colon cancer 

177 

Figure VII.R.18. Ion Torrent runs summary. On the left panels are represented chip loadings (dark 
blue = 0% loading, dark red = 100% loading). Fifty nine to sixty seven percent of loading was achieved in 
different chips. On the right panels are the summary of the runs. Percentages of loading, enrichment, 
clonality and usable final library are represented. 

The average number of usable reads per sample was around 1 to 6x105 reads (Table 

VII.R 3). In addition, the mean length of sequenced reads ranged between 87 and 117bp 

(Table VII.R 3). 

Sample Bases ≥ Q20 Reads Mean Read Length 

17C 23.9x106 22.9x106 2.4x105 96 bp 
18C 53.1x106 50.9x106 5.3x105 99 bp 
19C 60.7x106 58.3x106 6.5x105 93 bp 
20C 34.0x106 32.8x106 3.1x105 107 bp 
21C 26.9x106 26x106 2.4x105 108 bp 
22C 56.2x106 53.8x106 5.4x105 103 bp 
23C 42.3x106 40.8x106 3.9x105 107 bp 
24C 18.3x106 17.5x106 1.8x105 97 bp 
25D 64.2x106 62.1x106 6.2x105 102 bp 
26D 48.7x106 46.6x106 4.9x105 99 bp 
27D 24.5x106 23.7x106 2.8x105 87 bp 
28D 5.6x106 5.4x106 0.5x105 101 bp 
29D 31.7x106 30.6x106 3.4x105 92 bp 
30D 43.1x106 41.2x106 4.4x105 97 bp 
31D 33.2x106 32.1x106 3.1x105 104 bp 
32D 30.6x106 29.3x106 3.1x105 97 bp 
49G 44.4x106 42.8x106 4.1x105 109 bp 
52G 41.3x106 39.8x106 3.6x105 112 bp 
55G 47.2x106 45.6x106 4.2x105 110 bp 
58G 38.5x106 37.1x106 3.6x105 106 bp 
61G 28.5x106 27.2x106 3.1x105 91 bp 
63G 65.1x106 62.3x106 6.1x105 107 bp 
64G 64.5x106 61.5x106 6x105 107 bp 
50H 33.2x106 32.0x106 3.2x105 102 bp 
51H 69.2x106 65.5x106 5.9x105 117 bp 
53H 37.6x106 36.3x106 3.7x105 101 bp 
54H 73.3x106 69.2x106 6.5x105 112 bp 
57H 66x106 63x106 5.7x105 116 bp 
59H 34.3x106 33.3x106 3.3x105 103 bp 
60H 2.3x106 2.2x106 2.5x105 92 bp 
62H 2.3x106 2.2x106 2.3x105 98 bp 

Wt (1) 72.4x106 69x106 6.2x105 117 bp 
Wt (2) 40.5x106 39.2x106 3.8x105 105 bp 
Wt (3) 35.1x106 33.9x106 3.4x105 103 bp 

HIF1a-/- (1) 48.3x106 46.1x106 4.7x105 103 bp 
HIF1a-/- (2) 34.4x106 33.3x106 3.4x105 103 bp 
HIF1a-/- (3) 36.1x106 34.8x106 3.6x105 99 bp 

 

Table VII.R.3. Sequencing results summary for each sample. Thirty seven samples were 

sequenced.*# number = mouse number and capital letter = mice group (see materials and methods on 

page 160), * ≥ Q20 = Quality equal or higher than 20. 
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Resulting data was downloaded from Torrent Server and analysed in Linux operating 

system as described on page 46.  

First wt cell samples were analysed. Using unsupervised cluster analysis we observed 

that day0 samples clustered together (Figure VII.R 19A and B). Furthermore, mice 

treated (group D) and not treated with bevacizumab (group C) clustered distinctly in 

most cases (Figure VII.R 19A and B). Principal component analysis (PCA) confirmed 

this finding (Figure VII.R 19C).  

 

Figure VII.R.19. Differential expression analysis. Differential expression analysis was performed in R 

statistics software with DESeq package. A) Heatmap showing the expression data of the 30 most highly 

expressed miRNAs. B) Heatmap showing the Euclidean distances between the samples as calculated from 

the variance stabilising transformation of the count data. C) Principal component analysis.  

A)

C)B)
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A total of 271 miRNAs were differentially expressed (p<0.05) between mice injected 

with Wt library cells and cells at day 0. When miRNA expression of mice injected with 

Wt library cells and treated with bevacizumab was compared with cells at day 0, three 

hundred and sixty seven miRNAs resulted differentially expressed (p<0.05). 

In addition, differential expression analysis identified 25 differentially expressed 

(p<0,05) miRNAs between Wt Library and Wt Library Bev mice (Table VII.R 4). Three 

were over-expressed in Wt Library group, and 22 in Wt Library Bev group. 

id 
Base 
Mean 

Base Mean 
Wt Library 

Base Mean 
Wt Library 

Bev 

Fold 
Change 

Log2 
Fold 

Change 
pval 

miR-297 328.12 3.31 652.94 196.79 7.62 0.0009 
miR-571 50.15 2.17 98.13 45.03 5.49 0.0028 

miR-1226 4.75 0 9.50 Inf Inf 0.0039 
miR-455 212.78 9.94 415.62 41.77 5.38 0.0079 
miR-212 2.33 0 4.67 Inf Inf 0.0110 

miR-1972-2 8.87 0.45 17.30 37.76 5.24 0.0131 
miR-138-1 104.37 16.02 192.74 12.03 3.59 0.0131 
miR-205 132.80 10.61 255.00 24.03 4.59 0.0150 
miR-720 27.92 55.84 0.00 0.00 -Inf 0.0150 
miR-572 55.62 7.58 103.65 13.66 3.77 0.0163 

miR-1915 0.70 0.00 1.42 Inf Inf 0.0174 
miR-518a-2 13.17 1.73 24.61 14.19 3.83 0.0196 
miR-2053 263.81 10.22 517.41 50.60 5.66 0.0201 
miR-496 312.97 42.11 583.84 13.86 3.79 0.0203 
miR-210 54.85 4.59 105.10 22.85 4.51 0.0208 

miR-450b 231.75 8.48 455.03 53.63 5.74 0.0239 
miR-146b 43.89 12.73 75.05 5.89 2.56 0.0264 
miR-4757 45.72 5.76 85.69 14.86 3.89 0.0333 
miR-223 170.32 340.35 0.30 0.00 -10.15 0.0340 

miR-196a-1 255.89 93.14 418.64 4.49 2.17 0.0382 
miR-1302-1 255.07 48.30 461.85 9.56 3.26 0.0399 
miR-548h-1 162.41 4.43 320.38 72.18 6.17 0.0420 

miR-7-3 128.04 8.08 248.02 30.69 4.94 0.0447 
miR-1972-1 700.48 36.23 1364.73 37.67 5.24 0.0463 

miR-552 0.61 1.22 0.00 0.00 -Inf 0.0486 
 

Table VII.R.4. Differentially expressed miRNAs. *Base Mean = mean normalised counts, averaged 
over all samples from both conditions. *Base Mean Wt Library = mean normalised counts from Wt 
Library condition.*Base Mean Wt Library Bev = mean normalised counts from Wt Library Bev 
condition. *pval = p value, * Inf = infinite. 

Then, HIF1a-/- samples were analysed. Using unsupervised cluster analysis we observed 

that day 0 samples clustered together (Figure VII.R 20A and B). Furthermore, mice 
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treated (group H) and not treated with bevacizumab (group G) clustered distinctly in 

most cases (Figure VII.R 20A and B). Principal component analysis (PCA) confirmed 

this finding (Figure VII.R 20C).  

 

Figure VII.R.20. Differential expression analysis. Differential expression analysis was performed in R 

statistics software with DESeq package. A) Heatmap showing the expression data of the 30 most highly 

expressed miRNAs. B) Heatmap showing the Euclidean distances between the samples as calculated from 

the variance stabilising transformation of the count data. C) Principal component analysis.  

A total of 530 miRNAs were differentially expressed (p<0.05) between mice injected 

with HIF1a-/- library cells and cells at day 0. When miRNA expression of mice injected 

A)

C)B)
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with HIF1a-/- library cells and treated with bevacizumab was compared with cells at day 

0, four hundred and seventy six miRNAs resulted differentially expressed (p<0.05). 

In addition, differential expression analysis identified 6 differentially expressed 

(p<0,05) miRNAs between HIF1a-/-Library and HIF1a-/-Library Bev mice (Table VII.R 

5). 

id 
Base 
Mean 

Base 
Mean 

HIF1a-/- 
Library 

Base 
MeanHIF1a-

/-Library 
Bev 

Fold 
Change 

Log2 Fold 
Change 

pval 

miR-214 230.04 0.00 431.32 Inf Inf 0.0026 
miR-557 311.74 668.01 0.00 0.00 -Inf 0.0107 
miR-769 166.24 356.22 0.00 0.00 -Inf 0.0217 
miR-1231 0.26 0.55 0.00 0.00 -Inf 0.0239 

miR-
1255a 632.62 1353.38 1.96 0.00 -9,43 0.0309 

miR-521-2 16.48 35.32 0.00 0.00 -Inf 0.0310 
 

Table VII.R.5. Differentially expressed miRNAs. *Base Mean = mean normalised counts, averaged 
over all samples from both conditions. *Base Mean Wt Library = mean normalised counts from Wt 
Library condition.*Base Mean Wt Library Bev = mean normalised counts from Wt Library Bev 
condition. *pval = p value, * Inf = infinite. 
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4. Discussion 

Hypoxia influences many aspects of tumour biology such as selection of pro-survival 

genotypes, suppression of apoptosis, induction of angiogenesis, metabolic adaptation, 

induction of invasion and metastasis, evading immune response and down regulation of 

DNA repair pathways [381-388]. These alterations result in an increased resistance of 

tumours to conventional therapies making evident the need to develop or improve 

treatments targeting hypoxic pathways [357]. In this respect, miRNAs have been 

described to have important roles in hypoxia [371]. Therefore, identifying important 

miRNAs in colon cancer hypoxic response could help us in the development of new 

therapies, either by miRNA expression modulation or by targeting miRNA downstream 

pathways to improve colon cancer patients outcome. 

In that regard, HCT-116 wt and HCT-116 HIF1a-/- cell lines were infected with our 

miRNA library at an MOI of 50. This time the MOI was increased compared to 

sustaining invasion and metastasis and resisting cell death chapters in order to enhance 

the possible phenotypic effects. 

We identified 589 and 588 miRNAs that were encoded by lentiviral constructs in wt and 

HIF1a-/- samples respectively by NGS. In contrast, we found only 161 and 150 miRNAs 

by miRNA expression arrays that were more than 2 fold over-expressed in library-

containing compared to control non-infected wt and HIF1a-/- cells respectively. This 

could be because exogenous expression driven by the lentiviral promoter is not 

sufficient to result in a greater than 2-fold increase, this could be particularly true of 

miRNAs with high levels of endogenous expression. 

A variety of in vitro assays were performed on the cells to see the effect of HIF1α 

knock-out and the effect of the library in different phenotypes. When cells were grown 

under different glucose conditions, no differences were observed between cells. 

However, when cells were grown in different oxygen conditions, cells with HIF1α 

knock-out grew less, consistent with previously published data [240]. Although HIF1α 

is associated with hypoxia we also observed a reduction in cell growth under normoxyic 

conditions. This could be because HIF1α knock-out derived changes in gene expression 

can also occur in normal oxygen conditions resulting in reduced cell growth as has been 

previously described [356]. 
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To further investigate the role of miRNAs we tested our cells in a spheroid system. 

Spheroids are good models of hypoxia as the inner part of the spheroid is hypoxic [389]. 

When we grew our cell lines as spheroids, again cells harbouring a HIF1α knock-out 

formed smaller spheroids and grew less than spheroids formed with Wt cells. There was 

no difference in size of spheroids with cells that contained the library. However, wt 

spheroids containing the library lost their spatial conformation significantly faster. We 

hypothesised that this phenotype could be related to the invasive potential of the cells, 

as loss of cell-cell adhesion is a required initial step to initiate metastasis [313]. 

In the aforementioned in vitro studies, although the HIF1α knock-out significantly 

modified the proliferation of HCT-116 cells, little differences were seen when cells 

were infected with the miRNA library. The reasons for this could be that clones 

associated with this phenotype maybe under-represented in the cells or that other clones, 

for example those that promote survival could be over-represented and mask phenotypic 

effects. Alternatively it may be that the pathways involved have a high degree of 

redundancy and that changing a single miRNA may not perturb the phenotype 

sufficiently to create a measurable effect. 

Next we carried out the functional screen in vivo using a xenotransplant model. We 

found that knock-out of HIF1α significantly reduced tumour growth and improved 

overall survival as did bevacizumab treatment. There was no significant effect on 

tumour growth or overall survival in the presence of the library. However we did 

observe significantly reduced tumour growth and increased overall survival of wt 

library cells when treated with bevacizumab. Thus, detecting the miRNAs responsible 

for sensitizing the cells against bevacizumab could help us to understand bevacizumab 

sensitizing mechanisms and to develop new treatments based on the delivery of those 

miRNAs or by inhibiting miRNA targets. 

The differential expression analysis resulted in most of the miRNAs differentially 

expressed between day 0 and xenograph tumours. This shows that there has been a 

selection process in xenographs. A limitation of these experiments is that you cannot 

take biopsies to monitor changes in miRNA harbouring cells and the final endpoint may 

not be the best time point to assess differences. However, when we compared 

xenographs treated or untreated with bevacizumab, only 25 miRNAs were differentially 

expressed in Wt xenographs and 6 in HIF1a-/- xenographs. Unfortunately, none of them 
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was shared between Wt and HIF1a-/- xenographs. From the differentially expressed 

miRNAs, only miR-455, whose expression was higher in bevacizumab treated Wt 

tumours, had been previously reported to be related with bevacizumab, as low miR-455 

expression has been associated with better prognosis of colon cancer patients treated 

with bevacizumab [390]. Therefore, we hypothesised that miR-455 may generate 

resistance to bevacizumab treatment in colon cancer cells. However, further studies are 

needed to validate miR-455 and the other differentially expressed miRNAs, and to 

elucidate their relevance in colon cancer biology and bevacizumab resistance. 
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5. Conclusions 

1) HCT-116 wt and HCT-116 HIF1a-/- cells were effectively infected with the miRNA 

library, resulting in 589 different miRNAs identified in Wt cells and 588 different 

miRNAs in HIF1a-/- cells out of the 698 miRNAs present in the library. 

2) Reduction of oxygen levels resulted in a decreased proliferation of HCT-116 wt, 

HCT-116 HIF1a-/-, HCT-116 wt library and HCT-116 HIF1a-/- library cell lines. 

3) HCT-116 cells with HIF1α knockout grow less than HCT-116 wt cells. 

4) Reduction of glucose levels of the media to 1mM glucose decreased proliferation of 

HCT-116 wt, HCT-116 HIF1a-/-, HCT-116 wt library and HCT-116 HIF1a-/- library cell 

lines. 

5) Spheroids derived from HCT-116 cells with HIF1α knockout grow less than 

spheroids derived from HCT-116 wt cells. 

6) Spheroids derived from HCT-116 wt library cells lost their 3D conformation faster 

than spheroids derived from HCT-116 cells. 

7) HCT-116 cells with HIF1α knock-out formed less colonies in clonogenic assays 

compared to HCT-116 wt cells. 

8) Bevacizumab treatment in xenographs derived from HCT-116 wt, HCT-116 HIF1a-/-, 

HCT-116 wt library and HCT-116 HIF1a-/- library cell lines reduced tumour growth. 

9) Knock-out of HIF1α reduced tumour growth in xenographs derived from HCT-116 

HIF1a-/- and HCT-116 HIF1a-/- library cell lines. 

10) Containing the miRNA library has an additive effect in reducing tumour growth in 

xenographs derived from HCT-116 wt library cells compared to xenographs derived 

from HCT-116 wt cells when treated with bevacizumab. 

11) Bevacizumab treatment resulted in an improved overall survival xenographs derived 

from HCT-116 wt, HCT-116 HIF1a-/-, HCT-116 wt library and HCT-116 HIF1a-/- 

library cell lines. 

12) Knock-out of HIF1α resulted in an improved overall survival in xenographs derived 

from HCT-116 HIF1a-/- cell lines. 
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13) Containing the miRNA library has an additive effect in improving overall survival 

in xenographs derived from HCT-116 wt library cells compared to xenographs derived 

from HCT-116 wt cells when treated with bevacizumab. 

14) Differential expression analysis separated distinctly HCT-116 wt library cells (day 

0), xenographs derived from HCT-116 wt library cells treated with PBS and xenographs 

derived from HCT-116 wt library cells treated with bevacizumab. 

15) Differential expression analysis resulted in 25 differentially expressed miRNAs 

between xenographs derived from HCT-116 wt library cells treated with PBS and 

xenographs derived from HCT-116 wt library cells treated with bevacizumab. 

16) Differential expression analysis separated distinctly HCT-116 HIF1a-/-  library cells 

(day 0), xenographs derived from HCT-116 HIF1a-/- library cells treated with PBS and 

xenographs derived from HCT-116 HIF1a-/-  library cells treated with bevacizumab. 

17) Differential expression analysis resulted in 6 differentially expressed miRNAs 

between xenographs derived from HCT-116 HIF1a-/-  library cells treated with PBS and 

xenographs derived from HCT-116 HIF1a-/-  library cells treated with bevacizumab. 
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1. Introduction 

Diffuse large B-cell lymphoma (DLBCL) is the most common B-cell lymphoma, 

accounting for around 40% of all newly diagnosed non-Hodgkin lymphoma (NHL) 

malignancies worldwide [226]. Thanks to improvements in treatment, particularly with 

the introduction of R-CHOP therapy,  the majority of DLBCL patients survive their 

disease [391]. However, around 15% of patients treated with R-CHOP have refractory 

disease and of the patients that respond to therapy, an additional 20-25% will relapse 

[392-394]. Patients with primary refractory disease and those showing a relapse are 

treated with Rituximab in combination with salvage chemotherapy (ST) followed by 

autologous stem-cell transplantation (ASCT) [395-397]. Despite the success of these 

strategies which can benefit up to 40-50% of patients, most patients with primary 

refractory disease will eventually succumb to the disease [393, 395, 398]. 

There are two main DLBCL molecular subtypes, germinal centre B cell like (GCB) and 

activated B cell like (ABC) DLBCL [229]. The GCB subgroup arise from lymphoid 

cells of germinal centre and thus express germinal centre markers like BCL-6 [229, 

399]. In contrast, the ABC subgroup arise from B cells in plasmablastic stage and over-

express genes which are activated in plasma cells [394]. The ABC and GCB subgroups 

have different prognosis, with the latter subtype having a better prognosis [394, 400]. 

Furthermore, after relapse or refractory disease, GCB subtype also has been suggested 

to be a marker of good prognosis [401]. 

The GCB and ABC DLBCL subtypes involve activation of different molecular 

signalling pathways (Figure VIII.I 1). Around 30-45% of GCB subtype DLBCLs have a 

t(14;18) translocation, resulting in the over-expression of the anti-apoptotic protein 

BCL2 [402], in addition to loss of the tumour suppressor PTEN expression in about 

55% of patients, resulting in activation of the PI3K/AKT pathway [403]. In the ABC 

subtype, together with BCL2 over-expression, there is a constitutive NF-Κβ and JAK 

kinase activation, and deregulation of these molecular pathways is required for DLBCL 

cells to become malignant and promote proliferation [403-407]. Proliferation is an 

important hallmark of cancer, as it promotes clonal expansion and enables a chronic 

proliferative status [408]. In DLBCL, increased proliferation has been associated with 

poor prognosis [408-410]. Therefore, several studies have tried to target those 

molecules responsible for DLBCL proliferation. For example, Dacetuzumab, a CD40 
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monoclonal antibody which targets NF-Κβ pathway or Everolimus, an PI3K/AKT 

pathway inhibitor had been tested in DLBCL patients with limited success [411-413]. 

 

Figure VIII.I.1. Key oncogenic pathways in DLBCL. Figure shows the main oncogenic pathways and 

the molecular alterations of GCB DLBCL and ABC DLBCL. Cb = centroblast, Cc = centrocyte, Pb = 

plasmablast, Pc = plasma cell, DHIT = double-hit lymphoma, del = deletion, BCR = B-cell receptor. 

Modified from LH Sehn and RD Gascoyne, blood, 2015. 

miRNAs are key players in DLBCL, they can distinguish between  GCB and ABC 

subtypes, are important in initialization and progression of the disease, as well as having 

prognostic value [234, 238]. Furthermore, miRNAs had been described to regulate 

DLBCL proliferation. miR-125a and miR-125b had been shown to induce proliferation 

of DLBCL cells by activation of NF-Κβ pathway [414]. In addition, miR-21 has been 

described to induce proliferation in DLBCL cells through activation of PI3K/AKT 

pathway [415]. 

As proliferation is a key feature of DLBCL, we performed a miRNA functional screen 

to identify miRNAs which are important in the sustainment of proliferative signalling 

with the aim of developing novel anti-lymphoma therapies based on disruption of 

proliferative signalling. 
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2. Materials and methods 

2.1. Cell culture 

MDA-MB-231, SU-DHL-4, SU-DHL-10, RIVA, OCI-LY-3 and OCI-LY-10 cell lines 

were grown according to culture conditions described on page 40. 

2.2. Optimization of DLBCL infections 

As DLBCL cell lines are suspension rather than adherent, we used a GFP-containing 

control virus to carry out titration experiments. In addition, we compared two infection 

methods to select the most suitable one to infect DLBCL cells. We also used an 

adherent cell line (MDA-MB-231) as a control to determine how similar or different 

performs infection of DLBCL cell lines. 

2.2.1. Routine infection: 

For routine infection, MDA-MB-231, OCI-LY-10 and SU-DHL-10 cells were used. 

Briefly, 5x104 cell per well were seeded in 24-well plates. Eight hours later, cells were 

infected with GFP control virus at MOIs (in respect to previous titrations in MDA-MB-

231 cell line) of 1, 0.5, 0.25, 0.125 and 0.0625. Polybrene was added to the media at a 

concentration of 6µg/mL. Forty-eight hours after infection, GFP expression was 

measured using a Guava® easyCyte HT Flow Cytometer (Merck Millipore, Darmstadt, 

Germany). 

2.2.2. Spinoculation: 

For spinoculation infection, the above routine infection protocol was performed except 

from a centrifugation step which was added after the addition of the viruses by 90 

minutes centrifugation at 800 g and 32ºC. After centrifugation, supernatant was saved at 

4ºC and complete media was added to cells. Next day, spinoculation was repeated by 

replacing media with the supernatant saved the day before. Again, after cell 

centrifugation, media was removed and replenished with fresh media. Forty-eight hours 

after infection, GFP expression was measured in a Guava® easyCyte HT Flow 

Cytometer (Merck Millipore, Darmstadt, Germany). 

2.3. Functional screening assay 

As we had noted that normalising the concentration of individual viruses according to 

recorded titres whilst producing pools, resulted in uneven miRNA expression 
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(optimisation chapter, on page 63), we normalised each lentivirus by volume (5ul) for 

use in the pool. 

1x106 cells of RIVA, SU-DHL-4, SU-DHL-10 and OCI-LY-10 cells were infected with 

the pool at a final MOI of 50 with a single round of spinoculation. Polybrene was added 

to the media at a concentration of 6µg/mL. The next day the media was replenished and 

3 days after infection, 1µg/mL of puromycin was added to infected cells to select stable 

cells. Stably selected cells were used for DNA and RNA extraction and the remaining 

cells were seeded in 3 T75 flasks. Cells were maintained in culture for 4 months and 

2x105 cells were taken for DNA and 5x105 cells for RNA extraction every week. 

2.4. PCR of DLBCL cells 

PCR of DLBCL cells was conducted using pCDH primers as described on page 42. 

Each sample was subjected to 24, 26, 28 and 30 cycles amplification in four different 

Verity Thermal Cyclers (Applied Biosystems™). PCR products were loaded in a 1.8% 

agarose gel and DNA bands were visualized under UV light.  

2.5. Individual infections 

To validate selected miRNAs, DLBCL cell lines were individually infected with 

lentiviruses from the library for the over-expression of those miRNAs. To infect 

DLBCL cells, 1x104 cells were seeded in 48-well plates. Cells were infected with 

lentiviruses at MOI 1 by spinoculation. 

2.6. Cell proliferation rate by flow cytometry 

Cell proliferation rates of DLBCL cell lines were determined by flow cytometry with 

CellTrace™ CFSE Cell Proliferation Kit (ThermoFisher Scientific, DE, USA). 

Carboxyfluorescein diacetate succinimidyl ester (CFSE) is an intracellular covalent 

coupling fluorescent dye which produces green fluorescence [416]. Cells are stained 

with this dye that binds to amines of cellular proteins. Cell staining is lost with each 

cellular division, and the staining is distributed equally between daughter cells (Figure 

VIII.M 1).  
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Figure VIII.M.1. Cell proliferation with CFSE. Schematic representation of CFSE assay. Parental cell 

is stained with CFSE dye and with each cell division CFSE dye is divided into daughter cells. This results 

in a loose of dye with each cell division.  

Non-stained cells were used as a negative control for auto-fluorescence. In the 

experiment, 1x105cells were resuspended in 100µL of sterile 0.1% BSA in PBS. CFSE 

at a concentration of 5µM was added and samples were incubated for 10 minutes in a 

cell culture incubator. Then, five volumes of cold DMEM were added to samples and 

cells were incubated for 5 minutes on ice. Cells were then washed three times with 

complete media and were seeded in 6-well plates. Cells were left growing for 4 days 

and then, GFP expression of each cell line was measured in a Guava® easyCyte HT 

Flow Cytometer (Merck Millipore, Darmstadt, Germany). As a GFP positive control, a 

fraction of cells were stained the same day of the experiment and cells were passed 

through the cytometer. As a negative control, a fraction of unstained cells were also 

used. A representative example from our experiment is given in figure VIII.M 2, where 

unstained  control cells are represented with the yellow peak, the CFSE-stained control 

positive cells are represented in red peak. In blue colour, CFSE experiment cells are 

represented where R5 population is the one showing less GFP staining, resulting in a 

higher proliferation than R6 population. 
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Figure VIII.M.2. Example of cell proliferation assay by flow cytometry. In R3, with yellow colour are 

represented the control unstained cells. In R4, with red colour are represented the GFP positive control 

cells. In R2, with blue colour are represented cells of empty vector sample. R5 containing half of empty 

vector cells was designated as high proliferative fraction and R6 containing the other half of empty vector 

population was designated as low proliferative fraction. With the rest of the samples, the percentage 

variations between high and low proliferative fractions were analysed.  

2.7. Apoptosis analysis by flow cytometry 

For the analysis of apoptosis by flow cytometry, cells were stained for annexin, which is 

an apoptotic marker and with TO-PRO, a cell viability marker. First, 1x106 cells were 

spun down at 1500 rpm for 5 minutes and washed with cold PBS. Cells were then 

resuspended in AnnexinV Binding Buffer (BD Biosciences, New Jersey, USA) at a 

concentration of 1x106 cells per1 mL. Hundred µL of diluted cells were transferred to a 

U-bottom 96-well plate and 5 µL of AnnexinV-FITC (BD Biosciences, New Jersey, 

USA) added to the samples which were incubated for 15 minutes in the dark. After, 5 

µL of TO-PRO-3 (Thermo Fisher Scientific, DE, USA) was added to each sample and 

were again incubated for 15 minutes in the dark. Finally, 100µL of AnnexinV Binding 

Buffer was added to each sample and the plate was analysed by flow cytometry in a 

Guava® easyCyte HT Flow Cytometer (Merck Millipore, Darmstadt, Germany). In 

figure VIII.M 3 the apoptosis assay output from SU-DHL-4 miR-512-1 sample can be 
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observed. Alive and apoptotic cells were separated on the basis of Annexin and TO-

PRO-3 staining. 

 

Figure VIII.M.3. Example of cell apoptosis assay by flow cytometry. First R1 population was 

selected, removing cell debris. From that population, R2 population was selected regarding green 

fluorescence expression. These cells in R2 are stained for Annexin-V and represented in the plot 4 as 

apoptotic cells (blue). R3 population was selected regarding red fluorescence expression. These cells in 

R3 are stained for TO-PRO-3 and represented in the plot 4 as dead cells (green). 

2.8. Cell cycle analysis by flow cytometry 

For cell cycle analysis by flow cytometry, the cells were stained with TO-PRO-3, which 

binds to DNA allowing measurement of the amount of DNA contained in each cell. The 

first step was to wash the cells in PBS and to resuspend 1x106 cells in 300 µL of cold 

PBS. Cells were then fixed by adding 700 µL of cold (-20ºC) 100 % ethanol in a 

dropwise manner while cells were being vortexed.  Once fixed, the cells were incubated 

o/n at -20ºC. The next day, the cells were spun down for 5 minutes at 1000 g and the 

supernatant discarded. The staining solution was prepared by mixing 470 µL of PBS, 25 

µL of TO-PRO-3 (Thermo Fisher Scientific, DE, USA) at 1 µM and 5µL of RNAse A 

at 10 mg/mL. This mixture was added to the cells and they were incubated for 30 

minutes at 37ºC, whilst protected from light. Samples were then transferred to a U-

bottom 96-well plate and cell cycle analysis was performed using a Guava® easyCyte 

HT Flow Cytometer (Merck Millipore, Darmstadt, Germany). An example of cell cycle 



Identifying the role of miRNAs in the proliferation

196
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removing cell debris. From that population, R2 population was selected, removing cell doublets. In the 
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(http://bioinfogp.ncb.csic.es/tools/venny/index.html).
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3. Results 

3.1. Optimization of viral infection in DLBCL cell lines 

As suspension cells, the area of contact between viral particles and cells is smaller in 

DLBCL cells than in adherent cells [417]. Therefore we compared the titres of  two 

DLBCL cell lines (OCI-LY-3 and SU-DHL-10) with the adherent MDA-MB-231 cell 

line, as well as comparing the routine viral infection protocol with a spinoculation 

infection protocol. 

Using a MOI of 1 (in respect to MDA-MB-231 titration) we found that the level of 

infection, as measured by GFP, was 4.5 and 10 times lower in OCI-LY-3 and SU-DHL-

10 cell lines than for MDA-MB-231 cells (Figure VIII.R 1). The Spinoculation protocol 

increased efficiency of infection in DLBCL cell lines, but it was still much lower than 

MDA-231 cells (Figure VIII.R 1). 

 

Figure VIII.R.1. Optimization of viral infection on DLBCL  cell lines. Infection efficiency for MDA-

MB-231, OCI-LY-3 and SU-DHL-10 cell lines was compared doing routine and spinoculation infections 

at different MOIs. OCI-LY-3 cell line was infected 4.5 and SU-DHL-10 10 times less efficiently than 

MDA-MB-231 cell line (i.e. 19% and 8% efficiency in OCI-LY-3 and SU-DHL-10 at MOI 1). 

Spinoculation infection increased efficiency of OCI-LY-3 cells to a 27% and SU-DHL-10 cells to a 11% 

at MOI 1. 

We then increased the MOI of infection in order to increase the infection efficiency of 

DLBCL cell lines. This time, MDA-MB-231 and SU-DHL-10 cell lines were infected 
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with the GFP-control virus at MOIs of 1, 2, 3 and 4. Infection efficiency was slightly 

increased when the MOI was increased, but it was still very low in SU-DHL-10 cell 

line, where the efficiency of infection increased from 10 to 25% (Figure VIII.R 2). 

 

Figure VIII.R.2. Spinoculation infection at higher MOIs. MDA-MB-231 and SU-DHL-10 cells were 

infected by spinoculation at different MOIs. From MOI 1 to MOI 4, infection efficiency of SU-DHL-10 

cells increased from 10 to 25%. 

3.2. Proliferation functional screening with miRnome library 

In order to elucidate which miRNAs can promote proliferation of DLBCL, we carried 

out a functional screen over a prolonged period with our miRNA expression library. In 

this experiment, two ABC subtype DLBCL cell lines, RIVA and OCI-LY-10, and two 

GCB subtype DLBCL cell lines, SU-DHL-4 and SU-DHL-10 were used. Cell lines 

were infected with a pool of 698 miRNAs at a final MOI of 50. Cells were infected with 

MOI 50 in order to increase further infection efficiency, as at MOI 4 only 25% of SU-

DHL-10 cells were infected (Figure VIII.R 2). 

Once cells were infected and positively selected with puromycin, they were split in 3 

flasks and maintained in culture for 4 months and a fraction of cell populations were 

extracted each week from each replicate for DNA and RNA extraction (Figure VIII.R 

3).  
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Figure VIII.R.3. Schematic representation of miRNA functional screen. Two ABC subtype DLBCL 

cell lines, RI-1 and OCI-LY-10 and two GC subtype DLBCL cell lines, SU-DHL-4 and SU-DHL-10 were 

infected with a pool of 698 different miRNAs. Cells were split in triplicate and maintained in culture for 4 

months and DNA and RNA were extracted from each infected cell line after 2 and 4 months (i.e. t2m and 

t4m). Extracted DNA was then sequenced by NGS and differentially expressed miRNA were detected by 

differential expression analysis. 

For the OCI-LY-10 cells, although at the start of the experiment there were three 

replicates, one of those died after one month in culture. Therefore, only two OCI-LY-10 

replicates grow for the full 4 months. 
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GC ABC
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Extract DNA

(t2m)

Extract DNA

(t4m) 

SU-DHL-4 SU-DHL-10 RIVA OCI-LY-10

Extract DNA

(t0)



Identifying the role of miRNAs in the proliferation of DLBCL   

200 

Extracted DNA at time 0, 2 months and 4 months after infection was PCR amplified 

with pCDH primers for different cycle number and resulting amplicons were visualized 

in a 1.8% agarose gel (Figure VIII.R 4). 

 

Figure VIII.R.4. PCR gel electrophoresis. Figure shows PCR products of SU-DHL-4 t2m (2), SU-

DHL-4 t2m (3), SU-DHL-4 t4m (1) and SU-DHL-4 t4m (2) samples performed at different number of 

cycles (24, 26, 28 and 30 cycles). The PCR was not saturated at cycle 30. The ladder used was ΦX174 

DNA-Hae III. 

The PCR produced amplicons of ~200-600bp and after 30 cycles the PCR was still not 

saturated. Therefore, libraries were built using PCR products from 30 cycles PCRs and 

sequenced using Ion 318 Chips on the PGM machine. In total, 34 samples including the 

replicates of SU-DHL-4, SU-DHL-10, RIVA and OCI-LY-10 at time 0, time 2 months 

and time 4 months were sequenced, divided onto three 318 chips containing 12, 12 and 

10 samples. 

Good loading percentages were obtained in all chips, 78, 76 and 80% (Figure VIII.R 5), 

and the percentage of polyclonal reads were similar in all chips, 42, 35 and 44%. This 

represented more than 4 x106 usable reads for all sequencing reactions (Figure VIII.R 

5). 
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Figure VIII.R.5. Ion Torrent runs summary. On the left panels are represented chip loadings (dark 

blue = 0% loading, dark red = 100% loading). On the right panels are the summary of the runs. 

Percentages of loading, enrichment, clonality and usable final library are represented. 

When individual samples were analysed, they produced an average of between 1x105 

and 5x105 reads, with a mean length ranging from 82 to 115 bp (Table VIII.R 1). 

Sample Bases ≥ Q20 Reads 
Mean Read 

Length 

SU-DHL-4 t0 (1) 12.5x106 11.6x106 1.1x105 113 bp 

SU-DHL-4 t0 (2) 11.3x106 10.6x106 1.1x105 98 bp 

SU-DHL-4 t0 (3) 15.5x106 14.5x106 1.5x105 103 bp 

SU-DHL-4 t2m (1) 31.3x106 29.1x106 3.5x105 89 bp 

SU-DHL-4 t2m (2) 82.9x106 77.2x106 7.9x105 104 bp 

SU-DHL-4 t2m (3) 56.6x106 52.7x106 5.1x105 110 bp 

SU-DHL-4 t4m (1) 55.0x106 51.6x106 5.1x105 107 bp 

SU-DHL-4 t4m (2) 48.3x106 45.1x106 4.2x105 115 bp 

SU-DHL-4 t4m (3) 36.3x106 33.9x106 3.1x105 115 bp 

SU-DHL-10 t0 (1) 22 x106 20.7x106 2.3x105 96 bp 

SU-DHL-10 t0 (2) 37.4x106 35.2x106 3.7x105 100 bp 

SU-DHL-10 t0 (3) 46.3x106 43.6x106 4.6x105 100 bp 

SU-DHL-10 t2m (1) 56.1x106 53x106 5.6x105 99 bp 

SU-DHL-10 t2m (2) 46.7x106 44.0 x106 4.7x105 99 bp 

SU-DHL-10 t2m (3) 45.2x106 42.6 x106 4.4x105 102 bp 

SU-DHL-10 t4m (1) 22x106 20.6x106 2.6x105 82 bp 

SU-DHL-10 t4m (2) 27.5x106 25.8x106 2.7x105 99 bp 

SU-DHL-10 t4m (3) 43.1x106 40.7x106 4.1x105 105 bp 

RIVA t0 (1) 55.4x106 52.1x106 5x105 110 bp 

RIVA t0 (2) 19.2x106 18x106 1.8x105 106 bp 

RIVA t0 (3) 23.6x106 22.2x106 2.3x105 102 bp 

RIVA t2m (1) 26.6x106 25.1x106 2.5x105 102 bp 

RIVA t2m (2) 31.2x106 29.4x106 2.8x105 109 bp 

RIVA t2m (3) 41.5x106 39x106 3.8x105 109 bp 

RIVA t4m (1) 56x106 52.4x106 5.7x105 97 bp 

RIVA t4m (2) 18.6x106 17.4x106 1.7x105 104 bp 

RIVA t4m (3) 41.4x106 38.5x106 3.9x105 105 bp 

OCI-LY-10  t0 (1) 25.5x106 23.7x106 2.6x105 97 bp 

OCI-LY-10  t0 (2) 32.1x106 29.9x106 3.2x105 98 bp 

OCI-LY-10  t0 (3) 14x106 13x106 1.4x105 98 bp 

OCI-LY-10 t2m (2) 89.2x106 83.6x106 8.4x105 105 bp 

OCI-LY-10 t2m (3) 52.3x106 48.8x106 5.3x105 97 bp 

OCI-LY-10 t4m (2) 49x106 45.7x106 6.1x105 80 bp 

OCI-LY-10 t4m (3) 56x106 52.1x106 6.1x105 92 bp 

 

Table VIII.R.1. Sequencing results summary for each sample. Thirty four samples were sequenced. * 

≥ Q20 = Quality equal or higher than 20. 
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The resulting data were analysed in Linux to identify differentially expressed miRNAs 

as described on page 46. 

SU-DHL-4 cells 

In the SU-DHL-4 cell line samples, 512 different miRNAs were detected at time 0. The 

time 0, time 2 months and time 4 months SU-DHL-4 replicates clustered together and 

principal component analysis (PCA) showed that was a clear selection in respect to 

differential miRNA expression (Figure VIII.R 6). Samples obtained at 2 and 4 months 

had more similarities between them than when compared to time 0 samples (Figure 

VIII.R 6B and 6C). 

 

Figure VIII.R.6. Differential expression analysis. Differential expression analysis was performed in R 

statistics software with DESeq package. A) Heatmap showing the expression data of the 30 most highly 

expressed miRNAs. B) Heatmap showing the Euclidean distances between the samples as calculated from 

the variance stabilising transformation of the count data. C) Principal component analysis.  

A)

C)B)



Identifying the role of miRNAs in the proliferation of DLBCL   

204 

There were 167 differentially expressed miRNAs between time 4m samples and time 0 

samples (p adj.<0.05). In contrast, only 30 miRNAs were differentially expressed 

between time 2 months and time 4m samples (p adj.<0.05). 

SU-DHL-10 cells 

When SU-DHL-10 samples were analysed, 594 different miRNAs were detected at time 

0. Time 0, time 2 months and time 4 months replicates clustered together, and principal 

component analysis showed that batch effect for each condition was very low, as 

replicates from each condition were very close one to the other (Figure VIII.R 7). From 

time 0 to time 2 months there was a big evolution of differentially expressed miRNAs, 

when time 2 months and time 4 months were compared, the differences were smaller 

(Figure VIII.R 7). 
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Figure VIII.R.7. Differential expression analysis. Differential expression analysis was performed in R 

statistics software with DESeq package. A) Heatmap showing the expression data of the 30 most highly 

expressed miRNAs. B) Heatmap showing the Euclidean distances between the samples as calculated from 

the variance stabilising transformation of the count data. C) Principal component analysis.  

Differential expression analysis identified 314 miRNAs that were differentially 

expressed between time 0 and time 4 cells (p adj.<0.05). In contrast, 81 miRNAs were 

differentially expressed between time 2 months and time 4 months samples (p 

adj.<0.05). 

RIVA cells 

Analysis of RIVA cell line samples detected a total of 586 different miRNAs at time 0.  

RIVA time 0 and RIVA time 2 months clustered together and were close in PC analysis 

A)

B) C)
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(Figure VIII.R 8). In contrast, between 2 and 4 months there was a big selection, 

although each RIVA time 4 months replicates carried a distinct miRNA expression 

resulting in a big batch effect, as could be shown in PCA (Figure VIII.R 8C). 

 

 

Figure VIII.R. 8. Differential expression analysis. Differential expression analysis was performed in R 

statistics software with DESeq package. A) Heatmap showing the expression data of the 30 most highly 

expressed miRNAs. B) Heatmap showing the Euclidean distances between the samples as calculated from 

the variance stabilising transformation of the count data. C) Principal component analysis.  

A)

B) C)
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Only 5 miRNAs were differentially expressed between RIVA time 0 and RIVA time 2 

months samples (p adj.<0.05). In contrast, 84 miRNAs were differentially expressed 

between RIVA time 0 and RIVA time 4 months samples (p adj.<0.05). 

OCI-LY-10 cells 

A total of 556 different miRNAs were detected OCI-LY-10 samples at time 0. Although 

at time 0 there were three replicates, one of those died after a couple of weeks and only 

two replicates reached 2 and 4 months in culture. At time 0, the three replicates were 

very different between them, as shown in PC analysis (Figure VIII.R 9C). All time 0, 

time 2 months and time 4 months replicates clustered distinctly (Figure VIII.R 9).  

 

 

A)

B) C)
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Figure VIII.R.9. Differential expression analysis. Differential expression analysis was performed in R 

statistics software with DESeq package. A) Heatmap showing the expression data of the 30 most highly 

expressed miRNAs. B) Heatmap showing the Euclidean distances between the samples as calculated from 

the variance stabilising transformation of the count data. C) Principal component analysis.  

Regarding OCI-LY-10 samples, time 2 months and time 4 months samples clustered 

distinctly compared to time 0 samples and the differential expression analysis was able 

to identify 180 differentially expressed miRNAs between time 0 and time 4 months 

samples (p adj.<0.05). The following table summarizes the number of differentially 

expressed miRNAs in each of the four DLBCL cell lines (Table VIII.R 2). 

Cell line nº of miRNAs 

significantly 

increased over 

time (p adj.<0.05) 

nº of miRNAs 

significantly 

decreased over 

time (p adj.<0.05) 

Total differentially 

expressed miRNAs 

(p adj.<0.05) 

SU-DHL-4 8 159 167 

SU-DHL-10 8 306 314 

RIVA 4 80 84 

OCI-LY-10 12 168 180 

 

Table VIII.R.2. Number of differentially expressed miRNAs between time 0 and time 4 months. 

Table shows the total number of differentially expressed miRNAs and from those how many increased or 

decreased over time (p adj.<0.05). 

Most of the differentially expressed miRNAs in all SU-DHL-4, SU-DHL-10, RIVA and 

OCI-LY10 cell lines were miRNAs whose representation was lost or reduced during the 

experiment (Table VIII.R 2). Only 4 to 12 miRNAs increased their population during 

the experiment in the different cell lines (Table VIII.R 2). Differentially expressed 

miRNAs between time 0 and time 4 months for each cell line were compared in a Venn 

diagram (Figure VIII.R 10). 
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Figure VIII.R.10. Venn diagram. Differentially expressed miRNAs between time 0 and time 4 months 

samples from different cell lines were compared using a Venn diagram. 

Only 5 miRNAs (miR-1183, miR-498, miR-548l, miR-128-2 and miR-1255b-2) were 

differentially expressed in all four cell lines (Figure VIII.R 10). For further analysis, 

only common miRNAs between the two GCB cell lines and between the two ABC cell 

lines were selected. In addition, miRNAs showing the same tendency at both 2 months 

and 4 months were selected (i.e. those which continue expanding or reducing during 

time) and those which showed different tendencies were excluded. 

We separated the differentially expressed miRNAs into those which increased 

population over time, and those that had decreased over time. However, for increased 

miRNAs, none of them appeared in more than one cell line, so the most significant 

miRNAs were selected for each cell line. For SU-DHL-4, miR-370 and miR-371a were 

selected. For SU-DHL-10, miR-125b-2 and miR-128-2 were selected and for RIVA, 

miR-302a was selected. OCI-LY-10 cell line was not used for validation, as there was a 

lack of human serum available that is needed to grow this cell line. 
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Among miRNAs which reduced population over time, miR-498 and miR-548l were 

selected because they were differentially expressed in all four cell lines and showed the 

same tendency at both 2 months and 4 months in all cell lines. Although miR-1255b-2, 

was differentially expressed in all cell lines and showing same tendency at 2 and 4 

months, we did not validate due to lack of time. In addition, miR-940 and miR-512-1 

were selected because they were differentially expressed in both GC cell lines and miR-

493, miR-582 and miR-1294 because they were differentially expressed in both ABC 

cell lines. This time selected miRNAs were the ones with higher p-values among those 

that showed the same tendency at both 2 months and 4 months. 

3.3. miRNA over-expression reduces cell growth 

Selected miRNAs were validated by infecting SU-DHL-4, SU-DHL-10 and RIVA cell 

lines with individual lentiviruses at MOI 1. SU-DHL-4 cells were infected with miR-

370, miR-371a, miR-498, miR-548l, miR-940 and miR-512-1; SU-DHL-10 cells with 

miR-125b-2, miR-128-2, miR-498, miR-548l, miR-940 and miR-512-1; and  RIVA cells 

with miR-302a, miR-498, miR-548l, miR-493, miR-582 and miR-1294 (Table VIII.R 3). 

As a negative control, all cell lines were infected with an empty vector at MOI 1. 

 SU-DHL-4 SU-DHL-10 RIVA 

miR-498 YES YES YES 

miR-512-1 YES YES - 

miR-940 YES YES - 

miR-548l YES YES YES 

miR-493 - - YES 

miR-582 - - YES 

miR-1294 - - YES 

miR-370 YES - - 

miR-371 YES - - 

miR-125b-2 - YES - 

miR-128-2 - YES - 

miR-302a - - YES 

 

Table VIII.R.3. Selected miRNAS for Validation. Table shows the different miRNAs which were 

selected from differential expression analysis for further validation. *"YES" = miRNA selected for 

validation in that cell line. 
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Infected cells were selected with puromycin, however the SU-DHL-4 cell line infected 

with miR-548l did not survive. Proliferation assays were performed by CFSE as 

described on page 192. Four days after CFSE addition the GFP signal was measured by 

flow cytometer.  

Cells infected with candidate miRNAs which increased population over functional 

screen (highlighted in blue, Figure VIII.R 11) did not show any significant increase in 

proliferation compared to the respective empty vector controls (Figure VIII.R 11). In 

contrast, miR-498 and miR-512-1 significantly decreased cell proliferation in SU-DHL-

4 cells compared to empty vector (p<0.05 and p<0.01). Regarding SU-DHL-10 cells, 

also miR-512-1 this time along with miR-940 significantly decreased cell proliferation 

compared to empty vector (p<0.01). Finally, miR-548l significantly reduced cell 

proliferation in RIVA cells (p<0.01) (Figure VIII.R 11).  
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Figure VIII.R.11. Proliferation assay. Cells were stained with CFSE and 4 days later proliferation was 

measured by flow cytometry. Either t-test or Mann-Whitney tests were used for statistical analysis. In SU-

DHL-4 cells, over-expression of miR-498 and miR-512-1 significantly decreased cell proliferation 

(p<0.05 and p<0.001). In SU-DHL-10 cells, over-expression of miR-512-1 and miR-940 significantly 

reduced cell proliferation (p<0.01). In RIVA cells, over-expression of miR-548l significantly decreased 

cell proliferation (p<0.01). The experiments were performed in triplicate and repeated 3 times. 

3.4. miRNA over-expression and apoptosis 

Next, basal levels of apoptosis were determined by flow cytometry in our cell lines 

infected with single miRNAs, as induction of apoptosis can be reflected in a decreased 

proliferation. This time, only miR-498, miR-512-1, miR-548l and miR-940 were tested 

as they were the only miRNAs whose over-expression resulted in a significant reduction 

of proliferation. SU-DHL-10 and RIVA cell lines showed a basal apoptotic level of 

15% in empty vector control, whereas the basal apoptotic level of  SU-DHL-4 empty 

vector was 20% (Figure VIII.R 12). Compared with empty vector, all miRNAs 

significantly reduced apoptosis, with the exception of miR-498, whose over-expression 

significantly increased apoptosis percentage (Figure VIII.R 12).  
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Figure VIII.R.12. Apoptosis assay. Basal apoptotic levels of cell lines were determined by flow 

cytometry. Either t-test or Mann-Whitney tests were used for statistical analysis. miR-512-1, miR-940 and 

miR-548l significantly reduced apoptotic levels of cell lines compared to empty vector control. miR-498 

significantly reduced apoptotic levels in SU-DHL-4 and RIVA cell lines, but increased apoptotic levels in 

SU-DHL-10 cell line. 

3.5. miRNA over-expression and cell cycle 

Cells need to enter cell cycle to proliferate being cell cycle one of the main checkpoints 

of proliferation process. In that regard, cell cycle alterations were also analysed by flow 

cytometry in our cell lines over-expressing individual miRNAs. The percentage of cells 

in the three main cell cycle phases (i.e. G0/G1 phase, S phase and G2/M phase) were 

measured using this technique. In SU-DHL-4 and SU-DHL-10 cell lines, miR-498, miR-

512-1, miR-548l and miR-940 over-expression resulted in an increase of G0/G1 phase 

(Table VIII.R 4). From those, miR-940 was the one who induced a higher increase of 

G0/G1 cell cycle phase, from 55,8 to 61,01% in SU-DHL-4 cells and from 50,4 to 

60,63% in SU-DHL-10 cells (Table VIII.R 4) and (Figure VIII.R 13). In RIVA cell 
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lines, miR-498 and miR-548l did not show a clear modification of cell cycle compared 

with empty vector control (Table VIII.R 4).  

 G0/G1 Phase S Phase G2/M Phase 

SU-DHL-4 empty vector 55,80 6,41 32,16 

SU-DHL-4 miR-498 59,92 10,57 26,06 

SU-DHL-4 miR-512-1 58,57 8,55 30,04 

SU-DHL-4 miR-940 61,01 7,76 28,59 

SU-DHL-10 empty 
vector 

50,40 10,14 37,00 

SU-DHL-10 miR-498 53,29 10,34 33,19 

SU-DHL-10 miR-512-1 59,41 9,61 28,22 

SU-DHL-10 miR-548l 53,58 10,09 32,30 

SU-DHL-10 miR-940 60,63 8,48 29,03 

RIVA empty vector 60,43 20,11 8,92 

RIVA miR-498 58,61 21,13 12,54 

RIVA miR-548l 61,93 18,17 8,66 

 

Table VIII.R.4. Cell cycle analysis. Table shows the percentage of cell in G0/G1, S and G2/M phases of 

cell cycle for each cell line. 

 

Figure VIII.R.13. miR-940 over-expression induces a G0/G1 arrest. Cell cycle profiles of SU-DHL-10 

empty vector and SU-DHL-10 miR-940 cell lines.miR-940 over-expression induces a G0/G1 cell cycle 

arrest. 

SU-DHL-10

Empty vector

SU-DHL-10

miR-940
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4. Discussion 

In the present study, we have used a miRNA functional screen to detect miRNAs able to 

modify the proliferative signalling of DLBCL cells. To date this is the first study were a 

miRNA functional screen has been used in DLBCL. We have seen that DLBCL cell 

lines are more difficult to infect than adherent cell lines and therefore, we have 

optimized the infection protocol by doing spinoculation. Spinoculation is the 

standardised method for infecting cells in suspension but the increase of infection 

efficiency in our cell lines was moderate [418, 419]. 

The functional screen  was performed by culturing cells for 4 months to have enough 

time for clones that favour tumour growth to be selected. However, the selection 

process was not the same in every cell line, presumably due to difference in initial 

growth rates. For example, RIVA cells appeared to need more than 2 months for 

differential expression to be established while most of the miRNAs on the library were 

differentially expressed in SU-DHL-4, SU-DHL-10 and OCI-LY-10 only after 2 months 

in culture, suggesting that shorter time points could work better in these cell lines to 

identify which are the first deregulated miRNAs in the experiment .  

From the 439 differentially expressed miRNAs found (summing all differentially 

expressed ones in the four cell lines), miR-370, miR-371a, miR-125b-2, miR-128-2, 

miR-302a, miR-498, miR-548l, miR-940, miR-512-1, miR-493, miR-582 and miR-1294 

were selected for further validation. As chronic proliferation is a characteristic that 

enables cancer cells to survive (as described on page 4), we hypothesised that miRNAs 

with a pro-survival phenotype would be related to proliferative signalling. MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays are a widely used 

measurement of proliferation [420]. However, MTT assays are based in the metabolic 

activity of cells and are an indirect measurement of viable cells, thus they are not always 

a reliable method to assess the number of viable cells, producing over or under 

estimations [421]. To overcome these problems, we used the CFSE assay which directly 

reflects cell proliferation [422].  

Over-expression of miR-498, miR-512-1, miR-548l and miR-940 significantly reduced 

cell proliferation of SU-DHL-4, SU-DHL-10 and RIVA cell lines. The expression of 

these miRNAs decreased over time, suggesting that these miRNAs decrease cell 

proliferation or more generally act as tumour suppressors. Indeed, this appears to be the 
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case. miR-498 for example has been described to reduce proliferation in several cancers 

including ovarian cancer, lung cancer and oesophageal squamous cell carcinoma [423-

426]. In addition, high expression of miR-498 have been described to be associated with 

a better outcome of stage II colon cancer, ovarian cancer and oesophageal squamous 

cell carcinoma patients [425, 427, 428]. Other studies had reported that miR-512 is able 

to reduce cell proliferation of lung cancer and neck squamous cell carcinoma [429, 

430]. Tumour cells growth was also inhibited when miR-548l was over-expressed in 

either lung cancer or hepatocellular carcinoma [431, 432]. Finally, miR-940 has been 

reported to reduce cell proliferation of nasopharyngeal carcinoma, pancreatic ductal 

adenocarcinoma, hepatocellular carcinoma, breast cancer and ovarian cancer [433-437]. 

None of these miRNAs have previously been described in DLBCL. 

Various mechanism are responsible for the sustainment of proliferative signalling in 

cancer cells, including acquisition of the capacity to produce stimulating signals, 

deregulation of cell cycle or by resisting cell death [3, 85, 106]. Consequently, we 

investigated whether our validated miRNAs could reduce cell proliferation by the 

induction of apoptosis or alternatively by promoting cell cycle arrest. However, when 

basal levels of apoptosis were analysed, with the exception of miR-498 in SU-DHL-10 

cell line, all of the miRNAs reduced levels of apoptosis. However, the differences 

although significant, were less than 10% in all cases, and the experiment was only 

performed once. Inducing apoptosis by treating the cells with a chemotherapeutic such 

as CHOP-R could gave us more information about the effect of our miRNAs in 

regulating apoptosis. 

We also analysed cell cycle profiles of our cell lines and found that miR-498, miR-512-

1, miR-548l and miR-940 induce a G0/G1 arrest in SU-DHL-4 and SU-DHL-10 cell 

lines. Only one study has linked these miRNAs with a differential cell cycle profile, 

showing that in nasopharyngeal carcinoma miR-940 induces a G2/M cell cycle arrest 

[433]. Despite these observed alterations, differences in cell cycle profiles are not big, 

suggesting that other mechanisms rather than cell cycle and apoptosis are taking part in 

the reduction of cell proliferation.  

In conclusion, this is the first study where a functional miRNA screening has been done 

to elucidate which miRNAs are involved in the sustainment of proliferative signalling in 

DLBCL and we have identified four novel miRNAs which appear to negatively regulate 
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cell proliferation. However, more studies are needed to understand the mechanism by 

which these miRNAs regulate cell proliferation. 

  



Identifying the role of miRNAs in the proliferation of DLBCL   

218 

5. Conclusions 

1) Infection efficiency is much lower in DLBCL cells, which grow in suspension than in 

MDA-MB-231 adherent cells. 

2) Spinoculation slightly improved infection efficiency of DLBCL cell lines compared 

with routine infection. 

3) Functional miRNA screening assay in SU-DHL-4, SU-DHL-10, RIVA and OCI-LY-

10 cell lines distinctly separated by their miRNA signature time 0, time 2 months and 

time 4 months samples as reported in differential expression analysis. 

4) Over-expression of miR-498, miR-512-1, miR-548l and miR-940 reduced cell 

proliferation of SU-DHL-4, SU-DHL-10 and RIVA cell lines. 

5) Over-expression of miR-498, miR-512-1, miR-548l and miR-940 reduced cell 

apoptosis in SU-DHL-4 and RIVA cell lines. 

6) Over-expression of miR-498 increased and over-expression of miR-512-1, miR-548l 

and miR-940 decreased cell apoptosis in SU-DHL-10 cell line. 

7) Over-expression of miR-498, miR-512-1, miR-548l and miR-940 induce a G0/G1 

arrest in SU-DHL-4 and SU-DHL-10 cell lines. 
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1. Discussion 

In the present study, we have used a functional screening approach to identify miRNAs 

that are phenotypically linked to different aspects of the 'hallmarks of cancer'. Firstly, as 

a cutting-edge technology we needed to optimise the functional screen. A pooled 

approach rather than an arrayed one was used, as it is more versatile, and can be used 

for a wide range of applications including in vivo experiments [158]. Once the infection 

conditions were optimized and the NGS protocol and bioinformatics pipeline 

developed, we demonstrated that nearly all of the miRNAs were stably selected and 

expressed in our cell line models. Furthermore, we demonstrated that the expression of 

individual miRNAs within the pool was maintained for at least 23 days. 

With all the different miRNA functional screening steps optimized, we studied 

characteristic features of tumour biology in different cancers, using their relevance in 

the hallmarks of cancer as the connecting theme. In that regard, the effect of miRNAs in 

resisting cell death, sustaining invasion and metastasis, in hypoxia and the effect of 

sustaining proliferative signalling were studied. 

To study the effect of miRNAs in resisting cell death, we screened for miRNAs that 

have an impact in paclitaxel resistance in MDA-MB-231 breast cancer cell line. Cells 

were treated with paclitaxel and the miRNAs present in resulting resistant colonies were 

identified. From the 57 identified miRNAs, miR-181b-1, miR-29a, miR-30c-2, miR-

196a-1 and miR-1295a were validated. From those miRNAs, miR-181b and miR-29a 

are the most promising ones. Regarding miR-181b, it was found to increase paclitaxel 

resistance in all of the TNBC cell lines tested, conferred resistance also against eribuline 

and its inhibition resulted in sensitization of cells to paclitaxel treatment. miR-29a also 

increased paclitaxel resistance in some breast cancer cell lines, conferred resistance 

against vinorelbine and eribuline and was found to be over expressed in post-treatment 

samples compared to pre-treatment samples of breast cancer patients treated with 

chemotherapy. However, the cohort of patients used for validation was a mix of breast 

cancer subtypes and different chemotherapy regimens, so a more homogeneous cohort 

could give us more information about the effect of these miRNA in resistance to 

chemotherapy. The fact that these miRNAs induced resistance only in a subset of cell 

lines suggests that further studies need to be performed to describe the mechanism by 

which these miRNAs induce resistance. In addition, in vivo studies where mice will be 
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treated with miRNA inhibitors, along with chemotherapy could demonstrate the 

potential of this approach to overcome chemotherapy resistance. 

To study the effect of miRNAs in invasion and metastasis, we screened for miRNAs 

that have an impact in invasion of MDA-MB-231 breast cancer cell line. Invasive and 

non-invasive cell populations were separated with invasion chambers and differentially 

expressed miRNAs between the two populations were identified. From the 23 

differentially expressed miRNAs, miR-10b, miR-298 and miR-203a were validated. 

miR-10b and miR-298 were found to increase and miR-203a to decrease migration and 

invasion of MDA-MB-231 cells. Furthermore, inhibition of those miRNAs in LM2 cells 

reversed the phenotype. Regarding in vivo effect of miRNA inhibition, inhibition of 

miR-203a increased metastasis in mice. Furthermore, these miRNAs were able to 

modulate the expression of MMPs. From those miRNAs, miR-10b has been described to 

induce and miR-203a to reduce breast cancer metastasis [98, 332-335]. Although miR-

298 over-expression and inhibition had an effect in migration and invasion of breast 

cancer cells, the inhibition of this miRNA did not have any impact in metastasis 

formation in the in vivo model. We will analyse histologically the metastasis generated 

in mice to see if there are differences on size or aggressiveness of metastasis to 

determine if miR-298 inhibition plays a role in reducing metastatic phenotype. 

To study the effect of miRNAs in hypoxia and bevacizumab resistance, we performed 

an in vivo functional miRNA screen with HCT-116 wt and HCT-116 HIF1α knock-out 

colon cancer cell lines. We also performed in vitro studies prior to the functional screen 

where we found that HIF1α knock-out reduced proliferation, clonogenic capacity and 

spheroid size of HCT-116 cells, in addition, it resulted in a decreased tumour growth 

and an improved overall survival in mice. Regarding in vivo experiment, the two HCT-

116 cell lines with and without the library were injected subcutaneously into mice and 

mice were treated with either bevacizumab or PBS. At the endpoint of the experiment, 

mice were culled and miRNA content of the tumours was analysed. HIF1α knock-out 

and bevacizumab treatment resulted in a decreased tumour growth and an improved 

overall survival. In addition, the presence of the library had an additive effect to 

bevacizumab treatment in mice with HCT-116 wt cells. We will analyse histologically 

the tumours generated in mice to see if there are differences on hypoxia or 

aggressiveness of tumours between different groups. miRNA differential expression 

analysis between mice treated with bevacizumab and mice treated with PBS resulted in 
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differentially expressed miRNAs which had to be further validated to determine their 

impact on hypoxia and bevacizumab treatment. In particular, the effect of individual 

miRNAs need to be tested by infecting cells with selected miRNAs and subjecting them 

to grow under hypoxia or by treating them with bevacizumab. 

To study the effect of miRNAs in proliferation, we screened for miRNAs that have an 

impact in proliferation in DLBCL cell lines. SU-DHL-4, SU-DHL-10, RIVA and OCI-

LY-10 cells with the library were grown for 4 months. Samples at time 0, time 2 months 

and time 4 months were analysed and 12 differentially expressed miRNAs were 

selected. From those, miR-498, miR-512-1, miR-548l and miR-940 were found to reduce 

cell proliferation of SU-DHL-4, SU-DHL-10 and RIVA cell lines. Our results suggest 

that this reduction in cell proliferation could be, at least in part, due to an induced 

G0/G1 cell cycle arrest. These miRNAs have been described to inhibit progression of 

several cancers other than DLBCL [423-426, 429, 430, 433-437]. Further studies with 

in vivo DLBCL models in which these miRNAs will be over-expressed will determine 

the potential impact of these miRNAs in dampening DLBCL progression. In addition 

further studies such as the impact of miRNAs on cell cycle regulatory elements will 

help in the understanding of the mechanism. 

A very important aspect that adds novelty to our studies is the way we monitored and 

analysed the functional screens. Although previous studies have analysed miRNA 

abundance in functional screens using NGS [156], our studies are the first to use a 

differential expression analysis approach. For that, we used an RNA-seq based 

differential expression analysis using DESeq software [248]. Previous studies where a 

pooled miRNA functional screen was performed, used microarrays to detect differences 

in miRNA expression [438]. However, this approach is less sensitive as it is not 

possible to detect changes in miRNA levels below a threshold. In contrast, with NGS 

we can detect and quantify even small changes in population [439].  

Regarding the limitations of our approach, our functional screening assay system is not 

able to monitor cell populations over time. In cell culture experiments we can define 

several time points to get an idea about population dynamics, but in in vivo experiments 

we only can assess miRNA expression at the final endpoint, once mice are culled. 

Furthermore, in all of our experiments we have identified and validated individual 

miRNAs, but we did not study the interaction of different miRNAs in our system, which 
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could increase the effects of individual miRNAs. Another concern we found was in 

DLBCL experiments, because the infection efficiency was very low in these cells. All in 

all, we managed to get a good representation of miRNAs infected, demonstrating that it 

is possible to perform experiments in cells which are difficult to infect. In that regard, 

there is the possibility to perform experiments in non-dividing cells or in primary 

cultures. 

In summary, we have demonstrated that miRNA functional screens are a valuable tool 

for the study of the hallmarks of cancer, as we were able to validate the miRNAs 

identified in the different functional screens. These studies enable the identification of a 

subset of miRNAs related with a defined feature, but further studies are needed to 

determine the relevance of our findings and the potential benefit for patients. 
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1. Conclusions 

1) We optimized the infection conditions to perform miRNA functional screens both in 

adherent and suspension cell lines, and nearly all of the miRNAs were stably selected 

and expressed in our cell line models 

2) We optimized the analysis pipeline of functional screens in Linux operating system, 

which allows the analysis of various samples at the same time, is faster, can be 

customized and does not rely in third party servers. 

3) miR-181b-1, miR-29a, miR-30c-2, miR-196a-1 and miR-1295a induce paclitaxel 

resistance in breast cancer cell lines 

4) Inhibition of miR-181b or miR-29a expression sensitized MDA-MB-231 cells to 

paclitaxel. 

5) miR-29a induces resistance to virorelbine and eribuline and miR-181b and miR-30c-2 

induce resistance to eribuline in MDA-MB-231 cells. 

6) miR-29a expression is increased in post-treatment samples compared to pre-treatment 

samples of breast cancer patients resistant to chemotherapy. 

7) miR-10b and miR-298 over-expression increases and miR-203a over-expression 

decreases migration and invasion of MDA-MB-231 cells. 

8) Inhibition of miR-10b and miR-298 expression decreases and inhibition of miR-203a 

expression increases invasiveness of LM2 cells. 

9) Inhibition of miR-203a expression in LM2 cells increases metastasis in vivo. 

10) miR-10b, miR-298 and miR-203a modulate the expression of various MMPs 

11) Reduction of oxygen or glucose levels decreases proliferation of HCT-116 cells. 

12) HCT-116 cells with HIF1α knock-out grow less, produce less colonies and generate 

smaller spheroids than HCT-116 wt cells. 

13) HCT-116 wt library spheroids lost their spatial conformation faster than HCT-116 

wt spheroids. 
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14) Bevacizumab treatment reduces tumour growth and improves overall survival in 

HCT-116 cells derived xenographs. 

15) HIF1α knock-out reduces tumour growth and improves overall survival in HCT-116 

cells derived xenographs. 

16) Containing the miRNA library has an additive effect in reducing tumour growth and 

improving overall survival in xenographs derived from HCT-116 wt library cells 

compared to xenographs derived from HCT-116 wt cells when treated with 

bevacizumab. 

17) Infection efficiency is much lower in DLBCL cells compared to adherent cells and 

spinoculation slightly improved infection efficiency of DLBCL cells compared to 

routine infection. 

18) Over-expression of miR-498, miR-512-1, miR-548l and miR-940 reduced cell 

proliferation of SU-DHL-4, SU-DHL-10 and RIVA cell lines. 

19) Over-expression of miR-498, miR-512-1, miR-548l and miR-940 induce a G0/G1 

arrest in SU-DHL-4 and SU-DHL-10 cell lines. 
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1. Introducción 

A pesar de los avances que se han realizado en los últimos años en la lucha contra el 

cáncer, el cáncer sigue siendo una de las principales causas de muerte a nivel mundial, 

viéndose su incidencia incluso aumentada en las últimas décadas [1]. Por lo tanto, es de 

vital importancia el estudiar los mecanismos moleculares causantes de la enfermedad 

para poder desarrollar nuevos fármacos y de este modo combatir la enfermedad. 

Recientemente se ha visto que los RNAs no codificantes, entre los que se incluyen los 

microRNAs (miRNAs), juegan un papel muy importante en la regulación de los 

principales mecanismos del cáncer. A pesar de ello, la mayoría de estudios sólo 

identifican los miRNA aberrantemente expresados entre un tejido tumoral y uno sano o 

entre distintos tipos de cáncer, sin tener en cuenta las consecuencias funcionales de ésta 

desregulación. La principal hipótesis de esta tesis consiste en la identificación de 

miRNAs responsables de un fenotipo asociado a las principales características del 

cáncer, conocidas como las ‘hallmaks of cáncer’. Para ello utilizaremos un cribado 

funcional con una librería para la sobreexpresión de miRNAs. Con ello intentaremos 

encontrar los mecanismos asociados a los diferentes tipos de cáncer para poder 

desarrollar nuevos fármacos y combatirlos de forma más efectiva. 

Las hallmarks of cáncer fueron por primera vez descritas en el año 2000 por D Hanahan 

y RA Weinberg en un artículo en el que describieron seis características comunes de los 

cánceres [2]. Más tarde, en el año 2011 ampliaron el número de características hasta un 

total de diez, entra las que se encuentran; 1) Mantener las señales de proliferación, 2) 

Impedir la acción de supresores tumorales, 3) Impedir la destrucción por el sistema 

inmune, 4) Permitir la replicación ilimitada, 5) Inducir la inflamación de tejidos, 6) 

Tener capacidad de invadir tejidos y formar metástasis, 7) Tener capacidad de inducir 

angiogénesis, 8) Crear inestabilidad genómica y mutaciones, 9) Evadir la muerte celular 

o apoptosis y 10) Producir cambios en el metabolismo celular [3]. 

Capítulos Título 
Cáncer 

estudiado 

Hallmark of 

cancer 

Capítulo 2 
Identificando el papel de los 

miRNAs en la resistencia del 

Cáncer de 

mama 

Evadir la muerte 

celular o apoptosis 
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cáncer de mama frente al 

tratamiento con paclitaxel 

Capítulo 3 

Identificando el papel de los 

miRNAs en la migración e 

invasión del cáncer de mama 

Cáncer de 

mama 

Capacidad de invadir 

tejidos y formar 

metástasis 

Capítulo 4 

Identificando el papel de los 

miRNAs en la hipoxia y 

resistencia frente a bevacizumab 

en el cáncer de colon 

Cáncer de 

colon 

Hipoxia y 

angiogénesis 

Capítulo 5 

Identificando el papel de los 

miRNAs en la proliferación del 

DLBCL 

DLBCL 

Manteniminento de 

las señales de 

proliferación 

 

2. Optimización del cribado funcional con la librería de 
miRNAs 

2.1. Introducción 

Lo primero que realizamos fue una optimización de nuestra librería para la 

sobreexpresión de miRNAs. La librería que utilizamos en nuestros experimentos es una 

librería comercial proporcionada por la empresa holandesa InteRNA gracias a un 

acuerdo colaborativo. 

2.2. Resultados  

Lo primero que hicimos fue titular la librería en nuestras líneas celulares. Para la 

titulación utilizamos la línea celular de cáncer de mama MDA-MB-231 y un lentivirus 

proporcionado por la compañía que expresa el gen GFP para poder identificar las 

células infectadas. El título resulto ser 135 veces inferior al título descrito por la 

empresa InteRNA, por lo que corregimos los títulos de los lentivirus individuales 

dividiendo su título por 135. 

Posteriormente optimizamos las condiciones de las infecciones infectando las células 

MDA-MB-231 con la placa número 1 de la librería (que contiene 72 miRNAs distintos). 

Las condiciones resultaron ser el infectar las células con los virus y 6µg/mL de 

Polibreno dejando la infección hasta la mañana siguiente. Constatamos que tras la 
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infección los miRNAs se sobre-expresaban y que esa sobre-expresión se mantenía 

durante al menos 23 días. Como prueba de un cribado funcional, realizamos un 

tratamiento con Cisplatino y constatamos que las células se seleccionaban dependiendo 

de los miRNAs que estuvieran sobre-expresando. 

Posteriormente realizamos una infección con el total de la librería, que contiene 698 

miRNAs distintos en la línea celular MDA-MB-231 y comprobamos que la infección  

fue satisfactoria, consiguiendo la sobre-expresión de 691 miRNAs distintos. También 

optimizamos el análisis de la secuenciación de última generación (NGS), que en vez de 

realizarla en el servidor galaxy.org la realizamos localmente utilizando el sistema 

operativo Linux. 

Por último, visto que el control de la librería son unos virus que no sobre-expresan 

ninguna secuencia control sino que son virus "vacios", clonamos una secuencia control 

(Scramble) en el vector en el que está basado la librería. La clonación resultó ser exitosa 

y pudimos generar lentiviruses que sobre-expresan una secuencia scramble. A pesar de 

ello, no utilizamos éste control en los experimentos posteriores debido a que los 

lentivirus proporcionados por la empresa InteRNA poseen restos celulares y están 

concentrados con polietilenglicol. Como consecuencia, los lentivirus de la librería 

generan una toxicidad en las células que no se observa en los lentivirus generados por 

nosotros, por lo que los virus que generamos no son un buen control para los 

experimentos. 

2.3. Discusión 

Hemos conseguido optimizar las condiciones para la realización de cribados funcionales 

utilizando una librería para la sobre-expresión de miRNAs. También hemos sido 

capaces de generar virus que sobre-expresen una secuencia scramble pero que no serán 

empleados en futuros experimentos por presentar una toxicidad inferior que los 

lentivirus de la librería. 
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3. Identificando el papel de los miRNAs en la resistencia del 
cáncer de mama frente al tratamiento con paclitaxel 

3.1. Introducción 

El cáncer de mama es una enfermedad heterogénea y está compuesta por distintos 

subtipos. El cáncer de mama triple negativo (TNBC) representa un total del 10-17% del 

total de casos de cáncer de mama y está caracterizado por la ausencia de los receptores 

hormonales ER, PR y HER2 [262]. El cáncer de mama TNBC es el subtipo más 

agresivo y con un peor pronóstico de entre los diferentes subtipos de cáncer de mama 

[263, 264]. El tratamiento del cáncer de mama TNBC está basado en la combinación de 

distintos quimioterápicos que se administran en adjuvancia. Los principales 

quimioterápicos utilizados son antraciclinas y taxanos entre los que se encuentra el 

paclitaxel [267]. Los pacientes con cáncer de mama TNBC suelen responder bien al 

tratamiento, pero cuando son refractarios tienen un mal pronóstico [265, 266]. 

Recientemente se ha descrito que los miRNAs son capaces de modular la resistencia 

frente a diversos tratamientos del cáncer de mama, incluyendo la resistencia frente a 

quimioterápicos [280]. Por lo tanto realizaremos un cribado funcional para reconocer 

los miRNAs relacionados con la resistencia frente al paclitaxel en el cáncer de mama. 

3.2. Resultados  

Para la realización del cribado funcional se utilizaron las células MDA-MB-231 que 

habían sido previamente infectadas con la librería de lentivirus para la sobre-expresión 

de miRNAs. Las células fueron tratadas con 15nM, 30nM and 60nM de paclitaxel 

durante 72 horas y después se retiró el tratamiento del medio y se mantuvieron las 

células durante 20 días. Transcurrido ese tiempo se observaron colonias resistentes que 

fueron rescatadas y expandidas individualmente. En total se consiguieron rescatar 36 

clones en los que se testó la resistencia frente al Paclitaxel mediante ensayos de MTT. 

De los 36 clones, 17 resultaron ser resistentes frente al Paclitaxel 

Para identificar los miRNAs que contenían dichos clones resistentes, se realizó un sub-

clonaje de las PCRs resultantes de amplificar la región de DNA que había sido 

transferida de los lentivirus a el DNA genómico de las células. Los productos de PCR se 

clonaron en un vector TOPO-TA, el producto de clonado se transformo en bacterias 

competentes y se secuenciaron los clones bacterianos individualmente mediante 
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secuenciación de tipo Sanger. En total se realizaron 260 secuenciaciones Sanger y entre 

los 17 clones resistentes al paclitaxel se encontraron 57 miRNAs distintos. 

De entre los miRNAs encontrados seleccionamos 14 y conseguimos validar los 

miRNAs miR-181b, miR-29a, miR-30c-2, miR-196a-1 y miR-1295a, los cuales 

incrementaron la resistencia frente al paclitaxel en las células MDA-MB-231. El efecto 

de estos miRNAs se testó también en otras líneas celulares y vimos que en general los 

miRNAs generaban resistencia frente al paclitaxel principalmente en líneas celulares 

TNBC. En concreto el miR-181b genera resistencia en todas las líneas TNBC que 

testamos y por el contrario no modifica la resistencia frente al Paclitaxel en el resto de 

líneas no-TNBC. A demás, la inhibición de éste miRNA mediante LNAs sensibiliza a 

las células MDA-MB-231 frente al paclitaxel. 

Por otro lado, investigamos si la sobre-expresión de los miRNAs miR-181b, miR-29a, 

miR-30c-2, miR-196a-1 y miR-1295a eran capaces de generar resistencia frente a otros 

quimioterápicos y vimos que los miRNAs miR-181b y miR-29a son capaces de generar 

resistencia frente a la eribulina y la vinorelbina en las células MDA-MB-231. 

Por último medimos los niveles de expresión de los miRNAs miR-181b, miR-29a, miR-

30c-2, miR-196a-1 y miR-1295a en una cohorte de pacientes que habían sido tratados 

con distintas combinaciones de quimioterápicos incluyendo Paclitaxel antes y después 

del tratamiento. Observamos que la expresión de miR-29a incrementaba en las muestras 

post-tratamiento de los pacientes resistentes al tratamiento, por lo que postulamos que el 

miR-29a puede ser responsable de la mayor resistencia encontrada en éstos pacientes. 

3.3. Discusión 

Tras realizar un cribado funcional con la librería de miRNAs hemos identificado y 

validado los miRNAs miR-181b, miR-29a, miR-30c-2, miR-196a-1 y miR-1295a como 

miRNAs que promueven la resistencia frente al paclitaxel en el cáncer de mama. De 

entre ellos, miR-181b y miR-29a resultaron ser los más prometedores. Éstos miRNAs 

han sido descritos previamente como miRNAs que promueven la resistencia en cáncer 

de mama frente a otros fármacos distintos al paclitaxel, pudiendo generar un mecanismo 

general de resistencia [301, 303, 304]. A demás estos miRNAs pueden ser importantes 

en clínica puesto que hemos detectado que el miR-29a aumenta su expresión en 

pacientes resistentes a tratamientos que incluyen paclitaxel en las células del tumor 
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resistente. La inhibición de uno o más de estos miRNAs podría tener potencial 

terapéutico en el tratamiento de los pacientes con cáncer de mama. 

4. Identificando el papel de los miRNAs en la migración e 
invasión del cáncer de mama 

4.1. Introducción 

El pronóstico del cáncer de mama ha mejorado en los últimos años debido a la 

detección precoz, gracias a los programas de cribado como son las mamografías, así 

como por una mejora en los tratamientos que cada vez son más personalizados. A pesar 

de ello, cuando en la enfermedad hacen acto de presencia las metástasis, el pronóstico 

no suele ser bueno en muchos casos [308]. De entre los pacientes con un diagnóstico 

precoz del cáncer de mama, un 30% desarrollará metástasis y de esos pacientes que 

desarrollen metástasis, un 80% morirá durante los próximos 5 años [186, 309]. 

La generación de metástasis es un proceso que está compuesto por distintos estadios, 

siendo la migración y la invasión dos capacidades indispensables para que las células 

puedan dar lugar a metástasis [184, 310]. La migración consiste en la capacidad de las 

células de desplazarse de un lugar a otro y la invasión  consiste en la capacidad de 

invadir a través de las membranas basales y células endoteliales para poder alcanzar los 

capilares y diseminarse por el organismo [311, 314]. 

Los procesos de migración e invasión son procesos altamente regulados y se ha visto 

que los miRNAs pueden regular éstos procesos [440, 441]. Por lo tanto, identificando 

los miRNAs implicados en la migración e invasión de células de cáncer de mama 

podremos detectar los mecanismos moleculares causantes de la metástasis. De este 

modo podremos anticiparnos a la aparición de futuras metástasis o desarrollar nuevos 

fármacos para combatirla. 

4.2. Resultados  

Para la realización del cribado funcional utilizamos las células MDA-MB-231 que 

habían sido previamente infectadas con nuestra librería de miRNAs. El cribado 

funcional lo realizamos separando las células invasivas de las no invasivas mediante dos 

rondas de selección consecutivas en cestillas de matrigel. En éstos ensayos, las células 

se siembran encima de las cestillas y se separan las células que son capaces de invadir a 
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través del matrigel (invasivas) de las que no son capaces de invadir (no-invasivas). De 

este modo obtuvimos tres replicados de células invasivas y otros tres de células no-

invasivas. Las células invasivas aumentaron su capacidad invasiva y al comprobar 

cuales eran los miRNAs diferencialmente expresados al comparar las poblaciones 

invasivas y no-invasivas detectamos 23 miRNAs diferencialmente expresados. 

De entre ellos se validaron los miRNAs miR-10b, miR-298 y miR-203 infectando las 

células MDA-MB-231 individualmente con los miRNAS y realizando ensayos de 

migración por "scratch" y cestillas de invasión. Los miRNAs miR-10b y miR-298 

incrementaron la capacidad migratoria e invasiva de las células, mientras que el miR-

203 redujo su capacidad migratoria e invasiva. 

También se inhibió la expresión de éstos miRNAs en la línea celular de cáncer de mama 

LM2 (clon metastático derivada de la línea celular MDA-MB-231) y se observó como 

el fenotipo se revertía. La inhibición de los miRNAs miR-10b y miR-298 redujeron la 

capacidad invasiva de las células y la inhibición del miR-203a  la aumentó. 

Con las células LM2 en las que la expresión de los miRNAs se había reducido se realizó 

un ensayo de metástasis in vivo en ratones. Éste experimento se realizó en Barcelona 

por el grupo de investigación de R. Gomis. Se inyectaron las células por la vena de la 

cola de ratones y se monitorizó la colonización de los pulmones mediante luminiscencia 

durante 36 días. Los ratones en los que se inyectaron las células en las que la expresión 

del miR-203a está inhibida, generaron menos metástasis que el resto de ratones. 

Por último, comprobamos si la modificación en los niveles de expresión de los miRNAs 

miR-10b, miR-298 y miR-203a tenía alguna repercusión en los niveles de expresión de 

metaloproteasas (MMPs). La sobre-expresión del miR-10b incrementó los niveles de 

MMP3 y MMP15 en las células MDA-MB-231 y su inhibición redujo los niveles de 

MMP3, MMP14 y MMP16 en las células LM2. La sobre-expresión del miR-298 redujo 

los niveles de MMP1, MMP3, MMP11, MMP14 y MMP15 en las células MDA-MB-

231 y su inhibición aumentó los niveles de MMP3 en las células LM2. La sobre-

expresión del miR-203a redujo los niveles de MMP1 y MMP14 en las células MDA-

MB-231 y su inhibición aumentó los niveles de MMP3 en las células LM2. 
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4.2. Discusión 

El cribado funcional con la librería de miRNAs identificó varios miRNAs 

diferencialmente expresados entre las poblaciones celulares invasivas y las no-invasivas 

de entre los cuales los miRNAs miR-10b, miR-298 y miR-203a fueron validados. De 

entre ellos, el miR-10b ha sido descrito como un miRNA que favorece la aparición de 

metástasis y el miR-203a ha sido descrito como un miRNA que dificulta la aparición de 

metástasis en el cáncer de mama [98, 332-335]. Por lo tanto, el cribado funcional junto 

con el análisis de expresión diferencial resultaron ser muy efectivas para identificar 

miRNAs asociados a la migración e invasión de las células del cáncer de mama. 

Además estos miRNAs son capaces de alterar la expresión de MMPs por lo que futuros 

experimentos podrán demostrar el mecanismo completo por el que ejercen su acción 

éstos miRNAs y podremos diseñar nuevas estrategias para atacar el cáncer de mama 

metastático. 

5. Identificando el papel de los miRNAs en la hipoxia y 
resistencia frente a bevacizumab en el cáncer de colon 

5.1. Introducción 

El cáncer de colon es el tercer tipo de cáncer más común a nivel mundial [1]. A pesar de 

que en los últimos años la mortalidad del cáncer de colon ha ido disminuyendo gracias a 

la detección precoz y al desarrollo de nuevos medicamentos, todavía es el responsable 

de 700000 muertes a nivel mundial  [1, 375]. 

Como resultado de una alta proliferación, un aporte deficiente de oxigeno, un elevado 

metabolismo y una vascularización anómala, los tumores sólidos suelen ser hipóxicos 

[358]. La hipoxia es también un factor común en el cáncer de colon, siendo un signo de 

un peor pronóstico [215, 442].  

A nivel celular, la hipoxia genera alteraciones en rutas oncogénicas y metabólicas [30, 

356, 357]. Uno de los genes que se ven alterados es HIF1, el cual se expresa en 

condiciones de hipoxia y es capaz de promover la progresión tumoral, la angiogénesis y 

las metástasis [361]. Para la inducción de la angiogénesis, HIF1 hace que se exprese el 

factor de crecimiento endotelial vascular (VEGF) que es el responsable de la activación 

de la angiogénesis [363]. En el cáncer de colon existe un tratamiento para reducir la 
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angiogénesis. Éste fármaco se denomina bevacizumab y es un anticuerpo monoclonal 

frente al receptor de VEGF [365].  

Para estudiar la importancia de los miRNAs en el cáncer de colon y su relación con la 

hipoxia, realizaremos un cribado funcional in vivo. Los estudios in vivo son más 

representativos que los estudios in vitro, puesto que son capaces de recapitular mejor las 

condiciones de los tumores [443]. 

5.2. Resultados 

Para los experimentos utilizamos la línea celular de cáncer de colon HCT-116. A demás 

utilizamos una línea celular derivada de las HCT-116 en la que se había realizado un 

knock-out de HIF1 (HCT-116 HIF1a-/-). Estas dos líneas celulares fueron infectadas con 

la librería para la sobre-expresión de miRNAs. En total se identificaron 589 miRNAs 

distintos en las células HCT-116 infectadas con la librería y 588 miRNAs distintos en 

las células HCT-116 HIF1a-/- infectadas con la librería. Como resultado obtuvimos 

cuatro líneas celulares (HCT-116 wt, HCT-116 wt library, HCT-116 HIF1a-/- y HCT-

116 HIF1a-/-  library) con las que se realizaron los experimentos. 

Primero se realizaron experimentos in vitro para caracterizar las cuatro líneas celulares. 

Las líneas celulares que no expresan HIF1 crecieron menos que las células silvestres 

(wt) tanto en normoxia como en diferentes condiciones de hipoxia. En cambio la 

presencia de la librería no modificó el crecimiento de las células. También se hicieron 

ensayos de formación de colonias y se crecieron las células como esferoides generando 

un cultivo en tres dimensiones. De nuevo, las células que no expresan HIF1 formaron 

menos colonias y formaron esferoides más pequeños que las células wt. Además, los 

esferoides formados por las células HCT-116 wt library perdieron su conformación 

espacial antes que los esferoides formados por las células HCT-116 wt. 

Tras estos experimentos se realizó el cribado funcional para identificar los miRNAs 

relacionados con la hipoxia. Para ello se hicieron ocho grupos de ocho ratones a los que 

se les inyectaron subcutáneamente las líneas celulares HCT-116 wt, HCT-116 wt 

library, HCT-116 HIF1a-/- y HCT-116 HIF1a-/-  library. Cada línea celular fue inyectada 

a dos grupos de ratones pero uno de esos grupos se trató con bevacizumab y el otro con 

PBS. El crecimiento de los tumores se determinó por medición directa con un calibre. 

Este experimento con ratones lo realizó el grupo de investigación del Prof. A. Harris. 
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Los tumores de los ratones que fueron tratados con bevacizumab fueron más pequeños 

que los tumores de los ratones tratados con PBS. Así mismo, los tumores derivados de 

las células que no expresan HIF1α también fueron más pequeños que los tumores 

derivados de las células wt. En cuanto al papel de la presencia de la librería en el 

crecimiento tumoral, se observó que los tumores derivados de las células HCT-116 wt 

library crecieron más despacio que los tumores derivados de las células HCT-116 wt al 

ser tratados con bevacizumab. Por lo tanto, la presencia de la librería ejerce un efecto 

aditivo al tratamiento con bevacizumab en éstas células. 

Al analizar la supervivencia de los distintos grupos de ratones, observamos como el 

tratamiento con bevacizumab mejoraba la supervivencia de los ratones. La ausencia de 

HIF1α en las células también contribuyó a que los ratones a los que se les inyectaron 

esas células vivieran más que los ratones inyectados con células wt. En cuanto a la 

presencia de la librería, se observó que los ratones a los que se inyectaron las células 

HCT-116 wt library vivieron más que los ratones a los que se inyectaron las células 

HCT-116 wt tras ser tratados con bevacizumab. 

Por último, una vez terminado el experimento, se analizó el contenido de miRNAs de 

los tumores derivados de células infectadas con la librería. También se analizó el 

contenido de las células infectadas con la librería a tiempo 0, esto es, de células del 

mismo día en el que se inyectaron los ratones. El perfil de miRNAs resultó ser muy 

distinto cuando se compararon las células a tiempo 0 y los tumores de los ratones. 

También se analizaron las diferencias de expresión de miRNAs entre los distintos 

grupos de ratones. Al comparar los tumores derivados las células  HCT-116 wt library 

se detectaron 25 miRNAs diferencialmente expresados entre el grupo de ratones tratado 

con bevacizumab y los ratones tratados con PBS. En cuanto a los ratones inyectados  

con las células HCT-116 HIF1a-/- library, 6 miRNAs resultaron diferencialmente 

expresados entre los ratones tratados con bevacizumab y los ratones tratados con PBS. 

5.3. Discusión 

Los experimentos realizados in vitro no fueron capaces de ver cambios en el fenotipo 

cuando se compararon las células infectadas con la librería con las células sin infectar. 

En cambio, se vio que la ausencia de HIF1α reducía el crecimiento de las células HCT-

116. Los experimentos realizados in vivo confirmaron el fenotipo, puesto que los 

ratones inyectados con células que no expresaban HIF1α generaron tumores más 
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pequeños y vivieron más. Éstos resultados confirman estudios previos realizados con 

células que no expresan HIF1α [240]. 

En cuanto al efector de los miRNAs, se observó que la presencia de la librería in las 

células HCT-116 wt mejoraba los efectos del tratamiento con bevacizumab. De entre los 

miRNAs diferencialmente expresados en éste grupo vimos que la expresión de miR-455 

era más elevada en el grupo tratado con bevacizumab. Se ha descrito que una expresión 

baja de éste miRNA está asociado con un mejor pronóstico en pacientes con cáncer de 

colon tratados con bevacizumab [390]. Por lo tanto el cribado funcional ha sido capaz 

de identificar miRNAs importantes en el cáncer de colon, pero todavía se tienen que 

realizar más experimentos para poder validar los resultados.   

6. Identificando el papel de los miRNAs en la proliferación del 
DLBCL  

6.1. Introducción 

El linfoma difuso de células B grandes (DLBCL) es el más común de los linfomas de 

células B y representa un 40% de los linfomas no-Hodgkin [226]. Gracias a las mejoras 

en el tratamiento, sobre todo tras la inclusión del tratamiento con R-CHOP, la mayoría 

de pacientes sobreviven a la enfermedad [391]. A pesar de ello, todavía un 15% de los 

pacientes es refractario al tratamiento con R-CHOP y de entre los pacientes que 

responden al tratamiento, un 20-25% sufrirá recidivas [392-394].  

Existen dos subtipos de DLBCL, el GCB y el ABC los cuales poseen características 

moleculares diferentes [229]. De entre los dos, el subtipo GCB es el de mejor 

pronóstico, teniendo un incremento del 25% en la supervivencia tras un primer 

tratamiento comparado con el subtipo ABC [394, 400].  

La proliferación celular es muy importante en el cáncer, donde las células adquieren una 

proliferación no regulada e incluso ilimitada [408]. En el DLBCL se ha visto que un 

incremento en la proliferación está asociado a un peor pronóstico [400]. Por lo tanto es 

importante el encontrar nuevos tratamientos para inhibir las señales proliferativas y 

mejorar el pronóstico de los pacientes. Para ello utilizaremos un cribado funcional con 

una librería para la sobre-expresión de miRNAs en distintas líneas celulares de DLBCL. 

Una vez identificados los miRNAs relacionados con la proliferación de las células de 
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DLBCL, se estudiará el mecanismo y posibles terapias relacionadas para mejorar el 

pronóstico de los pacientes. 

6.2. Resultados 

Como las células de DLBCL no son adherentes y crecen en suspensión, primero 

optimizamos las condiciones de infección con éstas células. Comparamos la eficiencia 

de infección entre el método empleado en los otros capítulos con el método de 

spinoculación. El método de spinoculación consiste en centrifugar las células durante su 

infección para facilitar el contacto virus-célula. Con éste método se mejoró 

moderadamente la eficiencia de infección de las células DLBCL. A pesar de ello, la 

eficiencia siguió siendo mucho menor que el de las células adherentes. 

Una vez optimizada la infección, utilizamos la spinoculación para realizar el cribado 

funcional. Para el cribado funcional utilizamos dos líneas celulares de DLBCL del 

subtipo ABC, RIVA y OCI-LY-10 y dos líneas celulares del subtipo GCB, SU-DHL-4 y 

SU-DHL-10. Infectamos con la librería para la sobre-expresión de miRNAs estas cuatro 

líneas celulares y dividimos las células infectadas en 3 replicados. Mantuvimos las 

células en cultivo durante cuatro meses y se analizó el contenido de miRNAs en las 

poblaciones a tiempo 0, a 2 meses y a 4 meses. Dentro de cada línea celular, el perfil de 

miRNAs resultó ser muy distinto cuando se compararon las poblaciones a tiempo 0, 2 

meses y 4 meses. Por lo tanto en todos los casos se dio una selección basada en los 

miRNAs. 

De entre los miRNAs diferencialmente expresados entre los distintos tiempos se 

escogieron los miRNAs que mantenían la misma tendencia a lo largo del tiempo 

(aumentaba su expresión o disminuía). De entre ellos se consiguieron validar infectando 

individualmente las células y realizando ensayos de proliferación los miRNAs miR-498, 

miR-512-1, miR-548l y miR-940. La sobre-expresión de estos miRNAs resultó inhibir la 

proliferación de las células SU-DHL-4, SU-DHL-10 y RIVA. 

Para conocer el mecanismo por el cual estos miRNAs generaban una disminución en la 

proliferación se hicieron ensayos de apoptosis y ciclo celular. La sobre-expresión de los 

miRNAs miR-498, miR-512-1, miR-548l y miR-940 disminuyó los niveles de apoptosis 

de las células SU-DHL-4 y RIVA. En cuanto a las células SU-DHL-10, la sobre-
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expresión de los miRNAs miR-512-1, miR-548l y miR-940 disminuyó los niveles de 

apoptosis mientras que la sobre-expresión del miR-498 los aumentó. 

El análisis del ciclo celular demostró que la expresión de los miRNAs miR-498, miR-

512-1, miR-548l y miR-940 generó un arresto celular en la fase G0/G1. 

6.3. Discusión 

Con éste experimento hemos visto que a pesar de las dificultades para infectar las 

células en suspensión, se puede realizar un cribado funcional con nuestra librería para la 

sobre-expresión de miRNAs en células de DLBCL. Por lo tanto éste sistema podría 

utilizarse para realizar experimentos en células difíciles de infectar como por ejemplo en 

cultivos primarios. 

De los miRNAs que fueron validados como supresores de la proliferación en las células 

de DLBCL, el miR-498 ha sido descrito como un supresor de la proliferación en 

distintos cánceres como el cáncer de ovario, cáncer de pulmón o el carcinoma escamoso 

oral [423-426]. También se ha descrito que el miR-512 es capaz de reducir la 

proliferación en el cáncer de pulmón y en el carcinoma escamoso de cuello [429, 430]. 

Por su parte, el miR-940 ha sido descrito como represor de la proliferación en el cáncer 

nasofaríngeo, en el cáncer de páncreas, en el hepatocarcinoma, en el cáncer de mama y 

en el cáncer de ovario [433-437]. Por lo tanto, dado su papel anti-proliferativo en otros 

cánceres refuerza los resultados obtenidos con el cribado funcional.  

En cuanto al mecanismo propuesto para reducir la proliferación, parece ser que podría 

ser debido a un arresto de las células en la fase G0/G1 del ciclo celular, puesto que las 

células que sobre-expresan los miRNAs validados son menos apoptóticas. 

Todavía se deben hacer más experimentos para poder describir el mecanismo por el que 

los miRNAs miR-498, miR-512-1, miR-548l y miR-940 ejercen un efecto anti-

proliferativo en las células de DLBCL. Futuros experimentos determinarán el valor de 

éstos miRNAs para su uso terapéutico. 

7. Conclusiones generales 

1) Optimizamos las condiciones de infección en células adherentes y en suspensión para 

realizar ensayos de cribado funcional con miRNAs. Casi todos los miRNAs fueron 

seleccionados y expresados por las células infectadas. 
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2) Optimizamos el análisis de los datos de NGS realizando el análisis en el sistema 

operativo Linux, que nos permite analizar varias muestras a la vez, es más rápido, se 

puede customizar y no depende de servidores ajenos. 

3) Los miRNAs miR-181b-1, miR-29a, miR-30c-2, miR-196a-1 y miR-1295a inducen 

resistencia frente al paclitaxel en las células de cáncer de mama. 

4) La inhibición de los miRNAs miR-181b y miR-29a sensibiliza las células MDA-MB-

231 frente al paclitaxel. 

5) El miRNA miR-29a induce resistencia frente a la virorelbina y la eribulina y los 

miRNAs miR-181b y miR-30c-2 inducen resistencia frente a la eribulina en las células 

MDA-MB-231. 

6) Al comparar la expresión del miRNA miR-29a en muestras pre-tratamiento y post-

tratamiento de pacientes resistentes a la quimioterapia, la expresión del miR-29a 

aumenta significativamente en las muestras post-tratamiento. 

7) La sobre-expresión de los miRNAs miR-10b y miR-298 aumenta y la sobre-expresión 

del miRNAs miR-203a reduce la migración e invasión de las células MDA-MB-231. 

8) La inhibición de la expresión de los miRNAs miR-10b y miR-298 reduce y la 

inhibición del miR-203a aumenta la invasión de las células LM2. 

9) La inhibición de la expresión del miR-203a en las células LM2 aumenta las 

metástasis in vivo. 

10) Los miRNAs miR-10b, miR-298 y miR-203a modulan la expresión de varias MMPs. 

11) La reducción de los niveles de oxígeno y glucosa ralentiza la proliferación de las 

células HCT-116. 

12) Las células HCT-116 con un knock-out para el gen HIF1α crecen menos y generan 

menos colonias y esferoides más pequeños que las células HCT-116 silvestres para 

HIF1α. 

13) Los esferoides generados por las células HCT-116 wt library pierden su 

conformación espacial antes que los esferoides generados por las células HCT-116 wt. 
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14) El tratamiento con bevacizumab reduce el tamaño tumoral y mejora la 

supervivencia de los ratones inyectados con células HCT-116. 

15) El knock-out del gen HIF1α reduce el tamaño tumoral y mejora la supervivencia de 

los ratones inyectados con células HCT-116. 

16) La presencia de la librería tiene un efecto aditivo al del bevacizumab en la 

reducción del tamaño tumoral y la mejora de la supervivencia de los ratones inyectados 

con células HCT-116. 

17) La eficiencia de infección es mucho menor en las células de DLBCL en 

comparación con las células adherentes. La spinoculación incrementa la eficiencia de 

infección en las células de DLBCL en comparación con la infección estándar, pero solo 

moderadamente. 

18) La sobre-expresión de los miRNAs miR-498, miR-512-1, miR-548l y miR-940 

reduce la proliferación de las líneas celulares SU-DHL-4, SU-DHL-10 y RIVA. 

19) La sobre-expresión de los miRNAs miR-498, miR-512-1, miR-548l y miR-940 

genera un arresto celular en la fase G0/G1 en las líneas celulares SU-DHL-4 y SU-

DHL-10. 
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