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ARTICLE INFO ABSTRACT

Keywords: Ceramide 1-phosphate (C1P) is a bioactive sphingolipid that is implicated in the regulation of vital cellular
Sphingolipids functions and plays key roles in a number of inflammation-associated pathologies. C1P was first described as
Ceramide

mitogenic for fibroblasts and macrophages and was later found to promote cell survival in different cell types.
The mechanisms involved in the mitogenic actions of C1P include activation of MEK/ERK1-2, PI3K/Akt/mTOR,
or PKC-a, whereas promotion of cell survival required a substantial reduction of ceramide levels through inhi-
bition of serine palmitoyl transferase or sphingomyelinase activities. C1P and ceramide kinase (CerK), the
enzyme responsible for its biosynthesis in mammalian cells, play key roles in tumor promotion and dissemina-
tion. CerK-derived C1P can be secreted to the extracellular milieu by different cell types and is also present in
extracellular vesicles. In this context, whilst cell proliferation is regulated by intracellularly generated C1P,
stimulation of cell migration/invasion requires the intervention of exogenous C1P. Regarding inflammation, C1P
was first described as pro-inflammatory in a variety of cell types. However, cigarette smoke- or
lipopolysaccharide-induced lung inflammation in mouse or human cells was overcome by pretreatment with
natural or synthetic C1P analogs. Both acute and chronic lung inflammation, and the development of lung
emphysema were substantially reduced by exogenous C1P applications, pointing to an anti-inflammatory action
of C1P in the lungs. The molecular mechanisms involved in the regulation of cell growth, survival and migration
with especial emphasis in the control of lung cancer biology are discussed.

Ceramide kinase
Ceramide 1-phosphate
Cancer

Inflammation

detailed understanding of the molecular mechanisms underlying initi-
ation, progression, metastasis and resistance to chemotherapy must be a
priority in clinical oncology.

It is known that sphingolipids play key roles in cancer biology,
although their function in lung cancer is limited to a few key players [4].
Work from Professor Lina M. Obeid has been paramount to understand
the complex world of sphingolipid metabolism and signaling in normal
as well as in cancer cells. In her work entitled “Principles of bioactive
lipid signaling: lessons from sphingolipids”, which was published in
Nature in 2008 together with Professor Yusuf A. Hannun [5], ceramide
was defined as the central hub of sphingolipid metabolism and precursor
of complex sphingolipids.

As depicted in Fig. 1, there are three major pathways for synthesis of
ceramides. The de novo synthesis pathway takes place in the endo-
plasmic reticulum (ER) where palmitoyl-CoA is condensed with serine to
form 3-ketosphinganine, in a reaction that is catalyzed by serine pal-
mitoyl transferase (SPT), which is the major regulatory enzyme of this

1. Introduction

Lung cancer is the most deadly cancer type throughout the world.
Although it is a heterogeneous disease, cytologically it can be classified
in two different subtypes, i) non-small cell lung cancer (NSCLC), which
is the dominant lung cancer subtype, accounting for 80-85% of all lung
cancer cases [1], and ii) small cell lung cancer (SCLC), which accounts
for about 15% of all lung cancer cases. Lung cancer has a very poor
prognosis, which is reflected in a 5-year survival rate of 18% [2]. In
addition to morphological and histological differences, lung cancer
subtypes also have distinct disease progression patterns, with SCLC
showing the most rapid growth and a tendency to metastasize to distant
sites of the body early in the disease. When diagnosed with distant
metastases, the 5-year survival rate is less than 5% [3]. Despite decades
of investigation, treatment strategies against lung cancer have proven
mostly ineffective, so in order to provide better treatment options
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Abbreviations

CerK ceramide kinase

C1P ceramide 1-phosphate

GPCR G protein-coupled receptor

IL interleukin

SMase  sphingomyelinase

NSCLC non-small cell lung cancer
SCLC small cell lung cancer

MEK mitogen-activated protein kinase kinase
ERK extracellularly-regulated kinase
PI3K phosphatidylinositol 3-kinase
PKC protein kinase C.

pathway [5,6]. Subsequently, 3-ketosphinganine is converted to sphin-
ganine by a reductase; a fatty acid is then linked to sphinganine through
an amide bond to form dihydroceramide in a reaction that is catalyzed
by ceramide synthase (CerS) [7]. There are six different CerS isoforms,
which substrate specificity depends of the fatty acid chain length (for
details on the biology of CerS the reader is referred to elegant reviews by
Futerman and co-workers [6-8]. Dihydroceramide is then converted to
ceramide by the action of desaturase activity, which introduces a double
bond in position 4,5 trans. Ceramides can then be used to synthesize
complex sphingolipids including sphingomyelin, or glucosphingolipids,
but can also be degraded by ceramidases to produce sphingosine. The
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latter can then be converted to S1P by the action of sphingosine kinases
(SphK) I and II. Professor Lina M. Obeid also contributed outstanding
work on the role of SphK/S1P in cell physiology and pathology,
including cancer [9-11]. The second major pathway for ceramide syn-
thesis is the sphingomyelinase (SMase) pathway, which is a catabolic
pathway that takes place in the plasma membrane and lysosomes. There
are at least six types of SMases in human cells, which activities depend
upon the presence of different cations, including Zn?* or Mg?*, and
optimal pH (for details on SMase biology the reader is referred to elegant
reviews by L.M. Obeid and co-workers [5,12,13]). The third pathway is
the salvage pathway, in which sphingosine that is derived from the
metabolism of complex sphingolipids is converted back to ceramide by
the action of CerS. The latter pathway takes place in the ER and
mitochondria-associated membranes. There is an additional pathway for
ceramide synthesis, which takes place in liver mitochondria, where

sphingosine and acyl-CoA are condensed to form ceramide by the

reverse activity of neutral ceramidase [14]. Perhaps the two best char-

acterized sphingolipids controlling cancer cell growth and dissemina-

tion are ceramide and sphingosine 1-phosphate (S1P), which have
opposing effects on cell fate [15]. Whilst ceramide accumulation induces
cell cycle arrest and apoptosis, S1P stimulates cell growth and promotes
cell survival [9-11,16].

A key metabolite of ceramide is ceramide 1-phosphate (C1P), which
is synthesized by the action of ceramide kinase (CerK) acting on cer-
amide that is transported by CERT (ceramide transfer protein) from the
ER to the Golgi apparatus where CerK resides. C1P is also present in the
perinuclear region of cells [17,18]. Once generated, C1P can be trans-
ported by a ceramide phosphate transfer protein (CPTP) to the plasma
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Fig. 1. Biosynthesis of sphingolipids. Ceramide is the central core of sphingolipid metabolism. Ceramide can be produced by three major pathways: (1) the de novo
pathway (brown) involves the concerted actions of serine palmitoyl transferase (SPT) and ceramide synthase (CerS); (2) the SMase pathway (green) generates
ceramide directly through degradation of SM by sphingomyelinases (SMases); (3) the salvage pathway (blue) uses sphingosine (Sph) derived from the metabolism of
complex sphingolipids to form ceramide. Sph can be converted to ceramide by the action of CerS. Ceramides can be degraded by ceramidases to form Sph. Phos-

phorylation of Sph by SphK yields S1P. Ceramide can be phosphorylated to C1P by the action of ceramide kinase (CerK). In addition, ceramides can be generated
from C1P by the action of lipid phosphate phosphatases (LPP) or C1P phosphatase (CPP).
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Fig. 2. Biosynthesis and intracellular transport of
ceramide 1-phosphate. Ceramide 1-phosphate (C1P)
is mostly synthesized in the Golgi apparatus.
Ceramides are synthetized in the endoplasmic retic-
ulum (ER) and are transported to the Golgi apparatus
by ceramide transfer protein (CERT). In the Golgi,
ceramide kinase (CerK) can phosphorylate ceramides
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to generate C1P. A C1P transfer protein (CPTP) will
then transport C1P from the Golgi apparatus to the
plasma membrane and probably to other organelles.
C1P is also present in the perinuclear region of cells.
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membrane or to other organelles, where it might regulate signal trans-
duction processes [19] (Fig. 2), or it may traffic along the secretory
pathway to reach the plasma membrane [20].

2. CerK/C1P regulates cell growth and survival. Implication in
lung cancer progression

Initial studies showed that C1P stimulated DNA synthesis and pro-
liferation in rat fibroblasts [21,22] and primary or transformed macro-
phages [23-25]. Subsequently, these observations were extended to
other cell types including mouse myoblasts [26,27], primary rat aortic
vascular smooth muscle cells [28], primary photoreceptor progenitors
[29,30]; endothelial progenitors in Kaposi sarcoma [31] or mouse leu-
kemia RAW264.7 macrophages [25]. The molecular mechanisms
whereby C1P stimulates cell proliferation involve activation of different
signaling pathways. Specifically, in bone marrow-derived macrophages
(BMDM), C1P-stimulated cell growth was mediated by the MEK/
ERK1-2 and PI3K/Akt pathways leading to upregulation of the
mammalian target of rapamycin (mTORC1) and its downstream targets
p70S6K and Rho-associated kinase (ROCK) [32]. In addition, C1P
stimulated BMDM proliferation through production of low levels of
reactive oxygen species (ROS) [33] and through activation of protein
kinase C-alpha (PKC-a) [23]. However, stimulation of cell proliferation
in mouse leukemia cells involved prior secretion of vascular endothelial
growth factor (VEGF) and subsequent activation of its major receptor,
VEGFR2 [25], and C1P-stimulated myoblast proliferation required the
secretion of lysophosphatidic acid (LPA) and subsequent activation of
the LPA1 and 3 receptors [27].

With regard to cell survival, C1P was first shown to inhibit cell death
in BMDM incubated under apoptotic conditions. Apoptotic BMDM
showed elevated levels of ceramides, which were generated by upre-
gulation of acid SMase (ASMase) [34]; C1P blocked ASMase activity
causing a sharp reduction in the levels of proapoptotic ceramide thereby
promoting cell survival. C1P-induced cell survival was also enhanced by
stimulation of the inducible form of nitric oxide synthase (iNOS) and the
subsequent production of nitric oxide (NO) in the macrophages [35].
Interestingly, NO plays a dual role in cell biology as it induces apoptosis
when generated at high concentrations whilst promoting cell survival at
low concentrations. Another relevant pathway implicated in the pro-
survival actions of C1P is the PI3K/Akt pathway. Activation of PI3K is a
major mechanism by which many growth factors and oncogenes block
cell death to promote survival in a variety of cell types [36] . The
stimulation of PI3K/Akt by C1P also caused upregulation of the Nuclear
transcription factor-xB (NF-kB), and the antiapoptotic Bcl-2 family
member Bcl-X;, [37] leading to cell survival. Also of interest, it was
recently shown that local administration of C1P drastically reduced
ovarian damage induced by the anticancer drug cyclophosphamide via
protection of the follicular reserve, restoration of hormone levels, inhi-
bition of apoptosis and improvement of stromal vasculature, while
protecting fertility, oocyte quality and uterine morphology in a mouse
model of premature ovarian failure [38].

Concerning lung cells, it was first shown that C1P regulates growth
and survival of A549 human lung adenocarcinoma cells. In particular,
relatively low concentrations of C1P ranging 0.5-1 pM enhanced lung
cell proliferation, whereas relatively high concentrations (5-25 puM)
decreased cell viability [39]. Similar findings were reported on rat fi-
broblasts where C1P concentrations higher than 5 pM were less effective
than lower CIP concentrations at stimulating fibroblast proliferation
[21]. Also, downregulation of CerK using specific siRNA to silence the
gene encoding this kinase increased the number of apoptotic lung cells
by about 10-fold suggesting that intracellular C1P is responsible for the
maintenance of cell viability. Cell apoptosis correlated with degradation
of endogenous C1P to proapoptotic ceramides [39], an action that was
also observed in BMDM incubated in the absence of monocyte/macro-
phage colony-stimulating factor (M-CSF), which is a hematopoietic
growth factor essential for maintenance of macrophage viability and
proliferation [34]. On the same line of investigation, Huwiler and co-
workers showed that the CerK inhibitor NVP-231 reduced lung cancer
cell viability and DNA synthesis by triggering cell death. The CerK in-
hibitor led to M phase arrest of the cell cycle and potently activated the
caspase 9/caspase 3 pathway to promote apoptosis in the lung cancer
cells [40]. More recently, the same group showed that CerK is upregu-
lated in metastatic breast cancer cells. CerK contributed to cell migration
also by activation of the PI3K/Akt pathway, as discussed below [41].
C1P also promoted cell survival in normal rat alveolar macrophages that
were maintained in culture under apoptotic conditions. Specifically,
incubation of the alveolar macrophages in the absence of serum caused
upregulation of SPT, which as mentioned above is the major regulatory
enzyme of the de novo pathway of ceramide synthesis, thereby causing
accumulation of proapoptotic ceramides [42]. Noteworthy, C1P
potently inhibited SPT causing a sharp depletion in the levels of
ceramides, and upregulated Akt phosphorylation and its downstream
effector NF-«B leading to macrophage survival. It can then be concluded
that a major mechanism by which C1P promotes cell survival involves
the reduction of proapoptotic ceramide levels by blockade of their
synthesis through inhibition of SMase or SPT activities.

3. CerK/C1P regulates cell migration. Implication in lung cancer
cell dissemination

Cell migration is a physiological process that is crucial for the
maintenance and development of multicellular organisms. In particular,
the directed motility of cells in response to chemoattractants is essential
for embryogenesis, organogenesis, tissue regeneration, wound healing
or immune responses. However, when directed migration is altered and
cells move to inappropriate sites within the organism chronic inflam-
mation may arise. This may result in the development of inflammation-
associated illnesses such as, multiple sclerosis, inflammatory bowel
disease (namely Crohn’s disease and ulcerative colitis), asthma or can-
cer. Tumors that arise at sites of chronic inflammation are characterized
by the presence of infiltrating leukocytes, namely macrophages [43],
which actively participate in tumor progression and dissemination by



A. Gomez-Larrauri et al.

releasing a variety of cytokines or chemokines. From this perspective,
the migration of cells from primary tumors would end up colonizing
surrounding or distal tissues to establish secondary malignant neo-
plasms in the context of metastasis.

Initial studies using RAW264.7 mouse leukemia cells identified C1P
as a novel chemoattractant agent for macrophages [44]. Subsequent
studies demonstrated the ability of C1P to also stimulate migration of
acute monocyte human leukemia THP-1 cells and mouse J774.A1 re-
ticulum cell sarcoma [45]. In all of these cell types, C1P-induced
migration was suppressed by preincubation of the cells with pertussin
toxin (Ptx), a potent inhibitor of Gi/o proteins, suggesting the partici-
pation of a Gi protein-coupled receptor (GPCR) in this action. In fact, a
putative GiPCR receptor for C1P has been partially characterized
[44-46]. The stimulation of cell migration by C1P has been confirmed in
different cell systems, including hematopoietic stem progenitor cells,
smooth muscle cells, multipotent stromal cells and human umbilical
vein endothelial cells [47-49]; coronary artery macrovascular endo-
thelial cells and retinal microvascular endothelial cells [50]. The latter
report also showed that C1P stimulated cell migration and invasion
through interaction with anexin a2-pl1, a heterotetrameric protein
complex serving as a receptor platform for multiple proteins implicated
in vascular invasion through the extracellular matrix. C1P levels also
increase during the process of wound healing to stimulate the migration
of fibroblasts to the wound sites [51]. More recently, CerK and C1P were
found to regulate invasion and migration of human pancreatic cancer
cells. Whilst exogenous C1P enhanced migration and invasion of the
pancreatic cancer cells through interaction with a GPCR, CerK-
generated intracellular C1P mediated the spontaneous migration of
pancreatic cancer cells in a GPCR-independent manner [52]. Note-
worthy, joined efforts by Hannun’s and Obeid’s groups identified a
novel pathway in which ASMase-derived ceramide was converted to
C1P by CerK to promote invasion of MDA-MB-231 breast carcinoma cells
[12]. Also, CerK was shown to be upregulated in the MDA-MB-231
breast cancer cells and treatment with the CerK inhibitor NVP-231
potently reduced the migratory and invasive capacity of these cells [41].

A particularly sensitive cancer type to the chemotactic actions of C1P
is lung cancer. Both NSCLC and SCLC responded to relatively low con-
centrations of extracellular C1P to accomplish migration. Specifically,
C1P (0.5 pM) was more potent than its counterpart S1P (at 1 pM) to
stimulate migration of the human NSCLC A549, HTB177, HTB183 and
CRL5803 cells, and was as potent as the classical chemoattractants LPA
or hepatocyte growth factor/scatter factor (HGF/SF, at supra-
physiological concentrations). Likewise, C1P was more potent than S1P
at stimulating migration of the CRL2062 and CRL5853 SCLC cells [53] .
However, although in the latter report C1P, S1P and LPA were shown to
enhance the phosphorylation levels of p42/44 MAPK and Akt in all
NSCLC and SCLC cells that were tested, participation of these kinases in
the chemotactic effects of C1P in the lung cells was not examined. Of
interest, and contrary to the actions of exogenous C1P, Tomizawa and
coworkers [54] have recently reported that CerK, the enzyme that
produces C1P intracellularly, exerts inhibitory effects on lamellipodium
formation, cell migration and metastasis of the NSCLC A549 cells. In
particular, knockdown of CerK using shCerK in A549 cells increased the
formation of lamellipodia, which are membrane protussions coupled to
cell migration, whereas overexpression of CerK inhibited cell migration.
The inhibitory effect of intracellularly generated C1P on lung cancer cell
migration was reproduced in MCF-7 breast cancer cells [54]. Although
these C1P actions on cell migration seem to be contradictory it should be
borne in mind that intra and extracellular C1P may exert different effects
on cells. In fact, contrary to extracellularly applied C1P, increasing the
intracellular concentration of C1P using CerK-activating stimuli [44] or
cell-permeable light-sensitive caged C1P analogs stimulated macro-
phage proliferation but failed to induce cell migration [55,56]. The
latter findings are consistent with other work using 3T3-L1 cells to study
preadipocyte differentiation into mature adipocytes. It was observed

Cellular Signalling 83 (2021) 109980

that whilst upregulation of CerK is positively implicated in adipogenesis
[57], extracellularly applied C1P inhibited this process [58]. Also, the
effects of C1P on cells may dependent on other factors such as cellular
compartmentalization where C1P can be differentially synthesized, the
ability of cells to secrete C1P to the extracellular milieu, or the different
molecular species of C1P that can be generated under distinct experi-
mental conditions.

4. Control of inflammatory responses by ceramides and C1P in
the lungs

Ceramides have been implicated in inflammatory responses in
different cell types, and are particularly important in lung inflammation
where they play key roles in a variety of pathologies including chronic
obstructive pulmonary disease (COPD), asthma, or lung fibrosis
[59-62]. Ceramides are also the molecular mediators of pulmonary
edema induced by platelet-activating factor (PAF) [63], and participate
in the development of emphysema in humans or mice exposed to ciga-
rette smoke [61,62,64-66]. Nonetheless, some of the proinflammatory
actions of ceramides were attributed to its direct metabolite C1P. In fact,
initial studies by Chalfant and coworkers showed that C1P promoted
inflammation in different cell types [67-73], an action that was asso-
ciated with translocation and stimulation of cytosolic phospholipase A,
(cPLA2) and the subsequent formation of proinflammatory eicosanoids
[69-78] . The latter findings were supported by the reduced levels of
proinflammatory cytokines observed in a genetic ablation model of CerK
in mice [79]. Also, knockdown of CerK with specific siRNA led to in-
hibition of NADPH oxidase (NOX) and the reduction of eicosanoid levels
in neuroblastoma cells, thereby implicating this enzyme in brain
inflammation [80]. However, exogenously applied C1P inhibited ciga-
rette smoke-induced airway inflammation in mice and human airway
epithelial cells, pointing to an anti-inflammatory action of exogenous
C1P in lung tissue. Specifically, C1P reduced both cigarette smoke-
induced acute and chronic inflammation and the development of
emphysema in mice, actions that were associated with a reduction of
neutral SMase activity and ceramide levels, and subsequent blockade of
the proinflammatory transcription factor NF-kB in the lungs. These
inhibitory actions of C1P also reduced the release of the proin-
flammatory cytokines interleukin (IL)-1f, IL-6, keratinocyte chemo-
attractant (KC) protein and macrophage inflammatory protein-2 (MIP-
2), as well as the infiltration of immune cells (namely macrophages and
neutrophils) in the lungs of mice exposed to cigarette smoke [81]. The
anti-inflammatory effects of C1P on cigarette smoke-induced lung
inflammation were not limited to the modulation of structural cells, as
C1P also reduced the upregulation of neutral SMase and NF-kB expres-
sion, and the production of IL-8 that were elicited by cigarette smoke in
human neutrophils [81]. In a follow-up study using a mouse model of
acute lung inflammation and human neutrophils it was demonstrated
that C1P attenuated lipopolysaccharide (LPS)-induced acute lung injury
by preventing NF-kB activation in neutrophils [82]. Specifically, the
intrapulmonary application of C1P before (prophylactic) or 24 h after
(therapeutic) LPS instillation decreased neutrophil trafficking to the
lungs, reduced the levels of the proinflammatory cytokines IL-1p, IL-6,
KC and migration inhibitory factor (MIF) in bronchoalveolar lavage
fluid, blocked LPS-induced NF-kB phosphorylation and IL-8 production
in human neutrophils, and attenuated alveolar capillary leakage, sug-
gesting that C1P could be a valuable tool for treatment of acute lung
injury. In addition to the latter observations, in healthy individuals as
well as in asthmatic patients exposed to second hand smoke, which is a
proinflammatory condition, C1P levels, particularly the Cyg.11P species,
were significantly decreased further supporting the notion of an anti-
inflammatory action of C1P in the lungs [83]. The potential of C1P as
a novel therapeutic agent in pulmonary inflammation has been previ-
ously discussed [84].
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5. Concluding remarks

Whilst the mitogenic, prosurvival and chemotactic properties of C1P
are well established, published data are often contradictory. For
example, exogenously applied C1P to human A549 lung cancer cells
results in stimulation of cell migration, whereas knockdown of CerK, the
enzyme that catalyzes the intracellular biosynthesis of C1P, also causes
upregulation of lung cancer cell chemotaxis. Likewise, and contrary to
exogenously applied C1P, increasing the intracellular concentration of
C1P in mouse leukemia RAW264.7 macrophages resulted in cell pro-
liferation but did not cause cell migration. All of these observations
suggest that C1P has dual, and often different, effects on cells depending
on whether C1P acts endogenously or extracellularly. Noteworthy, the
stimulation of cell proliferation by intracellular CI1P seems to be a
receptor-independent effect, whereas stimulation of cell migration by
exogenous C1P can be fully blocked by GPCR inhibitors, including
pertussis toxin, suggesting that this is a receptor-dependent action of
C1P. Concerning inflammation, there are also differential effects of C1P,
or CerK, in cells although in this particular case C1P actions seem to be
dependent upon cell type. In particular, although C1P promotes
inflammation in many cell types, it exerts anti-inflammatory actions in
lung tissue. Taken together, these observations indicate that C1P actions
may vary depending on the particular experimental settings, cell type,
and context of the studies that may be underway under specific
circumstances.

Acknowledgements

Work in AGM lab is supported by the ‘Departamento de Educacién
del Gobierno Vasco (Gasteiz-Vitoria, Basque Country, Spain)’ [grant
number IT-1106-16].

Credit author statement

AGL, AO, MT and AGM all contributed to collecting the information
in this review and writing the manuscript.

References

[1] U. Testa, G. Castelli, E. Pelosi, Lung cancers: molecular characterization, clonal
heterogeneity and evolution, and cancer stem cells, Cancers (Basel) 10 (2018),
https://doi.org/10.3390/cancers10080248.

J. Ferlay, H.R. Shin, F. Bray, D. Forman, C. Mathers, D.M. Parkin, Estimates of

worldwide burden of cancer in 2008: GLOBOCAN 2008, Int. J. Cancer 127 (2010)

2893-2917, https://doi.org/10.1002/ijc.25516.

[3] L. Ries, M. Eisner, C. Kosary, B. Hankey, B. Miller, L. Clegg, A. Mariotto, E. Feurer,

B. Edwards, SEER Cancer Statistics Review 1975-2002 - Previous Version - SEER

Cancer Statistics, Natl. Cancer Inst., 2005. https://seer.cancer.gov/archive/csr/1

9752002/ (accessed February 19, 2021).

T. Goldkorn, S. Chung, S. Filosto, Lung cancer and lung injury: the dual role of

ceramide, Handb. Exp. Pharmacol. 216 (2013) 93-113, https://doi.org/10.1007/

978-3-7091-1511-4.5.

[5] Y.A. Hannun, L.M. Obeid, Principles of bioactive lipid signalling: lessons from
sphingolipids, Nat. Rev. Mol. Cell Biol. 9 (2008) 139-150, https://doi.org/
10.1038/nrm2329.

[6] J.L. Kim, B. Mestre, S.-H. Shin, A.H. Futerman, Ceramide synthases: reflections on

the impact of Dr. Lina M. Obeid, Cell. Signal. (2021) 109958, https://doi.org/

10.1016/j.cellsig.2021.109958.

J. Stiban, R. Tidhar, A.H. Futerman, Ceramide synthases: roles in cell physiology

and signaling, Adv. Exp. Med. Biol. 688 (2010) 60-71, https://doi.org/10.1007/

978-1-4419-6741-1_4.

[8] M. Levy, A.H. Futerman, Mammalian ceramide synthases, IUBMB Life 62 (2010)
347-356, https://doi.org/10.1002/iub.319.

[9] M. Trayssac, Y.A. Hannun, L.M. Obeid, Role of sphingolipids in senescence:
implication in aging and age-related diseases, J. Clin. Invest. 128 (2018)
2702-2712, https://doi.org/10.1172/JCI97949.

[10] M.J. Pulkoski-Gross, J.C. Donaldson, L.M. Obeid, Sphingosine-1-phosphate
metabolism: a structural perspective, Crit. Rev. Biochem. Mol. Biol. 50 (2015)
298-313, https://doi.org/10.3109/10409238.2015.1039115.

[11] Y.A. Hannun, L.M. Obeid, Sphingolipids and their metabolism in physiology and
disease, Nat. Rev. Mol. Cell Biol. 19 (2018) 175-191, https://doi.org/10.1038/
nrm.2017.107.

[12] B. Newcomb, C. Rhein, I. Mileva, R. Ahmad, C.J. Clarke, J. Snider, L.M. Obeid, Y.
A. Hannun, Identification of an acid sphingomyelinase ceramide kinase pathway in

[2

=

[4

=

[7

—

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Cellular Signalling 83 (2021) 109980

the regulation of the chemokine CCL5, J. Lipid Res. 59 (2018) 1219-1229, https://
doi.org/10.1194/jlr.M084202.

Y.A. Hannun, L.M. Obeid, Many ceramides, J. Biol. Chem. 286 (2011)
27855-27862, https://doi.org/10.1074/jbc.R111.254359.

S.A. Novgorodov, D.A. Chudakova, B.W. Wheeler, J. Bielawski, M.S. Kindy, L.

M. Obeid, T.I. Gudz, Developmentally regulated ceramide synthase 6 increases
mitochondrial Ca2+ loading capacity and promotes apoptosis, J. Biol. Chem. 286
(2011) 4644-4658, https://doi.org/10.1074/jbc.M110.164392.

M. Maceyka, T. Rohrbach, S. Milstien, S. Spiegel, Role of sphingosine kinase 1 and
sphingosine-1-phosphate axis in hepatocellular carcinoma, in: Handb. Exp.
Pharmacol, Springer Science and Business Media Deutschland GmbH, 2020,

pp. 3-17, https://doi.org/10.1007/164_2019_217.

J.L. Stith, F.N. Velazquez, L.M. Obeid, Advances in determining signaling
mechanisms of ceramide and role in disease, J. Lipid Res. 60 (2019) 913-918,
https://doi.org/10.1194/jlr.5092874.

N. Presa, R.D. Clugston, S. Lingrell, S.E. Kelly, A.H. Merrill, S. Jana, Z. Kassiri,
A. Gémez-Munoz, D.E. Vance, R.L. Jacobs, J.N. van der Veen, Vitamin E alleviates
non-alcoholic fatty liver disease in phosphatidylethanolamine N-methyltransferase
deficient mice, Biochim. Biophys. Acta Mol. basis Dis. 1865 (2019) 14-25, https://
doi.org/10.1016/j.bbadis.2018.10.010.

A. Gomez-Larrauri, N. Presa, A. Dominguez-Herrera, A. Ouro, M. Trueba,

A. Gomez-Munoz, Role of bioactive sphingolipids in physiology and pathology,
Essays Biochem. 64 (2020) 579-589, https://doi.org/10.1042/EBC20190091.
D.K. Simanshu, R.K. Kamlekar, D.S. Wijesinghe, X. Zou, X. Zhai, S.K. Mishra, J.
G. Molotkovsky, L. Malinina, E.H. Hinchcliffe, C.E. Chalfant, R.E. Brown, D.

J. Patel, Non-vesicular trafficking by a ceramide-1-phosphate transfer protein
regulates eicosanoids, Nature. 500 (2013) 463-467, https://doi.org/10.1038/
nature12332.

A. Boath, C. Graf, E. Lidome, T. Ullrich, P. Nussbaumer, F. Bornancin, Regulation
and traffic of ceramide 1-phosphate produced by ceramide kinase: comparative
analysis to glucosylceramide and sphingomyelin, J. Biol. Chem. 283 (2008)
8517-8526, https://doi.org/10.1074/jbc.M707107200.

A. Gomez-Munoz, P.A. Duffy, A. Martin, L. O’Brien, H.S. Byun, R. Bittman, D.

N. Brindley, Short-chain ceramide-1-phosphates are novel stimulators of DNA
synthesis and cell division: antagonism by cell-permeable ceramides, Mol.
Pharmacol. 47 (1995) 833-839. http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?
cmd=Retrieve&db=PubMed&dopt=Citation&list_ uids=7746276 (accessed June
24, 2020).

A. Gomez-Munoz, L.M. Frago, L. Alvarez, I. Varela-Nieto, Stimulation of DNA
synthesis by natural ceramide 1-phosphate, Biochem. J. 325 (Pt 2) (1997)
435-440. http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=P
ubMed&dopt=Citation&list_uids=9230125.

P. Gangoiti, M.H. Granado, L. Arana, A. Ouro, A. Gomez-Mufioz, Activation of
protein kinase C-alpha is essential for stimulation of cell proliferation by ceramide
1-phosphate, FEBS Lett. 584 (2010) 517-524, https://doi.org/S0014-5793(09)
01025-4 [pii], https://doi.org/10.1016/].febslet.2009.11.086.

P. Gangoiti, M.H. Granado, S. Wei, J.Y. Kong, U.P. Steinbrecher, A. Gémez-mufoz,
Ceramide 1-phosphate stimulates macrophage proliferation through activation of
the PI3-kinase/PKB, JNK and ERK1/2 pathways, Cell. Signal. 20 (2008) 726-736,
https://doi.org/10.1016/j.cellsig.2007.12.008.

A. Ouro, L. Arana, M. Riazy, P. Zhang, A. Gomez-Larrauri, U. Steinbrecher,

V. Duronio, A. Gomez-Munoz, Vascular endothelial growth factor mediates
ceramide 1-phosphate-stimulated macrophage proliferation, Exp. Cell Res. 361
(2017) 277-283, https://doi.org/10.1016/j.yexcr.2017.10.027.

P. Gangoiti, C. Bernacchioni, C. Donati, F. Cencetti, A. Ouro, A. Gémez-Munoz,
P. Bruni, Ceramide 1-phosphate stimulates proliferation of C2C12 myoblasts,
Biochimie 94 (2012) 597-607, https://doi.org/10.1016/j.biochi.2011.09.009.

C. Bernacchioni, F. Cencetti, A. Ouro, M. Bruno, A. Gomez-Munoz, C. Donati,

P. Bruni, Lysophosphatidic acid signaling axis mediates ceramide 1-phosphate-
induced proliferation of C2C12 myoblasts, Int. J. Mol. Sci. 19 (2018) 139-148,
https://doi.org/10.3390/ijms19010139.

T.J. Kim, Y.J. Kang, Y. Lim, H.W. Lee, K. Bae, Y.S. Lee, J.M. Yoo, H.S. Yoo, Y.

P. Yun, Ceramide 1-phosphate induces neointimal formation via cell proliferation
and cell cycle progression upstream of ERK1/2 in vascular smooth muscle cells,
Exp. Cell Res. 317 (2011) 2041-2051, https://doi.org/10.1016/j.
yexcr.2011.05.011.

G.E. Miranda, C.E. Abrahan, D.L. Agnolazza, L.E. Politi, N.P. Rotstein, Ceramide-1-
phosphate, a new mediator of development and survival in retina photoreceptors,
Investig. Ophthalmol. Vis. Sci. 52 (2011) 6580-6588, https://doi.org/10.1167/
iovs.10-7065.

M.V. Simén, F.H. Prado Spalm, M.S. Vera, N.P. Rotstein, Sphingolipids as emerging
mediators in retina degeneration, Front. Cell. Neurosci. 13 (2019) 1-25, https://
doi.org/10.3389/fncel.2019.00246.

L. Abdel Hadi, F. Calcaterra, L. Brambilla, C. Carenza, G. Marfia, S. Della Bella,
L. Riboni, Enhanced phosphorylation of sphingosine and ceramide sustains the
exuberant proliferation of endothelial progenitors in Kaposi sarcoma, J. Leukoc.
Biol. 103 (2018) 525-533, https://doi.org/10.1002/JLB.2MA0817-312R.

P. Gangoiti, L. Arana, A. Ouro, M.H. Granado, M. Trueba, A. Gémez-Munoz,
Activation of mTOR and RhoA is a major mechanism by which ceramide 1-phos-
phate stimulates macrophage proliferation, Cell. Signal. 23 (2011) 27-34, https://
doi.org/10.1016/j.cellsig.2010.08.001.

L. Arana, P. Gangoiti, A. Ouro, I.G. Rivera, M. Ordonez, M. Trueba, R.

S. Lankalapalli, R. Bittman, A. Gomez-Munoz, Generation of reactive oxygen
species (ROS) is a key factor for stimulation of macrophage proliferation by
ceramide 1-phosphate, Exp. Cell Res. 318 (2012) 350-360, https://doi.org/
10.1016/j.yexcr.2011.11.013.


https://doi.org/10.3390/cancers10080248
https://doi.org/10.1002/ijc.25516
https://seer.cancer.gov/archive/csr/1975_2002/
https://seer.cancer.gov/archive/csr/1975_2002/
https://doi.org/10.1007/978-3-7091-1511-4_5
https://doi.org/10.1007/978-3-7091-1511-4_5
https://doi.org/10.1038/nrm2329
https://doi.org/10.1038/nrm2329
https://doi.org/10.1016/j.cellsig.2021.109958
https://doi.org/10.1016/j.cellsig.2021.109958
https://doi.org/10.1007/978-1-4419-6741-1_4
https://doi.org/10.1007/978-1-4419-6741-1_4
https://doi.org/10.1002/iub.319
https://doi.org/10.1172/JCI97949
https://doi.org/10.3109/10409238.2015.1039115
https://doi.org/10.1038/nrm.2017.107
https://doi.org/10.1038/nrm.2017.107
https://doi.org/10.1194/jlr.M084202
https://doi.org/10.1194/jlr.M084202
https://doi.org/10.1074/jbc.R111.254359
https://doi.org/10.1074/jbc.M110.164392
https://doi.org/10.1007/164_2019_217
https://doi.org/10.1194/jlr.S092874
https://doi.org/10.1016/j.bbadis.2018.10.010
https://doi.org/10.1016/j.bbadis.2018.10.010
https://doi.org/10.1042/EBC20190091
https://doi.org/10.1038/nature12332
https://doi.org/10.1038/nature12332
https://doi.org/10.1074/jbc.M707107200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=7746276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=7746276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=9230125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=9230125
https://doi.org/10.1016/j.febslet.2009.11.086
https://doi.org/10.1016/j.cellsig.2007.12.008
https://doi.org/10.1016/j.yexcr.2017.10.027
https://doi.org/10.1016/j.biochi.2011.09.009
https://doi.org/10.3390/ijms19010139
https://doi.org/10.1016/j.yexcr.2011.05.011
https://doi.org/10.1016/j.yexcr.2011.05.011
https://doi.org/10.1167/iovs.10-7065
https://doi.org/10.1167/iovs.10-7065
https://doi.org/10.3389/fncel.2019.00246
https://doi.org/10.3389/fncel.2019.00246
https://doi.org/10.1002/JLB.2MA0817-312R
https://doi.org/10.1016/j.cellsig.2010.08.001
https://doi.org/10.1016/j.cellsig.2010.08.001
https://doi.org/10.1016/j.yexcr.2011.11.013
https://doi.org/10.1016/j.yexcr.2011.11.013

A. Gomez-Larrauri et al.

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

A. Gémez-Munoz, J.Y. Kong, B. Salh, U.P. Steinbrecher, Ceramide-1-phosphate
blocks apoptosis through inhibition of acid sphingomyelinase in macrophages,

J. Lipid Res. 45 (2004) 99-105, https://doi.org/10.1194/jlr.M300158-JLR200.

P. Gangoiti, M.H. Granado, L. Arana, A. Ouro, A. Gémez-Mufoz, Involvement of
nitric oxide in the promotion of cell survival by ceramide 1-phosphate, FEBS Lett.
582 (2008) 2263-2269, https://doi.org/10.1016/j.febslet.2008.05.027.

B.M. Marte, J. Downward, PKB/Akt: connecting phosphoinositide 3-kinase to cell
survival and beyond, Trends Biochem. Sci. 22 (1997) 355-358, https://doi.org/
10.1016/S0968-0004(97)01097-9.

A. Gomez-Munoz, J.Y. Kong, K. Parhar, S.W. Wang, P. Gangoiti, M. Gonzalez,

S. Eivemark, B. Salh, V. Duronio, U.P. Steinbrecher, Ceramide-1-phosphate
promotes cell survival through activation of the phosphatidylinositol 3-kinase/
protein kinase B pathway, FEBS Lett. 579 (2005) 3744-3750, https://doi.org/
10.1016/j.febslet.2005.05.067.

N. Pascuali, L. Scotti, M. Di Pietro, G. Oubina, D. Bas, M. May, A. Gomez Munoz, P.
S. Cuasnicd, D.J. Cohen, M. Tesone, D. Abramovich, F. Parborell, Ceramide-1-
phosphate has protective properties against cyclophosphamide-induced ovarian
damage in a mice model of premature ovarian failure, Hum. Reprod. 33 (2018)
844-859, https://doi.org/10.1093/humrep/dey045.

P. Mitra, M. Maceyka, S.G. Payne, N. Lamour, S. Milstien, C.E. Chalfant, S. Spiegel,
Ceramide kinase regulates growth and survival of A549 human lung
adenocarcinoma cells, FEBS Lett. 581 (2007) 735-740, https://doi.org/10.1016/j.
febslet.2007.01.041.

O. Pastukhov, S. Schwalm, U. Zangemeister-Wittke, D. Fabbro, F. Bornancin,

L. Japtok, B. Kleuser, J. Pfeilschifter, A. Huwiler, The ceramide kinase inhibitor
NVP-231 inhibits breast and lung cancer cell proliferation by inducing M phase
arrest and subsequent cell death, Br. J. Pharmacol. 171 (2014) 5829-5844, https://
doi.org/10.1111/bph.12886.

S. Schwalm, M. Erhardt, I. Romer, J. Pfeilschifter, U. Zangemeister-Wittke,

A. Huwiler, Ceramide kinase is upregulated in metastatic breast cancer cells and
contributes to migration and invasion by activation of PI 3-kinase and Akt, Int. J.
Mol. Sci. 21 (2020) 1396, https://doi.org/10.3390/ijms21041396.

M.H. Granado, P. Gangoiti, A. Ouro, L. Arana, A. Gémez-Munoz, Ceramide 1-
phosphate inhibits serine palmitoyltransferase and blocks apoptosis in alveolar
macrophages, Biochim. Biophys. Acta 1791 (2009) 263-272, https://doi.org/
10.1016/j.bbalip.2009.01.023.

P. Allavena, C. Garlanda, M.G. Borrello, A. Sica, A. Mantovani, Pathways
connecting inflammation and cancer, Curr. Opin. Genet. Dev. 18 (2008) 3-10,
https://doi.org/10.1016/j.gde.2008.01.003.

M.H. Granado, P. Gangoiti, A. Ouro, L. Arana, M. Gonzélez, M. Trueba, A. Gémez-
Munoz, Ceramide 1-phosphate (C1P) promotes cell migration involvement of a
specific C1P receptor, Cell. Signal. 21 (2009) 405-412, https://doi.org/10.1016/j.
cellsig.2008.11.003.

L. Arana, M. Ordonez, A. Ouro, I.-G. Rivera, P. Gangoiti, M. Trueba, A. Gomez-
Munoz, Ceramide 1-phosphate induces macrophage chemoattractant protein-1
release: involvement in ceramide 1-phosphate-stimulated cell migration, AJP
Endocrinol. Metab. 304 (2013) E1213-E1226, https://doi.org/10.1152/
ajpendo.00480.2012.

A. Ouro, L. Arana, I.G. Rivera, M. Ordonez, A. Gomez-Larrauri, N. Presa, J. Simon,
M. Trueba, P. Gangoiti, R. Bittman, A. Gomez-Munoz, Phosphatidic acid inhibits
ceramide 1-phosphate-stimulated macrophage migration, Biochem. Pharmacol. 92
(2014) 642-650, https://doi.org/10.1016/j.bcp.2014.10.005.

C. Kim, G. Schneider, A. Abdel-Latif, K. Mierzejewska, M. Sunkara, S. Borkowska,
J. Ratajczak, A.J. Morris, M. Kucia, M.Z. Ratajczak, Ceramide-1-phosphate
regulates migration of multipotent stromal cells (MSCs) and endothelial progenitor
cells (EPCs)-implications for tissue regeneration, Stem Cells 31 (2013) 500-510,
https://doi.org/10.1002/stem.1291.

C.H. Kim, W. Wu, M. Wysoczynski, A. Abdel-Latif, M. Sunkara, A. Morris, M. Kucia,
J. Ratajczak, M.Z. Ratajczak, Conditioning for hematopoietic transplantation
activates the complement cascade and induces a proteolytic environment in bone
marrow: a novel role for bioactive lipids and soluble C5b-C9 as homing factors,
Leukemia 26 (2011) 106-116, https://doi.org/10.1038/leu.2011.185.

M.Z. Ratajczak, M. Suszynska, S. Borkowska, J. Ratajczak, G. Schneider, The role of
sphingosine-1 phosphate and ceramide-1 phosphate in trafficking of normal stem
cells and cancer cells, Expert Opin. Ther. Targets 18 (2014) 95-107, https://doi.
org/10.1517/14728222.2014.851671.

J.L. Hankins, K.E. Ward, S.S. Linton, B.M. Barth, R.V. Stahelin, T.E. Fox, M. Kester,
Ceramide 1-phosphate mediates endothelial cell invasion via the annexin a2-p11
heterotetrameric protein complex, J. Biol. Chem. 288 (2013) 19726-19738,
https://doi.org/10.1074/jbc.M113.481622.

D.S. Wijesinghe, M. Brentnall, J.A. Mietla, L.A. Hoeferlin, R.F. Diegelmann, L.

H. Boise, C.E. Chalfant, Ceramide kinase is required for a normal eicosanoid
response and the subsequent orderly migration of fibroblasts, J. Lipid Res. 55
(2014) 1298-1309, https://doi.org/10.1194/jlr.M048207.

1.G. Rivera, M. Ordonez, N. Presa, P. Gangoiti, A. Gomez-Larrauri, M. Trueba,

T. Fox, M. Kester, A. Gomez-Munoz, Ceramide 1-phosphate regulates cell migration
and invasion of human pancreatic cancer cells, Biochem. Pharmacol. 102 (2016)
109-119, https://doi.org/10.1016/j.bcp.2015.12.009.

G. Schneider, Z.P. Sellers, K. Bujko, S.S. Kakar, M. Kucia, M.Z. Ratajczak, Novel
pleiotropic effects of bioactive phospholipids in human lung cancer metastasis,
Oncotarget 8 (2017) 58247-58263, https://doi.org/10.18632/oncotarget.17461.
S. Tomizawa, M. Tamori, A. Tanaka, N. Utsumi, H. Sato, H. Hatakeyama,

A. Hisaka, T. Kohama, K. Yamagata, T. Honda, H. Nakamura, T. Murayama,
Inhibitory effects of ceramide kinase on Rac1 activation, lamellipodium formation,
cell migration, and metastasis of A549 lung cancer cells, Biochim. Biophys. Acta

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

Cellular Signalling 83 (2021) 109980

Mol. Cell Biol. Lipids 2020 (1865) 158675, https://doi.org/10.1016/j.
bbalip.2020.158675.

R.S. Lankalapalli, A. Ouro, L. Arana, A. Gémez-Munoz, R. Bittman, A. Gomez-
Munoz, R. Bittman, Caged ceramide 1-phosphate analogues: synthesis and
properties, J. Organomet. Chem. 74 (2009) 8844-8847, https://doi.org/10.1021/
j0902076w.

A. Gomez-Munoz, P. Gangoiti, I.-G. Rivera, N. Presa, A. Gomez-Larrauri,

M. Ordonez, Caged ceramide 1-phosphate (C1P) analogs: novel tools for studying
C1P biology, Chem. Phys. Lipids 194 (2016) 79-84, https://doi.org/10.1016/j.
chemphyslip.2015.07.019.

M. Ordonez, N. Presa, M. Trueba, A. Gomez-Mufoz, Implication of ceramide kinase
in adipogenesis, Mediat. Inflamm. 2017 (2017) 9374563, https://doi.org/
10.1155/2017/9374563.

M. Ordonez, N. Presa, A. Dominguez-Herrera, M. Trueba, A. Gomez-Munoz,
Regulation of adipogenesis by ceramide 1-phosphate, Exp. Cell Res. 372 (2018)
150-157, https://doi.org/10.1016/J.YEXCR.2018.09.021.

1. Petrache, D.N. Petrusca, R.P. Bowler, K. Kamocki, Involvement of ceramide in
cell death responses in the pulmonary circulation, Proc. Am. Thorac. Soc. 8 (2011)
492-496, https://doi.org/10.1513/pats.201104-034MW.

E.L. Smith, E.H. Schuchman, The unexpected role of acid sphingomyelinase in cell
death and the pathophysiology of common diseases, FASEB J. 22 (2008)
3419-3431, https://doi.org/10.1096/1j.08-108043.

1. Petrache, V. Natarajan, L. Zhen, T.R. Medler, A.T. Richter, C. Cho, W.C. Hubbard,
E.V. Berdyshev, R.M. Tuder, Ceramide upregulation causes pulmonary cell
apoptosis and emphysema-like disease in mice, Nat. Med. 11 (2005) 491-498,
https://doi.org/10.1038/nm1238.

1. Petrache, T.R. Medler, A.T. Richter, K. Kamocki, U. Chukwueke, L. Zhen, Y. Gu,
J. Adamowicz, K.S. Schweitzer, W.C. Hubbard, E.V. Berdyshev, G. Lungarella, R.
M. Tuder, Superoxide dismutase protects against apoptosis and alveolar
enlargement induced by ceramide, Am. J. Phys. Lung Cell. Mol. Phys. 295 (2008)
44-53, https://doi.org/10.1152/ajplung.00448.2007.

R. Goggel, S. Winoto-Morbach, G. Vielhaber, Y. Imai, K. Lindner, L. Brade,

H. Brade, S. Ehlers, A.S. Slutsky, S. Schutze, E. Gulbins, S. Uhlig, PAF-mediated
pulmonary edema: a new role for acid sphingomyelinase and ceramide, Nat. Med.
10 (2004) 155-160, https://doi.org/10.1038/nm977.

M. Bodas, T. Min, N. Vij, Critical role of CFTR-dependent lipid rafts in cigarette
smoke-induced lung epithelial injury, Am. J. Phys. Lung Cell. Mol. Phys. 300
(2011) 811-820, https://doi.org/10.1152/ajplung.00408.2010.-Apoptosis.

M. Levy, E. Khan, M. Careaga, T. Goldkorn, Neutral sphingomyelinase 2 is
activated by cigarette smoke to augment ceramide-induced apoptosis in lung cell
death, Am. J. Phys. Lung Cell. Mol. Phys. 297 (2009) L125-1133, https://doi.org/
10.1152/ajplung.00031.2009.

S. Filosto, S. Castillo, A. Danielson, L. Franzi, E. Khan, N. Kenyon, J. Last,

K. Pinkerton, R. Tuder, T. Goldkorn, Neutral sphingomyelinase 2: a novel target in
cigarette smoke-induced apoptosis and lung injury, Am. J. Respir. Cell Mol. Biol.
44 (2011) 350-360, https://doi.org/10.1165/rcmb.2009-04220C.

B.J. Pettus, A. Bielawska, S. Spiegel, P. Roddy, Y.A. Hannun, C.E. Chalfant,
Ceramide kinase mediates cytokine- and calcium ionophore-induced arachidonic
acid release, J. Biol. Chem. 278 (2003) 38206-38213, https://doi.org/10.1074/
jbc.M304816200.

B.J. Pettus, A. Bielawska, P. Subramanian, D.S. Wijesinghe, M. Maceyka, C.

C. Leslie, J.H. Evans, J. Freiberg, P. Roddy, Y.A. Hannun, C.E. Chalfant, Ceramide
1-phosphate is a direct activator of cytosolic phospholipase A2, J. Biol. Chem. 279
(2004) 11320-11326, https://doi.org/10.1074/jbc.M309262200.

C.E. Chalfant, S. Spiegel, Sphingosine 1-phosphate and ceramide 1-phosphate:
expanding roles in cell signaling, J. Cell Sci. 118 (2005) 4605-4612, https://doi.
org/10.1242/jcs.02637.

L.A. Hoeferlin, D.S. Wijesinghe, C.E. Chalfant, The role of ceramide-1-phosphate in
biological functions, in: Handb. Exp. Pharmacol, NIH Public Access, 2013,

pp. 153-166, https://doi.org/10.1007/978-3-7091-1368-4 8.

M.L. Berwick, B.A. Dudley, K. Maus, C.E. Chalfant, The role of ceramide 1-phos-
phate in inflammation, cellular proliferation, and wound healing, in: Adv. Exp.
Med. Biol, Springer New York LLC, 2019, pp. 65-77, https://doi.org/10.1007/978-
3-030-21162-2.5.

N.F. Lamour, Ceramide-1-phosphate: the “missing” link in eicosanoid biosynthesis
and inflammation, Mol. Interv. 5 (2005) 358-367, https://doi.org/10.1124/
mi.5.6.8.

N.F. Lamour, P. Subramanian, D.S. Wijesinghe, R.V. Staheliln, J.V. Bonventre, C.
E. Chalfant, Ceramide 1-phosphate is required for the translocation of group IV a
cytosolic phospholipase A2 and prostaglandin synthesis, J. Biol. Chem. 284 (2009)
26897-26907, https://doi.org/10.1074/jbc.M109.001677.

B.J. Pettus, C.E. Chalfant, Y.A. Hannun, Sphingolipids in inflammation: roles and
implications, Curr. Mol. Med. 4 (2004) 405-418, https://doi.org/10.2174/
1566524043360573.

H. Nakamura, T. Hirabayashi, M. Shimizu, T. Murayama, Ceramide-1-phosphate
activates cytosolic phospholipase A2a directly and by PKC pathway, Biochem.
Pharmacol. 71 (2006) 850-857, https://doi.org/10.1016/j.bcp.2005.12.027.

K.E. Ward, N. Bhardwaj, M. Vora, C.E. Chalfant, H. Lu, R.V. Stahelin, The
molecular basis of ceramide-1-phosphate recognition by C2 domains, J. Lipid Res.
54 (2013) 636-648, https://doi.org/10.1194/jlr.M031088.

N. Lamour, C. Chalfant, Ceramide kinase and the ceramide-1-phosphate/cPLA2q;
interaction as a therapeutic target, Curr. Drug Targets 9 (2008) 674-682, https://
doi.org/10.2174/138945008785132349.

P. Subramanian, R.V. Stahelin, Z. Szulc, A. Bielawska, W. Cho, C.E. Chalfant,
Ceramide 1-phosphate acts as a positive allosteric activator of group IVA cytosolic
phospholipase A2 alpha and enhances the interaction of the enzyme with


https://doi.org/10.1194/jlr.M300158-JLR200
https://doi.org/10.1016/j.febslet.2008.05.027
https://doi.org/10.1016/S0968-0004(97)01097-9
https://doi.org/10.1016/S0968-0004(97)01097-9
https://doi.org/10.1016/j.febslet.2005.05.067
https://doi.org/10.1016/j.febslet.2005.05.067
https://doi.org/10.1093/humrep/dey045
https://doi.org/10.1016/j.febslet.2007.01.041
https://doi.org/10.1016/j.febslet.2007.01.041
https://doi.org/10.1111/bph.12886
https://doi.org/10.1111/bph.12886
https://doi.org/10.3390/ijms21041396
https://doi.org/10.1016/j.bbalip.2009.01.023
https://doi.org/10.1016/j.bbalip.2009.01.023
https://doi.org/10.1016/j.gde.2008.01.003
https://doi.org/10.1016/j.cellsig.2008.11.003
https://doi.org/10.1016/j.cellsig.2008.11.003
https://doi.org/10.1152/ajpendo.00480.2012
https://doi.org/10.1152/ajpendo.00480.2012
https://doi.org/10.1016/j.bcp.2014.10.005
https://doi.org/10.1002/stem.1291
https://doi.org/10.1038/leu.2011.185
https://doi.org/10.1517/14728222.2014.851671
https://doi.org/10.1517/14728222.2014.851671
https://doi.org/10.1074/jbc.M113.481622
https://doi.org/10.1194/jlr.M048207
https://doi.org/10.1016/j.bcp.2015.12.009
https://doi.org/10.18632/oncotarget.17461
https://doi.org/10.1016/j.bbalip.2020.158675
https://doi.org/10.1016/j.bbalip.2020.158675
https://doi.org/10.1021/jo902076w
https://doi.org/10.1021/jo902076w
https://doi.org/10.1016/j.chemphyslip.2015.07.019
https://doi.org/10.1016/j.chemphyslip.2015.07.019
https://doi.org/10.1155/2017/9374563
https://doi.org/10.1155/2017/9374563
https://doi.org/10.1016/J.YEXCR.2018.09.021
https://doi.org/10.1513/pats.201104-034MW
https://doi.org/10.1096/fj.08-108043
https://doi.org/10.1038/nm1238
https://doi.org/10.1152/ajplung.00448.2007
https://doi.org/10.1038/nm977
https://doi.org/10.1152/ajplung.00408.2010.-Apoptosis
https://doi.org/10.1152/ajplung.00031.2009
https://doi.org/10.1152/ajplung.00031.2009
https://doi.org/10.1165/rcmb.2009-0422OC
https://doi.org/10.1074/jbc.M304816200
https://doi.org/10.1074/jbc.M304816200
https://doi.org/10.1074/jbc.M309262200
https://doi.org/10.1242/jcs.02637
https://doi.org/10.1242/jcs.02637
https://doi.org/10.1007/978-3-7091-1368-4_8
https://doi.org/10.1007/978-3-030-21162-2_5
https://doi.org/10.1007/978-3-030-21162-2_5
https://doi.org/10.1124/mi.5.6.8
https://doi.org/10.1124/mi.5.6.8
https://doi.org/10.1074/jbc.M109.001677
https://doi.org/10.2174/1566524043360573
https://doi.org/10.2174/1566524043360573
https://doi.org/10.1016/j.bcp.2005.12.027
https://doi.org/10.1194/jlr.M031088
https://doi.org/10.2174/138945008785132349
https://doi.org/10.2174/138945008785132349

A. Gomez-Larrauri et al.

[79]

[80]

[81]

phosphatidylcholine, J. Biol. Chem. 280 (2005) 17601-17607, https://doi.org/
10.1074/jbc.M414173200.

J.A. Mietla, D.S. Wijesinghe, L.A. Hoeferlin, M.D. Shultz, R. Natarajan, A.

A. Fowler, C.E. Chalfant, Characterization of eicosanoid synthesis in a genetic
ablation model of ceramide kinase, J. Lipid Res. 54 (2013) 1834-1847, https://doi.
org/10.1194/jlr.M035683.

B.M. Barth, S.J. Gustafson, J.L. Hankins, J.M. Kaiser, J.K. Haakenson, M. Kester, T.
B. Kuhn, Ceramide kinase regulates TNFa-stimulated NADPH oxidase activity and
eicosanoid biosynthesis in neuroblastoma cells, Cell. Signal. 24 (2012) 1126-1133,
https://doi.org/10.1016/j.cellsig.2011.12.020.

K. BaudiB, C.K. Ayata, Z. Lazar, S. Cicko, J. Beckert, A. Meyer, A. Zech, R.P. Vieira,
R. Bittman, A. Gomez-Munoz, 1. Merfort, M. Idzko, Ceramide-1-phosphate inhibits
cigarette smoke-induced airway inflammation, Eur. Respir. J. 45 (2015)
1669-1680, https://doi.org/10.1183/09031936.00080014.

[82]

[83]

[84]

Cellular Signalling 83 (2021) 109980

K. BaudiB, R. de Paula Vieira, S. Cicko, K. Ayata, M. Hossfeld, N. Ehrat, A. Gémez-
Munoz, H.K. Eltzschig, M. Idzko, C1P attenuates lipopolysaccharide-induced acute
lung injury by preventing NF-kB activation in neutrophils, J. Immunol. 196 (2016)
2319-2326, https://doi.org/10.4049/jimmunol.1402681.

K.P. Hough, L.S. Wilson, J.L. Trevor, J.G. Strenkowski, N. Maina, Y. Il Kim, M.

L. Spell, Y. Wang, D. Chanda, J.R. Dager, N.S. Sharma, M. Curtiss, V.B. Antony, M.
T. Dransfield, D.D. Chaplin, C. Steele, S. Barnes, S.R. Duncan, J.K. Prasain, V.

J. Thannickal, J.S. Deshane, Unique lipid signatures of extracellular vesicles from
the airways of asthmatics, Sci. Rep. 8 (2018) 1-16, https://doi.org/10.1038/
s41598-018-28655-9.

A. Gomez-Larrauri, M. Trueba, A. Gomez-Munoz, Potential of ceramide 1-phos-
phate as a novel therapeutic agent in pulmonary inflammation, Expert. Rev. Clin.
Pharmacol. 9 (2016) 629-631, https://doi.org/10.1586,/17512433.2016.1152181.


https://doi.org/10.1074/jbc.M414173200
https://doi.org/10.1074/jbc.M414173200
https://doi.org/10.1194/jlr.M035683
https://doi.org/10.1194/jlr.M035683
https://doi.org/10.1016/j.cellsig.2011.12.020
https://doi.org/10.1183/09031936.00080014
https://doi.org/10.4049/jimmunol.1402681
https://doi.org/10.1038/s41598-018-28655-9
https://doi.org/10.1038/s41598-018-28655-9
https://doi.org/10.1586/17512433.2016.1152181

	Regulation of cell growth, survival and migration by ceramide 1-phosphate - implications in lung cancer progression and inf ...
	1 Introduction
	2 CerK/C1P regulates cell growth and survival. Implication in lung cancer progression
	3 CerK/C1P regulates cell migration. Implication in lung cancer cell dissemination
	4 Control of inflammatory responses by ceramides and C1P in the lungs
	5 Concluding remarks
	Acknowledgements
	Credit author statement
	References


