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ABSTRACT

Radiation-induced fibrosis is widely considered as a common but forsaken
phenomenon that can lead to clinical sequela and possibly vital impairments.
Lysophosphatidic acid is a bioactive lipid involved in fibrosis and probably in radiation-
induced fibrosis as suggested in recent studies. Lysophosphatidic acid is also a well-
described pro-oncogenic factor, involved in carcinogenesis processes (proliferation,
survival, angiogenesis, invasion, migration). The present review highlights and
summarizes the links between lysophosphatidic acid and radiation-induced fibrosis,
lysophosphatidic acid and radioresistance, and proposes lysophosphatidic acid as a
potential central actor of the radiotherapy therapeutic index. Besides, we hypothesize
that following radiotherapy, the newly formed tumour micro-environment, with
increased extracellular matrix and increased lysophosphatidic acid levels, is a
favourable ground to metastasis development. Lysophosphatidic acid could therefore
be an exciting therapeutic target, minimizing radio-toxicities and radio-resistance
effects.

INTRODUCTION

situations, LAP was also shown to have a pro-fibrotic
role in various organs [6] [7]. LPA could therefore be a
promising therapeutic target to improve the RT therapeutic
index (efficacy/toxicity ratio), with the limitation of radio-

Radiation therapy (RT) is a major anti-cancer
local treatment. However, RT induces damages in both

tumour cells and healthy tissue located in the treatment
fields. Radiation-induced fibrosis (RIF) is one of the
most impacting late toxicities, sometimes associated
with life-threatening consequences [1]. Fibrosis consists
in an accumulation of extracellular matrix leading to a
loss of normal tissue architecture, and possibly to organ
dysfunction [2]. The lysophosphatidic acid (LPA) is
a lipid acting at the intersection of fibrosis and cancer
development. LPA’s pro-oncogenic (pro-proliferative, pro-
angiogenic, anti-apoptotic, and pro-migration / invasion
[3-5] properties have been recently evidenced, indeed.
Increased secretion of LPA can be triggered by tissue
damage (including surgery, chemotherapy and radiation
therapy) and/or by chronic inflammation. In these

induced injuries and the optimization of the radio-induced
death of tumour cell. The present review summarizes the
implications of LPA in the RIF and in the pro-tumour
signalling pathways, and proposes it as a key modulator
of the radiotherapy therapeutic index. Finally, radiation-
induced transformations in the tumour micro-environment
will be described, as they probably also promote
metastases development.

RADIATION-INDUCED FIBROSIS

The inflammatory response induced by RT is
followed by cell signalling cascades leading to the
development of a RIF [8]. Monocytes are recruited
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and differentiate into macrophages due to an increased
secretion of inflammatory chemokines and cytokines.
Macrophages secrete platelet-derived growth factor
(PDGF, inducing neo-angiogenesis [9]) and TGF-p
(inducing differentiation of fibroblasts into myofibroblasts
[10]). Neoformed myofibroblasts overproduce the
components of the extracellular matrix (collagens,
fibronectin) [11], creating a non-elastic tissue. Fibrosis
also impacts the blood vessels, with thrombosis probably
hindering normal cicatrisation processes [12], leading
to an a vicious circle. Risk factors of RIF have been
identified: radiotherapy characteristics (dose, fractionation,
irradiated volume) [13], other anti-cancer treatments such
as chemotherapy [14] or surgery [15], genetic anomalies
[16] or tissue diseases [17]. If the first biological
phenomena of fibrogenisis appear in the few hours or days
following irradiation [1], the “clinical” fibrosis usually
appears several months after RT and is mostly considered
as irreversible [11]. Of course, the impact for the patient
depends on of the primary tumour location, defining
the dose, fractionation, the radiation nature and the
localization of the RT fields [18]. In head and neck cancer
treatment, RT can ultimately cause osteoradionecrosis,
xerostomia, dysphagia, dysphonia, trismus, cutaneous
fibrosis, plexopathy [19]. After a thoracic RT, the
commonly reported late adverse events are lung fibrosis,
oesophageal complications (dysphagia, haemorrhages),
and cardiac toxicities (including pericarditis and
coronaropathy). For abdominal and pelvic tumour
locations, dysuria, dyspareunia, loss of fertility, urinary
or rectal incontinence are the most feared complications.
Therefore, common radio-toxicities may dramatically
impact the patient’s quality of life and even sometimes
be life-threatening [1]. The management of fibrosis
mainly includes common anti-inflammatory treatments,
antioxidants or vascular therapies, with limited levels of
evidence and uncertain efficacy [20]. New challenges have
emerged with the comprehension of RIFs pathogenesis.
Many signaling pathways have been described, each
representing a potential therapeutic target able to reduce
the matrix accumulation and the auto-maintained
inflammation [12] [21]. If some of these targets appeared
promising with strong pre-clinical rationales (as TGF-f,
VEGF and certain integrin receptors [1,22]), none really
proved efficacy when tested in humans. Recently, another
target was identified: the lysophosphatidic acid (LPA),
involved in post-RT pro-fibrosis biological processes [7]
[23], but also in pro-tumour signalling pathways [3] [4].

LPA AND FIBROSIS

In the last decades, lipids were identified as
mediators able to induce different biological activities,
acting as second messengers or as a paracrine/
endocrine factors. Cell membrane lipid derivatives (or
lysophospholipid (LPs)) were shown to proceed as

extracellular signals, joining other lipidic mediators
including prostaglandins, leukotriens, platelet-activating
factors or endocannabinoids [24]. The lysophosphatidic
acid (LPA) is the simplest natural glycerophospholipid. It
can be considered ubiquitous, as it was identified in many
tissues [25] and biological fluids [26]. The extracellular
LPA is though to be mainly produced by the autotaxin
(ATX), a lysophospholipase D transforming LPs in LPA
[27,28]. LPA acts through 7 specific trans-membrane
domains coupled to G proteins receptors (LPARs). If
the exact role of LPA, LPARs, and ATX among tissue
remains to be clearly determined, it is hypothesized to
be of primary importance since knock-outing ATX [29]
[30] [31] is generally lethal, with important blood vessels
and neurologic malformations. LPA is considered as a
growth factor-like phospholipid, inducing proliferative
and/or morphological effects in almost every cell
type [32], but recent studies also indicated that LPA
significantly participated in the normal wound healing
process (cicatrisation) and in the degenerated wound
healing process (fibrosis) [26]. The exact LPA secretion
process (which cells are responsible for production,
the mechanisms of tissue injury related to specific LPA
signalling pathways) in the case of fibrosis is still poorly
understood [33]. Cells partly “responsible” (but they do
not produce it, neither stock it) for the plasmatic LPA
secretion could be platelets, as circulating LPA was shown
in vitro to results of the enzymatic hydrolysis by ATX [34]
of platelet derived phospholipids [35]. However, there
is no in vivo evidence for LPA or ATX secretion by any
cell type, even if it is hypothesised that lymphatic high
endothelial venules and adipose tissue could be possible
ATX sources [33]. LPA and ATX are reported to be
produced in response to inflammation to mediate wound
repair [36], probably through a tumour necrosis factor
(TNF) enhanced secretion. TNF, a major pro-inflammatory
cytokine, was indeed shown to increase ATX expression
from fibroblasts [37] and hepatoma cell lines [38], through
NF-kB over-expression [38]. If the inflammation is not
resolved, high ATX and LPA concentrations persist,
leading to inflammatory or fibrotic diseases, and possibly
to cancer [36, 39, 40]. In various animal models of kidney,
lung, and dermal fibrosis, authors reported an increased
LPA production and an increased expression of LPARs
(LPAIR, LPA3R) [26] [41]. Increased LPA and LPARs
expressions have also been observed in vitro in arterial
[42] and in liver fibrosis in human and animal models [43—
45]. If data associating LPA with fibrosis were interesting
evidences of the LPA’s potential impact on tissue repair
dysfunction, the fact that the inhibition of it signalling
prevented from fibrosis was of primary importance,
proving that this pathway could be a valuable therapeutic
target. The first step was the development of LPAIR-
deficient mice after pre-cited studies reported increased
LPA levels (in murine and human assessments) in case of
bleomycine-induced lung fibrosis. Two weeks after toxic
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exposure to bleomycine, lung collagene, peribronchiolar
and parenchymal fibrosis were significantly decreased
in LPA1R-deficient mice versus wild type ones [46].
These observations were corroborated by the fact that
lung fibroblast recruitment and vascular leak (two
major phenomenon leading to lung fibrosis [47]) were
significantly decreased in LPA1R-deficient mice. Human
fibroblasts were then tested, and shown to be more
attracted when the bronchoalveolar fluid was rich in LPA
(ie obtained from patients with a lung fibrotic disease).
Interestingly, this effect could be totally reversed when
applying a LPA1R inhibitor (Kil6425) [46]. These data
were corroborated by other studies inhibiting LPA or its
signalling pathways (ATX or LPARs). The AM09S5, a
LPAIR selective antagonist, was tested in vivo on murine
models of lung and kidney fibrosis [48]. After bleomycine-
induced lung damages, AMO095 significantly decreased
collagen, protein and inflammatory (macrophage and
lymphocyte) cell infiltration detected in bronchoalveolar
fluid. After hypoxia-induced kidney damages, AM095
decreased renal fibrosis in treated mice [48]. Other LPARs
inhibitors have successfully reduced fibrosis induced
by hypoxia or bleomycine in murine models [41] [49],
making LPARs some potential interesting therapeutic
targets. To our best knowledge, at least three LPAIR
antagonists are currently tested in phase I/II clinical trials
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for idiopathic pulmonary fibrosis or systemic sclerosis [50]
[51]. LPA was therefore recently studied in the specific
context of cancer [52], with a special focus on radiation-
induced injuries. Deng et al. suggested that interaction
between RIF and LPA/LPAR could be more complex
than in fibrosis induced by other causes [23]. In murine
models exposed to radiation, the presence of LPAR2 was
necessarily to protect animals from radiation induced
intestinal injury, indeed. The octadecenyl thiophosphate
(OTP), a complete antagonist of LPA2R, was tested as a
radioprotective drug, and showed that it could decrease
the radiation-induced apoptosis. OTP, when delivered
intraperitoneally, reduced death caused by lethal dose
100/30 radiation by 50%, but had no effect in LPAR2
knockout mice [23]. The role of LPA receptors 1 and 3
has also been explored. In murine models, the blockade of
LPAR1/3 with a receptors antagonist ameliorated radiation
pneumonitis and radiation-induced lung fibrosis [7] [53].
However, few data are available and further pre-clinical
studies are expected in the specific field of RIF.

CANCER AND LPA

In parallel of its pro-fibrotic activity, LPA has also
been repeatedly described as an oncogenic promoter,
responsible of tumour initiation, growth, and metastasis
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Figure 1 : Experimental treatments targeting LPA pathways.
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[3-5, 54, 55]. In different primary tumours (e.g. glioma,
small cell lung, renal, liver, breast, ovarian and thyroid
cancers [3, 4, 54]), as well as in cancer patient plasma [55],
increased ATX expression and therefore increased LPA
levels were reported, suggesting LPA as a potential cancer
biomarker [56]. Besides, LPA was shown to stimulate
important oncogenic signalling pathways. For instance, it
was reported that LPA could stimulate production of VEGF
[57], interleukine-8 (IL-8) [58] and urokinase plasminogen
activator (uPA) [59] in ovarian cancer cells, enhancing
hyper-vascularisation processes [3] finally leading to
metastases. Furthermore, it was shown in vitro that LPARs
(proteins transducing the LPA signal) controlled crucial
cellular functions. LPAR1-4 stimulate the mitogenic
pathway Ras-Ras-Raf-MEK-ERK pathway, and the
pro-survival PI3K pathway [60]. LPAR1-3 and LPARS
stimulate the invasion/migration thought the activation
of the Rho pathway. The Rac Pathway, also involved in
invasion/migration, can be stimulated by LPARI1-4 as
well [60]. The direct role of LPA3R in invasion/migration
processes was proved in a recent publication of Okabe et
al [61]. LPAR3-expressing cells were created from murine
hepatoma cells and compared with LPAR3-unexpressing
cells, regarding their migration and tumorigenicity
abilities. LPA significantly increased motility and invasion
of the LPAR3-expressing cells, compared to LPAR3-non-
expressing cells. Interestingly, this phenomenon could be
inhibited with inhibitors of Gi or Gq protein (ie proteins
resulting of LPARSs activation by LPA, stimulating RaS-
, Rac-, Rho- and PI3K- signalling pathways [60]) [61].
Authors even demonstrated in vitro that LPA3R expression
was a factor of resistance to cisplatin and docetaxel [61].
The direct implication of LPA in invasion/migration
processes was also demonstrated in vitro and in vivo in
murine models [62]. In vitro, LPA significantly increased
ovarian cancer cell invasion, partly through the down-
regulation of invasion negative regulators (tissue inhibitor
of metalloproteinases (TIMPs)) [62]. Interestingly, authors
clearly showed that LPA specifically induced invasion in
primary and metastatic malignant tumour cells, and not at
all in normal cells. In vivo, LPA stimulated ovarian tumour
metastasis, but this phenomenon could be significantly
inhibited using an inhibitor of PI3K (an effector in the LPA
signalling pathway) [62]. It was also recently shown that
the epithelial to mesenchymal transition (EMT) (required
for the invasion/migration process) was increased by
LPA, in ovarian cancer cells lines [63]. When treated with
LPA, ovarian cancer cells multiplied by 150 the HIF1a
secretion in vitro, through the Gai2 protein secretion (a
protein activated by the LPAR). As HIF 1a is a well-known
promoter of EMT, authors tested if LPA stimulated both
EMT and invasion/migration. The in vitro assessment
clearly stated that it did, through increased secretions of
N-cadherin and Slug/Snail2. These data were corroborated
in vivo by Kim et al., who showed in a murine model that
injections of LPA stimulated the ovarian cancer metastasis

development, with increased size and variety of locations
[64]. A clinically validated HIF 1 a-inhibitor (PX-478) was
very recently tested in vitro and successfully inhibited the
invasion/migration process of ovarian cancer cells [63].
Of course, such results with LPA/LPAR inhibitors seem
promising and the further in vivo pre-clinical or clinical
results are eagerly awaited. LPA/LPAR inhibitors are
summarized in Figure 1.

Another very interesting action of LPA and LPARs
is the negative regulation of the immune system, and
especially of the cytotoxic CD8 T lymphocytes that
normally detect and eliminate nascent tumours. As it was
recently proved that several LPARs were expressed by T
lymphocytes [60] [65], their role in the cancer immune
response was explored. LPASR (when activated by LPA)
was specifically identified as an inhibitor of the CD8 T
lymphocytes antigen receptor [66]. LPA (through LPASR)
inhibited in vitro and in vivo the CD8 T lymphocytes
antigen receptor signalling, and the subsequent cytotoxic
T cell activation and proliferation [66]. Authors showed in
a mouse melanoma model that animals receiving LPARS-
deficient tumour-specific CD8 T lymphocytes controlled
tumour growth significantly better than animals receiving
wild type CD8 T cells [66]. These results suggest that
LPASR blockade could be an efficient strategy to promote
host CDS8 T cell anti-tumour immunity.

Furthermore, it was suggested that hypoxia (i.e. the
environment where are located the most aggressive and
radio-resistant cancer cells [67]) could additionally favour
LPA activity. In vitro, ovarian tumour cells’ invasion/
migration due to LPA was enhanced if cells were placed
in hypoxic conditions, probably due to an increased
HIF1a secretion [64]. These data were corroborated by
the observation of ATX-deficient animals having collapsed
HIF1a secretion. It also seems that LPA stimulates HIF 1a
secretion in vitro [68] and in vivo [6], creating an auto-
maintained circle of amplification. The links between
LPA and hypoxia are of primary importance considering
that hypoxia is an independent factor of tumour radiation-
resistance, as oxygen enhances the creation of radio-
induced free radicals that ultimately damage DNA and
induce clonogenic cell death. Finally, the ATX-LPA
axis is up-regulated in tumours due to 3 concomitants
phenomenon: An increased ATX secretion leading to high
LPA levels, an increased LPARs expression on tumour cell
surface, and a down-regulation expression of molecules
degrading LPA [36] [39]. This triad creates a vicious
circle, stimulating all the pre-cited pro-proliferation,
-migration, -metastasis and -therapy resistance pathways.

LPA AND RADIATION RESISTANCE

Regarding the interaction between LPA and
radiotherapy, data are still scarce. However, two
biological concepts are supported by solid observations:
LPA secretion induces tumour radiation-resistance and
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radiotherapy induces LPA secretion Indeed, in animal
models, local and systemic levels of LPA were reported
to significantly rise after exposure to radiation [69,70],
doubling in case of total body irradiation [71]. To our
knowledge, no assessments have been performed in daily
routine radiotherapy, and our team is currently recruiting
patients in order to monitor LPA levels before, during
and after radiotherapy courses. Furthermore, radio-
resistance studies were conducted and revealed that LPA
decreased radiation-induced cell death. For instance,
Deng et al. have shown that LPA reduced apoptosis of
nontransformed intestinal crypt-derived epithelial cell
line, when administered 1 h before or 2 h after a high dose
radiotherapy (>10Gy) [72]. Interestingly, they also showed
that LPA not only decreased the number of radiation-
induced apoptotic cells, but also rescued apoptotically
condemned cells, indicating that LPA had a radioprotective
effect. The same team showed later that the anti-apoptotic

Radiation @

Angiogenesis
Proliferation Eibrosis

Survival

Myofibroblast

Tumor cell

effect of LPA was due to the specific activation of LPA2R
[23], inhibiting the mitochondrial apoptosis cascade [73].
The phenomena involving LPAR2 after radiation are
probably complex since both the administration of LPA
or OTP (a full antagonistic of LPAR2) in mice undergoing
high dose radiotherapy (6-12 Gy) decreased radiation-
induced mortality in all animals, but in LPA2R-deficient
ones [23]. The crucial role of LPA2R was also proved
in vitro, with recent results showing that radiotherapy
was more likely to induce apoptosis in LPA2R-deficient
cells, and that cells with a LPA2R-knock in were more
radiation-resistant, with a ligand-dependent manner [74].
Therefore, LPA2R seem to have unique role in radiation
resistance, unlikely to other LPARs. This hypothesis was
supported by Lin ef al., who showed the specific capacity
of LPA2R (and not of other LPARSs) to bind zinc finger
proteins, and especially Siva-1 [75]. Siva-1 is a protein
of major importance, as it is produced after DNA-damage

Tumor cell

Invasion/
migration

Extra-cellular matrix

Figure 2: Pro-fibrotic and pro-oncogenic effects of lysophosphatidic acid (LPA) induced by radiation therapy. In Green:
The evidenced-based activation of LPA, increased by radiations, through ATX. lonizing radiations increase AUTOTAXIN (ATX) gene
expression and lysophosphatidic acid (LPA) levels. LPA participates to the enhancement of fibrosis, inducing recruitment of myofibroblasts
responsible of extra-cellular matrix accumulation. LPA participates to radioresistance phenomenon inducing angiogenesis, proliferation,
survival and invasion/migration of tumor cells (green arrows). In Blue: Our hypothesis: In addition to the pre-cited phenomena, the
mediators of fibrosis promote cancer local and distant development. Fibrosis pathogenesis and extra cellular matrix components could also
lead to radioresistance through similar mechanisms (light blue arrows).
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and makes the mitochondrial outer membrane more
prone to apoptosis [76]. Once Siva-1 and LPAR2 are
bound, the complex is degraded. Therefore, the LPAR2
activation is thought to result in the depletion of the
cell for Siva-1, leading to the attenuation of apoptotic
signalling. Moreover, it was shown that LPA2R had the
ability (when activated by LPA, and unlikely to other
LPARS) to bind the thyroid hormone receptor interacting
protein 6 (TRIP6). TRIP6 has also a binding motif that
can interact with NHERF2, forming a LPAR2-TRIP6—
NHERF2 complex that was shown to up-regulate
prosurvival pathways such ERK1/2, PI3K-Akt and NF-
kB, leading to increased DNA repair and [69] decreased
post-radiotherapy apoptosis [77]. Therefore LPA2R, over-
expressed in many aggressive tumours, is considered as
an interesting therapeutic target. Another anti-apoptotic
effect of LPA is also suggested, with a ceramide pathway
deregulation [39]. Radiation induced cell death is indeed
though to be mediated by a pro-apoptotic sphingolipid,
named ceramide [78], that activates caspase and ultimately
leads to release the mitochondrial cytochrome C [79,80].
In cancer cells, the intra-cellular elevation of ceramide
following a radiotherapy course is though to partly cause
of their death [81-83]. It was recently proved in cancer
cells that LPA could decrease the intra cellular ceramide
formation [84—86] and increase sphingosine 1-phosphate
(S1P, a sphingolipid analogue, counterbalancing
ceramide action in the survival vs death balance [84—
87]). Therefore, an early inhibition of LPA/LPAR could
be efficient, for instance using ATX inhibitors [88]. The
PF-8380, an ATX inhibitor was tested in vitro and in vivo
and showed a radio-sensitizing effect in murine glioma
and humain glioblastoma cell lines [89]. After a 4 Gy
irradiation, a decreased clonogenic survival, migration
and invasion in cells treated with the ATX inhibitor was
assessed. Interestingly, authors showed that the PF-8380
inhibited the radio-induced secretion of Akt (a central
downstream target of the RTK/RAS/PI3K pathway,
implicated in angiogenesis, cell survival, proliferation,
and migration). /n vivo, in an heterotopic mouse models
of glioblastoma, tumour growth was delayed by >20
days in animals receiving radiotherapy plus PF-8380
versus exclusive radiotherapy [89]. Thus, there is a
real pre-clinical rationale that leads to hypothesize that
LPA acts as a double-edged sword: it promotes cancer
development at local and systemic level, and reduces the
effectiveness of radiation therapy. Worst, as LPA induces
fibrosis, it probably exacerbates another pro-tumour
mechanism. Biological hypothesises regarding the pre-
cited phenomena are depicted in Figure 2.

FIBROSIS AND CANCER

The microenvironment of a fibrotic tissue could play
a key role on cancer cells. Indeed, mutual proliferative
and/or morphological pathways have been described

for oncogenic and pro-fibrotic pathways, suggesting
that pathogenicity of fibrosis and cancer are intertwined
[90]. A recent study of Liu et al described the possible
links between carcinoma and fibrosis pathways [91].
These results are supported by the fact that tumour
cells’ microenvironment, and particularly the extra-
cellular matrix (ECM) holds growth factors and death-
suppressive signals [92, 93]. The disruption (created
by the tumour) of ECM homeostasis is even thought to
provide important pro-tumour drivers [94]. For example,
it has been described that lung fibrosis increased lung
cancer incidence [95]. In another study, breast benign
fibrotic phenomena were associated with a predisposition
to breast cancer [96]. Furthermore, gene alterations and
proteins expression in the ECM of primary tumours could
be related to the overall and progression-free survival
[97—-102]. These data highlight the critical role of ECM
on tumour development, with the regulation of tumour
growth through paracrine interactions between tumour and
the ECM [103], involving angiogenesis [104]. Fibrosis
and cancer seem therefore inextricably linked but more
investigational researches are needed to really understand
this interaction. The common pathways between fibrosis
and carcinogenesis are briefly summarized in the present
section [105,106].

TGFp pathway

TGFp pathway is a well-known fibrosis promoter
[107], especially secreted in case of post-radiotherapy lung
fibrosis [108]. However, TGFp is also known to induce
a pro-oncogenic activity in advanced cancers [109], with
emerging evidences of a Pi3K pathway co-activation
[110].

Connective Tissue Growth Factor (CTGF)

CTGF is a pro-fibrotic factor, mainly known
for its role in vascular fibrosis [111]. In cancer, CTGF
deregulation (ie overexpressed compared to low-
expressing normal tissue or underexpressed compared to
high-expressing normal tissue), was related to local and
distant cancer progression, promoting proliferation, drug
resistance, angiogenesis, adhesion, invasion and migration
[112].

PDGF

PDGFs are pro-fibrosis factors, described in
kidney, lung, liver, and skin fibrotic diseases [113], as
well as in post-radiotherapy lung fibrosis [108]. PDGF
receptors were found over expressed in prostate cancer,
and glioblastoma cells. Besides, PDGF was found to be
excessively activated in brain areas housing glioblastoma
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cancer stem cells [114]. Strong pre-clinical rationales
showing that PDGF-D inhibition reduced tumour
angiogenesis or metastases development in renal and
pancreatic carcinomas have recently been reviewed [114].

Wnt

Abnormal activation of Wnt signaling pathway was
described in many pathological fibrotic processes [115]. In
parallel, cancer stem cell development was reported to be
supported by Wnt pathway over-activation [116].

Notch

Notch pathway was recently shown to stimulate
fibrogenesis [117] and promote melanoma progression
[118].

We therefore can hypothesize a new concept relating
radiotherapy, fibrosis and cancer: radiotherapy induces
tissue damages, and therefore stimulates ATX and LPA
secretions. LPA promotes fibrosis and tumour radiation
resistance. Moreover, the newly formed ECM participates
in the cancer development and metastases enhancement,
leading to a decreased therapeutic index of radiotherapy
(Figure 2).

CONCLUSION

LPA could be an exciting therapeutic target,
optimally minimizing radio-toxicities and radio-
resistance effects and improving the therapeutic index.
A large arsenal of pharmacological therapies targeting
the LPA signalling has been deployed: inhibitors of the
autotaxin activity, antagonists of one or several LPAR
or monoclonal antibodies against LPA (Figure 1) Pre-
clinical and early clinical trials should soon investigate
the LPA pathway blockade and its impact as a radio
sensitizer but also as protector of healthy tissue. If such
effects are confirmed, a pharmaco-bio-modulator agent
of tumour’s treatment sensitivity and healthy tissues’
treatment protection would be identified for the first
time. LPA modulating agents might challenge the modern
radiobiological concepts, minimizing oncogenic and pro-
metastatic factor, improving tumor radio-sensitization and
protecting healthy tissue.

ACKNOWLEDGEMENT

Organizing committee of the 2016 publication’s
nigh.

CONFLICTS OF INTEREST

None.

REFERENCES

10.

11.

12.

13.

14.

Straub JM, New J, Hamilton CD, Lominska C, Shnayder Y,
Thomas SM. Radiation-induced fibrosis: mechanisms and
implications for therapy. J Cancer Res Clin Oncol. 2015;
141: 1985-94. doi: 10.1007/s00432-015-1974-6.

Ben Amar M, Bianca C. Towards a unified approach in the
modeling of fibrosis: A review with research perspectives.
Phys Life Rev. 2016; doi: 10.1016/j.plrev.2016.03.005.

Mills GB, Moolenaar WH. The emerging role of
lysophosphatidic acid in cancer. Nat Rev Cancer. 2003; 3:
582-91. doi: 10.1038/nrc1143.

Fang X, Schummer M, Mao M, Yu S, Tabassam FH, Swaby
R, Hasegawa Y, Tanyi JL, LaPushin R, Eder A, Jaffe R,
Erickson J, Mills GB. Lysophosphatidic acid is a bioactive
mediator in ovarian cancer. Biochim Biophys Acta. 2002;
1582: 257-64.

Sengupta S, Wang Z, Tipps R, Xu Y. Biology of LPA in
health and disease. Semin Cell Dev Biol. 2004; 15: 503—12.
doi: 10.1016/j.semcdb.2004.05.003.

Rancoule C, Viaud M, Gres S, Viguerie N, Decaunes P,
Bouloumié¢ A, Langin D, Bascands JL, Valet P, Saulnier-
Blache JS. Pro-fibrotic activity of lysophosphatidic acid
in adipose tissue: in vivo and in vitro evidence. Biochim
Biophys Acta. 2014; 1841: 88-96. doi: 10.1016/.
bbalip.2013.10.003.

Xue J,Gan L, Li X, LiJ, Qi G, Wu Y, Fu X, Mao Q, Ao
R, Lang J, Lu Y. Effects of lysophosphatidic acid and its
receptors LPAYs on radiation pneumonitis. Oncol Rep.
2010; 24: 1515-20.

Williams JP, Johnston CJ, Finkelstein JN. Treatment for
Radiation-Induced Pulmonary Late Effects: Spoiled for
Choice or Looking in the Wrong Direction? Curr Drug
Targets. 2010; 11: 1386-94.

LiM, Jendrossek V, Belka C. The role of PDGF in radiation
oncology. Radiat Oncol Lond Engl. 2007; 2: 5. doi:
10.1186/1748-717X-2-5.

Li MO, Wan YY, Sanjabi S, Robertson A KL, Flavell RA.
Transforming growth factor-beta regulation of immune
responses. Annu Rev Immunol. 2006; 24: 99—-146. doi:
10.1146/annurev.immunol.24.021605.090737.

Delanian S, Lefaix JL. The radiation-induced fibroatrophic
process: therapeutic perspective via the antioxidant
pathway. Radiother Oncol. 2004; 73: 119-31. doi:
10.1016/j.radonc.2004.08.021.

Delanian S, Lefaix JL. [Reversibility of radiation-induced
fibroatrophy]. [Article in French]. Rev Med Interne. 2002;
23: 164-74.

Johansson S, Svensson H, Denekamp J. Dose response
and latency for radiation-induced fibrosis, edema, and
neuropathy in breast cancer patients. Int J Radiat Oncol Biol
Phys. 2002; 52: 1207-19.

Toledano A, Garaud P, Serin D, Fourquet A, Bosset
JF, Breteau N, Body G, Azria D, Le Floch O, Calais G.

www.impactjournals.com/oncotarget

43549

Oncotarget



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Concurrent administration of adjuvant chemotherapy and
radiotherapy after breast-conserving surgery enhances late
toxicities: long-term results of the ARCOSEIN multicenter
randomized study. Int J Radiat Oncol Biol Phys. 2006; 65:
324-32. doi: 10.1016/j.ijrobp.2005.12.020.

Machtay M, Moughan J, Trotti A, Garden AS, Weber
RS, Cooper JS, Forastiere A, Ang KK. Factors associated
with severe late toxicity after concurrent chemoradiation
for locally advanced head and neck cancer: an RTOG
analysis. J Clin Oncol. 2008; 26: 3582-9. doi: 10.1200/
JCO.2007.14.8841.

Andreassen CN, Overgaard J, Alsner J, Overgaard M,
Herskind C, Cesaretti JA, Atencio DP, Green S, Formenti
SC, Stock RG, Rosenstein BS. ATM sequence variants
and risk of radiation-induced subcutaneous fibrosis after
postmastectomy radiotherapy. Int J Radiat Oncol Biol Phys.
20006; 64: 776-83. doi: 10.1016/j.ijrobp.2005.09.014.

Holscher T, Bentzen SM, Baumann M. Influence of
connective tissue diseases on the expression of radiation
side effects: a systematic review. Radiother Oncol. 2006;
78:123-30. doi: 10.1016/j.radonc.2005.12.013.

Stone HB, Coleman CN, Anscher MS, McBride WH.
Effects of radiation on normal tissue: consequences and
mechanisms. Lancet Oncol. 2003; 4: 529-36.

Delanian S, Lefaix JL, Pradat PF. Radiation-induced
neuropathy in cancer survivors. Radiother Oncol. 2012;
105: 273-82. doi: 10.1016/j.radonc.2012.10.012.

Delanian S, Lefaix JL. Current management for late normal
tissue injury: radiation-induced fibrosis and necrosis.
Semin Radiat Oncol. 2007; 17: 99—-107. doi: 10.1016/j.
semradonc.2006.11.006.

Westbury CB, Yarnold JR. Radiation fibrosis--current
clinical and therapeutic perspectives. Clin Oncol (R Coll
Radiol). 2012; 24: 657-72. doi: 10.1016/j.clon.2012.04.001.

Rosenbloom J, Mendoza FA, Jimenez SA. Strategies for
anti-fibrotic therapies. Biochim Biophys Acta. 2013; 1832:
1088-103. doi: 10.1016/j.bbadis.2012.12.007.

Deng W, Shuyu E, Tsukahara R, Valentine WJ, Durgam
G, Gududuru V, Balazs L, Manickam V, Arsura M,
VanMiddlesworth L, Johnson LR, Parrill AL, Miller DD,
et al. The lysophosphatidic acid type 2 receptor is required
for protection against radiation-induced intestinal injury.
Gastroenterology. 2007; 132: 1834-51. doi: 10.1053/].
gastro.2007.03.038.

Mutoh T, Rivera R, Chun J. Insights
pharmacological relevance of lysophospholipid receptors.
Br J Pharmacol. 2012; 165: 829—44. doi: 10.1111/j.1476-
5381.2011.01622 x.

Anliker B, Chun J. Cell
lysophospholipid signaling. Semin Cell Dev Biol. 2004;
15: 457-65. doi: 10.1016/j.semcdb.2004.05.005.

Rancoule C, Pradére JP, Gonzalez J, Klein J, Valet
P, Bascands JL, Schanstra JP, Saulnier-Blache JS.
Lysophosphatidic acid-1-receptor targeting agents for

into the

surface receptors in

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

fibrosis. Expert Opin Investig Drugs. 2011; 20: 657-67. doi:
10.1517/13543784.2011.566864.

Gesta S, Simon MF, Rey A, Sibrac D, Girard A,
Lafontan M, Valet P, Saulnier-Blache JS. Secretion of a
lysophospholipase D activity by adipocytes: involvement
in lysophosphatidic acid synthesis. J Lipid Res. 2002; 43:
904-10.

Ferry G, Tellier E, Try A, Grés S, Naime I, Simon MF,
Rodriguez M, Boucher J, Tack I, Gesta S, Chomarat P, Dieu
M, Raes M, et al. Autotaxin is released from adipocytes,
catalyzes lysophosphatidic acid synthesis, and activates
preadipocyte proliferation. Up-regulated expression with
adipocyte differentiation and obesity. J Biol Chem. 2003;
278: 18162-9. doi: 10.1074/jbc.M301158200.

Ferry G, Giganti A, Cogé F, Bertaux F, Thiam K, Boutin
JA. Functional invalidation of the autotaxin gene by a single
amino acid mutation in mouse is lethal. FEBS Lett. 2007;
581:3572-8. doi: 10.1016/j.febslet.2007.06.064.

Fotopoulou S, Oikonomou N, Grigorieva E, Nikitopoulou
I, Paparountas T, Thanassopoulou A, Zhao Z, Xu Y,
Kontoyiannis DL, Remboutsika E, Aidinis V. ATX
expression and LPA signalling are vital for the development
of the nervous system. Dev Biol. 2010; 339: 451-64. doi:
10.1016/j.ydbio.2010.01.007.

van Meeteren LA, Ruurs P, Stortelers C, Bouwman P,
van Rooijen MA, Pradére JP, Pettit TR, Wakelam MJO,
Saulnier-Blache JS, Mummery CL, Moolenaar WH, Jonkers
J. Autotaxin, a secreted lysophospholipase D, is essential
for blood vessel formation during development. Mol Cell
Biol. 2006; 26: 5015-22. doi: 10.1128/MCB.02419-05.

Barbayianni E, Kaffe E, Aidinis V, Kokotos G. Autotaxin,
a secreted lysophospholipase D, as a promising therapeutic
target in chronic inflammation and cancer. Prog Lipid Res.
2015; 58: 76-96. doi: 10.1016/j.plipres.2015.02.001.
Sevastou I, Kaffe E, Mouratis MA, Aidinis V.
Lysoglycerophospholipids in chronic inflammatory
disorders: the PLA(2)/LPC and ATX/LPA axes. Biochim
Biophys Acta. 2013; 1831: 42-60. doi: 10.1016/.
bbalip.2012.07.019.

van Meeteren LA, Ruurs P, Christodoulou E, Goding JW,
Takakusa H, Kikuchi K, Perrakis A, Nagano T, Moolenaar
WH. Inhibition of autotaxin by lysophosphatidic acid and
sphingosine 1-phosphate. J Biol Chem. 2005; 280: 21155—
61. doi: 10.1074/jbc.M413183200.

Sano T, Baker D, Virag T, Wada A, Yatomi Y, Kobayashi
T, Igarashi Y, Tigyi G. Multiple mechanisms linked to
platelet activation result in lysophosphatidic acid and
sphingosine 1-phosphate generation in blood. J Biol Chem.
2002; 277: 21197-206. doi: 10.1074/jbc.M201289200.
Benesch MG, Zhao YY, Curtis JM, McMullen TP, Brindley
DN. Regulation of autotaxin expression and secretion by
lysophosphatidate and sphingosine 1-phosphate. J Lipid
Res. 2015; 56: 1134-44. doi: 10.1194/j1r.M057661.

Nikitopoulou I, Oikonomou N, Karouzakis E, Sevastou I,

WWW

.impactjournals.com/oncotarget

43550

Oncotarget



38.

39.

40.

41.

42.

43.

44,

45.

46.

Nikolaidou-Katsaridou N, Zhao Z, Mersinias V, Armaka
M, Xu Y, Masu M, Mills GB, Gay S, Kollias G, et al.
Autotaxin expression from synovial fibroblasts is essential
for the pathogenesis of modeled arthritis. J Exp Med. 2012;
209: 925-33. doi: 10.1084/jem.20112012.

Wu JM, Xu Y, Skill NJ, Sheng H, Zhao Z, Yu M, Saxena R,
Maluccio MA. Autotaxin expression and its connection with
the TNF-alpha-NF-kappaB axis in human hepatocellular
carcinoma. Mol Cancer. 2010; 9: 71. doi: 10.1186/1476-
4598-9-71.

Brindley DN, Lin FT, Tigyi GJ. Role of the autotaxin—
lysophosphatidate axis in cancer resistance to chemotherapy
and radiotherapy. Biochim Biophys Acta. 2013; 1831: 74—
85. doi: 10.1016/j.bbalip.2012.08.015.

Liu S, Umezu-Goto M, Murph M, Lu Y, Liu W, Zhang
F, Yu S, Stephens LC, Cui X, Murrow G, Coombes K,
Muller W, Hung MC, et al. Expression of autotaxin and
lysophosphatidic acid receptors increases mammary
tumorigenesis, invasion, and metastases. Cancer Cell. 2009;
15: 539-50. doi: 10.1016/j.ccr.2009.03.027.

Pradére JP, Klein J, Gres S, Guigné C, Neau E, Valet
P, Calise D, Chun J, Bascands JL, Saulnier-Blache JS,
Schanstra JP. LPA1 receptor activation promotes renal
interstitial fibrosis. J] Am Soc Nephrol. 2007; 18: 3110-8.
doi: 10.1681/ASN.2007020196.

Komachi M, Damirin A, Malchinkhuu E, Mogi C, Tobo M,
Ohta H, Sato K, Tomura H, Okajima F. Signaling pathways
involved in DNA synthesis and migration in response
to lysophosphatidic acid and low-density lipoprotein in
coronary artery smooth muscle cells. Vascul Pharmacol.
2009; 50: 178-84. doi: 10.1016/j.vph.2009.01.004.

Tangkijvanich P, Melton AC, Chitapanarux T, Han J, Yee
HE. Platelet-derived growth factor-BB and lysophosphatidic
acid distinctly regulate hepatic myofibroblast migration
through focal adhesion kinase. Exp Cell Res. 2002; 281:
140-7.

Watanabe N, Ikeda H, Nakamura K, Ohkawa R, Kume
Y, Aoki J, Hama K, Okudaira S, Tanaka M, Tomiya T,
Yanase M, Tejima K, Nishikawa T, et al. Both plasma
lysophosphatidic acid and serum autotaxin levels are
increased in chronic hepatitis C. J Clin Gastroenterol. 2007;
41: 616-23. doi: 10.1097/01.mcg.0000225642.90898.0e.

Watanabe N, Ikeda H, Nakamura K, Ohkawa R, Kume Y,
Tomiya T, Tejima K, Nishikawa T, Arai M, Yanase M,
Aoki J, Arai H, Omata M, et al. Plasma lysophosphatidic
acid level and serum autotaxin activity are increased in liver
injury in rats in relation to its severity. Life Sci. 2007; 81:
1009-15. doi: 10.1016/j.1£s.2007.08.013.

Tager AM, LaCamera P, Shea BS, Campanella GS,
Selman M, Zhao Z, Polosukhin V, Wain J, Karimi-Shah
BA, Kim ND, Hart WK, Pardo A, Blackwell TS, et al.
The lysophosphatidic acid receptor LPA1 links pulmonary
fibrosis to lung injury by mediating fibroblast recruitment
and vascular leak. Nat Med. 2008; 14: 45-54. doi: 10.1038/
nm1685.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Tsoutsou PG, Koukourakis MI. Radiation pneumonitis
and fibrosis: mechanisms underlying its pathogenesis and
implications for future research. Int J Radiat Oncol Biol
Phys. 2006; 66: 1281-93. doi: 10.1016/].ijrobp.2006.08.058.

Swaney JS, Chapman C, Correa LD, Stebbins KJ,
Broadhead AR, Bain G, Santini AM, Darlington J,
King CD, Baccei CS, Lee C, Parr TA, Roppe JR, et al.
Pharmacokinetic and pharmacodynamic characterization
of an oral lysophosphatidic acid type 1 receptor-selective
antagonist. J Pharmacol Exp Ther. 2011; 336: 693—700. doi:
10.1124/jpet.110.175901.

Swaney JS, Chapman C, Correa LD, Stebbins KJ, Bundey
RA, Prodanovich PC, Fagan P, Baccei CS, Santini AM,
Hutchinson JH, Seiders TJ, Parr TA, Prasit P, et al. A
novel, orally active LPA(1) receptor antagonist inhibits
lung fibrosis in the mouse bleomycin model. Br J
Pharmacol. 2010; 160: 1699-713. doi: 10.1111/j.1476-
5381.2010.00828.x.

Kihara Y, Mizuno H, Chun J. Lysophospholipid receptors
in drug discovery. Exp Cell Res. 2015; 333: 171-7. doi:
10.1016/j.yexcr.2014.11.020.

Benesch MG, Tang X, Venkatraman G, Bekele RT,
Brindley DN. Recent advances in targeting the autotaxin-
lysophosphatidate-lipid phosphate phosphatase axis in
vivo. J Biomed Res. 2016; 30: 272-84. doi: 10.7555/
JBR.30.20150058.

Noguchi K, Herr D, Mutoh T, Chun J. Lysophosphatidic
acid (LPA) and its receptors. Curr Opin Pharmacol. 2009;
9: 15-23. doi: 10.1016/j.coph.2008.11.010.

Gan L, Xue JX, Li X, Liu DS, Ge Y, Ni PY, Deng L, Lu
Y, Jiang W. Blockade of lysophosphatidic acid receptors
LPAR1/3 ameliorates lung fibrosis induced by irradiation.
Biochem Biophys Res Commun. 2011; 409: 7-13. doi:
10.1016/j.bbrc.2011.04.084.

Nakanaga K, Hama K, Aoki J. Autotaxin--an LPA
producing enzyme with diverse functions. J Biochem
(Tokyo). 2010; 148: 13-24. doi: 10.1093/jb/mvq052.

Gotoh M, Fujiwara Y, Yue J, Liu J, Lee S, Fells J,
Uchiyama A, Murakami-Murofushi K, Kennel S, Wall J,
Patil R, Gupte R, Balazs L, et al. Controlling cancer through
the autotaxin-lysophosphatidic acid receptor axis. Biochem
Soc Trans. 2012; 40: 31-6. doi: 10.1042/BST20110608.
Aikawa S, Hashimoto T, Kano K, Aoki J. Lysophosphatidic
acid as a lipid mediator with multiple biological actions.
J Biochem (Tokyo). 2015; 157: 81-9. doi: 10.1093/jb/
mvu077.

Hu YL, Tee MK, Goetzl EJ, Auersperg N, Mills GB,
Ferrara N, Jaffe RB. Lysophosphatidic acid induction of
vascular endothelial growth factor expression in human
ovarian cancer cells. J Natl Cancer Inst. 2001; 93: 762-8.
Fang X, Yu S, Bast RC, Liu S, Xu HJ, Hu SX, LaPushin
R, Claret FX, Aggarwal BB, Lu Y, Mills GB. Mechanisms
for lysophosphatidic acid-induced cytokine production in
ovarian cancer cells. J Biol Chem. 2004; 279: 9653-61. doi:

www.impactjournals.com/oncotarget

43551

Oncotarget



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

10.1074/jb¢.M306662200.

Pustilnik TB, Estrella V, Wiener JR, Mao M, Eder A, Watt
MA, Bast RC, Mills GB. Lysophosphatidic acid induces
urokinase secretion by ovarian cancer cells. Clin Cancer
Res. 1999; 5: 3704-10.

Choi JW, Herr DR, Noguchi K, Yung YC, Lee CW,
Mutoh T, Lin ME, Teo ST, Park KE, Mosley AN, Chun
J. LPA receptors: subtypes and biological actions. Annu
Rev Pharmacol Toxicol. 2010; 50: 157-86. doi: 10.1146/
annurev.pharmtox.010909.105753.

Okabe K, Hayashi M, Kato K, Okumura M, Fukui R,
Honoki K, Fukushima N, Tsujiuchi T. Lysophosphatidic
acid receptor-3 increases tumorigenicity and aggressiveness
of rat hepatoma RH7777 cells. Mol Carcinog. 2013; 52:
247-54. doi: 10.1002/mc.21851.

Sengupta S, Kim KS, Berk MP, Oates R, Escobar
P, Belinson J, Li W, Lindner DJ, Williams B, Xu Y.
Lysophosphatidic acid downregulates tissue inhibitor
of metalloproteinases, which are negatively involved in
lysophosphatidic acid-induced cell invasion. Oncogene.
2007; 26: 2894-901. doi: 10.1038/sj.onc.1210093.

Ha JH, Ward JD, Radhakrishnan R, Jayaraman M, Song
YS, Dhanasekaran DN. Lysophosphatidic acid stimulates
epithelial to mesenchymal transition marker Slug/Snail2
in ovarian cancer cells via Gai2, Src, and HIF1a signaling
nexus. Oncotarget. 2016; 7: 37664—79. doi: 10.18632/
oncotarget.9224.

Kim KS, Sengupta S, Berk M, Kwak YG, Escobar
PF, Belinson J, Mok SC, Xu Y. Hypoxia enhances
lysophosphatidic acid responsiveness in ovarian cancer cells
and lysophosphatidic acid induces ovarian tumor metastasis
in vivo. Cancer Res. 2006; 66: 7983-90. doi: 10.1158/0008-
5472.CAN-05-4381.

Kotarsky K, Boketoft A, Bristulf J, Nilsson NE, Norberg
A, Hansson S, Owman C, Sillard R, Leeb-Lundberg LMF,
Olde B. Lysophosphatidic acid binds to and activates
GPR92, a G protein-coupled receptor highly expressed in
gastrointestinal lymphocytes. J Pharmacol Exp Ther. 2006;
318: 619-28. doi: 10.1124/jpet.105.098848.

Oda SK, Strauch P, Fujiwara Y, Al-Shami A, Oravecz
T, Tigyi G, Pelanda R, Torres RM. Lysophosphatidic
acid inhibits CD8 T cell activation and control of tumor
progression. Cancer Immunol Res. 2013; 1: 245-55. doi:
10.1158/2326-6066.CIR-13-0043-T.

Chargari C, Moncharmont C, Lévy A, Guy JB, Bertrand G,
Guilbert M, Rousseau C, Védrine L, Alphonse G, Toillon
RA, Rodriguez-Lafrasse C, Deutsch E, Magné N. [Cancer
stem cells, cornerstone of radioresistance and perspectives
for radiosensitization: glioblastoma as an example]. [Article
in French]. Bull Cancer. 2012; 99: 1153-60. doi: 10.1684/
bdc.2012.1666.

Yang K, Zheng D, Deng X, Bai L, Xu Y, Cong YS.
Lysophosphatidic acid activates telomerase in ovarian
cancer cells through hypoxia-inducible factor-1a and the
PI3K pathway. J Cell Biochem. 2008; 105: 1194-201. doi:

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

10.1002/jcb.21919.

Balogh A, Shimizu Y, Lee SC, Norman DD, Gangwar
R, Bavaria M, Moon C, Shukla P, Rao R, Ray R, Naren
AP, Banerjee S, Banerje S, et al. The autotaxin-LPA2
GPCR axis is modulated by y-irradiation and facilitates
DNA damage repair. Cell Signal. 2015; 27: 1751-62. doi:
10.1016/j.cellsig.2015.05.015.

Schneider G, Sellers ZP, Abdel-Latif A, Morris Al,
Ratajczak MZ. Bioactive lipids, LPC and LPA, are novel
prometastatic factors and their tissue levels increase in
response to radio/chemotherapy. Mol Cancer Res. 2014;
12: 1560-73. doi: 10.1158/1541-7786.MCR-14-0188.

Deng W, Kimura Y, Gududuru V, Wu W, Balogh A,
Szabo E, Thompson KE, Yates CR, Balazs L, Johnson LR,
Miller DD, Strobos J, McCool WS, et al. Mitigation of the
hematopoietic and gastrointestinal acute radiation syndrome
by octadecenyl thiophosphate, a small molecule mimic of
lysophosphatidic acid. Radiat Res. 2015; 183: 465-75. doi:
10.1667/RR13830.1.

Deng W, Balazs L, Wang DA, Van Middlesworth L, Tigyi
G, Johnson LR. Lysophosphatidic acid protects and rescues
intestinal epithelial cells from radiation- and chemotherapy-
induced apoptosis. Gastroenterology. 2002; 123: 206-16.

Deng W, Wang DA, Gosmanova E, Johnson LR, Tigyi
G. LPA protects intestinal epithelial cells from apoptosis
by inhibiting the mitochondrial pathway. Am J Physiol
Gastrointest Liver Physiol. 2003; 284: G821-829. doi:
10.1152/ajpgi.00406.2002.

Kiss GN, Lee SC, Fells JI, Liu J, Valentine WJ, Fujiwara Y,
Thompson KE, Yates CR, Stimegi B, Tigyi G. Mitigation
of radiation injury by selective stimulation of the LPA(2)
receptor. Biochim Biophys Acta. 2013; 1831: 117-25. doi:
10.1016/j.bbalip.2012.08.020.

Lin FT, Lai YJ, Makarova N, Tigyi G, Lin WC. The
lysophosphatidic acid 2 receptor mediates down-regulation
of Siva-1 to promote cell survival. J Biol Chem. 2007; 282:
37759-69. doi: 10.1074/jbc.M705025200.

Xue L, Chu F, Cheng Y, Sun X, Borthakur A, Ramarao
M, Pandey P, Wu M, Schlossman SF, Prasad KVS. Siva-1
binds to and inhibits BCL-X(L)-mediated protection against
UV radiation-induced apoptosis. Proc Natl Acad Sci U S A.
2002; 99: 6925-30. doi: 10.1073/pnas.102182299.

E S, Lai YJ, Tsukahara R, Chen CS, Fujiwara Y, Yue J, Yu
JH, Guo H, Kihara A, Tigyi G, Lin FT. Lysophosphatidic
acid 2
formation regulates its antiapoptotic effect. J Biol Chem.
2009; 284: 14558-71. doi: 10.1074/jbc.M900185200.
Kolesnick R, Fuks Z. Radiation and ceramide-induced
apoptosis. Oncogene. 2003; 22: 5897-906. doi: 10.1038/
sj.onc.1206702.

Simstein R, Burow M, Parker A, Weldon C, Beckman B.
Apoptosis, chemoresistance, and breast cancer: insights
from the MCF-7 cell model system. Exp Biol Med
(Maywood). 2003; 228: 995-1003.

receptor-mediated supramolecular complex

WWW

.impactjournals.com/oncotarget

43552

Oncotarget



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Pyne NJ, Pyne S. Sphingosine 1-phosphate and cancer. Nat
Rev Cancer. 2010; 10: 489-503. doi: 10.1038/nrc2875.

Morita Y, Perez GI, Paris F, Miranda SR, Ehleiter
D, Haimovitz-Friedman A, Fuks Z, Xie Z, Reed JC,
Schuchman EH, Kolesnick RN, Tilly JL. Oocyte apoptosis
is suppressed by disruption of the acid sphingomyelinase
gene or by sphingosine-1-phosphate therapy. Nat Med.
2000; 6: 1109—14. doi: 10.1038/80442.

Pefia LA, Fuks Z, Kolesnick RN. Radiation-induced
apoptosis of endothelial cells in the murine central
nervous system: protection by fibroblast growth factor and
sphingomyelinase deficiency. Cancer Res. 2000; 60: 321-7.
Santana P, Pefia LA, Haimovitz-Friedman A, Martin S,
Green D, McLoughlin M, Cordon-Cardo C, Schuchman
EH, Fuks Z, Kolesnick R. Acid sphingomyelinase-deficient
human lymphoblasts and mice are defective in radiation-
induced apoptosis. Cell. 1996; 86: 189—99.

Samadi N, Gaetano C, Goping IS, Brindley DN. Autotaxin
protects MCF-7 breast cancer and MDA-MB-435 melanoma
cells against Taxol-induced apoptosis. Oncogene. 2009; 28:
1028-39. doi: 10.1038/0nc.2008.442.

Gomez-Muifioz A, Martin A, O’Brien L, Brindley DN.
Cell-permeable ceramides inhibit the stimulation of DNA
synthesis and phospholipase D activity by phosphatidate
and lysophosphatidate in rat fibroblasts. J Biol Chem. 1994;
269: 8937-43.

Goémez-Muiloz A, Waggoner DW, O’Brien L, Brindley
DN. Interaction of ceramides, sphingosine, and sphingosine
1-phosphate in regulating DNA synthesis and phospholipase
D activity. J Biol Chem. 1995; 270: 26318-25.

Shida D, Fang X, Kordula T, Takabe K, Lépine S, Alvarez
SE, Milstien S, Spiegel S. Cross-talk between LPA1 and
epidermal growth factor receptors mediates up-regulation
of sphingosine kinase 1 to promote gastric cancer cell
motility and invasion. Cancer Res. 2008; 68: 6569—-77. doi:
10.1158/0008-5472.CAN-08-0411.

Schleicher SM, Thotala DK, Linkous AG, Hu R, Leahy
KM, Yazlovitskaya EM, Hallahan DE. Autotaxin and
LPA receptors represent potential molecular targets for
the radiosensitization of murine glioma through effects
on tumor vasculature. PloS One. 2011; 6: €22182. doi:
10.1371/journal.pone.0022182.

Bhave SR, Dadey DYA, Karvas RM, Ferraro DIJ,
Kotipatruni RP, Jaboin JJ, Hallahan AN, Dewees TA,
Linkous AG, Hallahan DE, Thotala D. Autotaxin Inhibition
with PF-8380 Enhances the Radiosensitivity of Human and
Murine Glioblastoma Cell Lines. Front Oncol. 2013; 3: 236.
doi: 10.3389/fonc.2013.00236.

Hanahan D, Weinberg RA. Hallmarks of Cancer: The
Next Generation. Cell. 2011; 144: 646-74. doi: 10.1016/j.
cell.2011.02.013.

Liu J, Chen S, Wang W, Ning BF, Chen F, Shen W,
Ding J, Chen W, Xie WF, Zhang X. Cancer-associated
fibroblasts promote hepatocellular carcinoma metastasis

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

through chemokine-activated hedgehog and TGF-f
pathways. Cancer Lett. 2016; 379: 49-59. doi: 10.1016/j.
canlet.2016.05.022.

Bissell MJ, Hall HG, Parry G. How does the extracellular
matrix direct gene expression? J Theor Biol. 1982; 99: 31—
68.

Tlsty TD, Coussens LM. Tumor stroma and regulation of
cancer development. Annu Rev Pathol. 2006; 1: 119-50.
doi: 10.1146/annurev.pathol.1.110304.100224.

Cox TR, Erler JT. Molecular pathways: connecting fibrosis
and solid tumor metastasis. Clin Cancer Res. 2014; 20:
3637-43. doi: 10.1158/1078-0432.CCR-13-1059.

Mossman BT, Churg A. Mechanisms in the pathogenesis of
asbestosis and silicosis. Am J Respir Crit Care Med. 1998;
157: 1666-80. doi: 10.1164/ajrcem.157.5.9707141.

Jacobs TW, Byrne C, Colditz G, Connolly JL, Schnitt SJ.
Radial scars in benign breast-biopsy specimens and the risk
of breast cancer. N Engl J] Med. 1999; 340: 430-6. doi:
10.1056/NEJM199902113400604.

Ramaswamy S, Ross KN, Lander ES, Golub TR. A
molecular signature of metastasis in primary solid tumors.
Nat Genet. 2003; 33: 49-54. doi: 10.1038/ng1060.

Allinen M, Beroukhim R, Cai L, Brennan C, Lahti-
Domenici J, Huang H, Porter D, Hu M, Chin L,
Richardson A, Schnitt S, Sellers WR, Polyak K. Molecular
characterization of the tumor microenvironment in breast
cancer. Cancer Cell. 2004; 6: 17-32. doi: 10.1016/.
ccr.2004.06.010.

Chang HY, Sneddon JB, Alizadeh AA, Sood R, West RB,
Montgomery K, Chi JT, van de Rijn M, Botstein D, Brown
PO. Gene expression signature of fibroblast serum response
predicts human cancer progression: similarities between
tumors and wounds. PLoS Biol. 2004; 2: E7. doi: 10.1371/
journal.pbio.0020007.

Finak G, Sadekova S, Pepin F, Hallett M, Meterissian
S, Halwani F, Khetani K, Souleimanova M, Zabolotny
B, Omeroglu A, Park M. Gene expression signatures of
morphologically normal breast tissue identify basal-like
tumors. Breast Cancer Res. 2006; 8: R58. doi: 10.1186/
ber1608.

Casey T, Bond J, Tighe S, Hunter T, Lintault L, Patel O,
Eneman J, Crocker A, White J, Tessitore J, Stanley M,
Harlow S, Weaver D, et al. Molecular signatures suggest
a major role for stromal cells in development of invasive
breast cancer. Breast Cancer Res Treat. 2009; 114: 47-62.
doi: 10.1007/s10549-008-9982-8.

Ma X]J, Dahiya S, Richardson E, Erlander M, Sgroi DC.
Gene expression profiling of the tumor microenvironment
during breast cancer progression. Breast Cancer Res. 2009;
11: R7. doi: 10.1186/bcr2222.

Pietras K, Ostman A. Hallmarks of cancer: interactions with
the tumor stroma. Exp Cell Res. 2010; 316: 1324-31. doi:
10.1016/j.yexcr.2010.02.045.

Kalluri R. Basement membranes: structure, assembly and

WWW

.impactjournals.com/oncotarget

43553

Oncotarget



105.

106.

107.

108.

109.

110.

111.

role in tumour angiogenesis. Nat Rev Cancer. 2003; 3:
422-33. doi: 10.1038/nrc1094.

Ikeda H, Nagashima K, Yanase M, Tomiya T, Arai M,
Inoue Y, Tejima K, Nishikawa T, Omata M, Kimura S,
Fujiwara K. Involvement of Rho/Rho kinase pathway in
regulation of apoptosis in rat hepatic stellate cells. Am J
Physiol Gastrointest Liver Physiol. 2003; 285: G880-886.
doi: 10.1152/ajpgi.00039.2003.

Sauer B, Vogler R, Zimmermann K, Fujii M, Anzano
MB, Schifer-Korting M, Roberts AB, Kleuser B.
Lysophosphatidic acid interacts with transforming growth
factor-beta signaling to mediate keratinocyte growth arrest
and chemotaxis. J Invest Dermatol. 2004; 123: 840-9. doi:
10.1111/5.0022-202X.2004.23458 x.

Gordon KJ, Blobe GC. Role of transforming growth
factor-beta superfamily signaling pathways in human
disease. Biochim Biophys Acta. 2008; 1782: 197-228. doi:
10.1016/j.bbadis.2008.01.006.

Dadrich M, Nicolay NH, Flechsig P, Bickelhaupt S,
Hoeltgen L, Roeder F, Hauser K, Tietz A, Jenne J, Lopez R,
Roehrich M, Wirkner U, Lahn M, et al. Combined inhibition
of TGFp and PDGF signaling attenuates radiation-induced
pulmonary fibrosis. Oncoimmunology. 2016; 5: e1123366.
doi: 10.1080/2162402X.2015.1123366.

Zhang L, Zhou F, ten Dijke P. Signaling interplay between
transforming growth factor-f receptor and PI3K/AKT
pathways in cancer. Trends Biochem Sci. 2013; 38: 612-20.
doi: 10.1016/j.tibs.2013.10.001.

Kral JB, Kuttke M, Schrottmaier WC, Birnecker B,
Warszawska J, Wernig C, Paar H, Salzmann M, Sahin E,
Brunner JS, Osterreicher C, Knapp S, Assinger A, et al.
Sustained PI3K Activation exacerbates BLM-induced
Lung Fibrosis via activation of pro-inflammatory and pro-
fibrotic pathways. Sci Rep. 2016; 6: 23034. doi: 10.1038/
srep23034.

Rupérez M, Rodrigues-Diez R, Blanco-Colio LM,

112.

113.

114.

115.

116.

117.

118.

Sanchez-Lopez E, Rodriguez-Vita J, Esteban V, Carvajal
G, Plaza JJ, Egido J, Ruiz-Ortega M. HMG-CoA
reductase inhibitors decrease angiotensin II-induced
vascular fibrosis: role of RhoA/ROCK and MAPK
pathways. Hypertension. 2007; 50: 377-83. doi: 10.1161/

HYPERTENSIONAHA.107.091264.

Wells JE, Howlett M, Cole CH, Kees UR. Deregulated
expression of connective tissue growth factor (CTGF/
CCN2) is linked to poor outcome in human cancer. Int J
Cancer. 2015; 137: 504—11. doi: 10.1002/ijc.28972.

Bonner JC. Regulation of PDGF and its receptors in fibrotic
diseases. Cytokine Growth Factor Rev. 2004; 15: 255-73.
doi: 10.1016/j.cytogtr.2004.03.006.

Wang Z, Kong D, Li Y, Sarkar FH. PDGF-D signaling: a
novel target in cancer therapy. Curr Drug Targets. 2009; 10:
38-41.

Konigshoftf M, Balsara N, Pfaftf EM, Kramer M, Chrobak
I, Seeger W, Eickelberg O. Functional Wnt signaling is
increased in idiopathic pulmonary fibrosis. PloS One. 2008;
3: e2142. doi: 10.1371/journal.pone.0002142.

de Sousa E Melo F, Vermeulen L. Wnt Signaling in
Cancer Stem Cell Biology. Cancers. 2016; 8. doi: 10.3390/
cancers8070060.

Kavian N, Servettaz A, Weill B, Batteux F. New
insights into the mechanism of notch signalling in
fibrosis. Open Rheumatol J. 2012; 6: 96-102. doi:
10.2174/1874312901206010096.

Liu ZJ, Xiao M, Balint K, Smalley KSM, Brafford P, Qiu
R, Pinnix CC, Li X, Herlyn M. Notchl signaling promotes
primary melanoma progression by activating mitogen-
activated protein kinase/phosphatidylinositol 3-kinase-Akt
pathways and up-regulating N-cadherin expression. Cancer
Res. 2006; 66: 4182-90. doi: 10.1158/0008-5472.CAN-05-
3589.

www.impactjournals.com/oncotarget

43554

Oncotarget



