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Abstract

The 7P53gene has been widely studied for its roles in cell cycle control, maintaining genome
stability, activating repair mechanisms upon DNA damage, and initiating apoptosis should repair
mechanisms fail. Thus, it is not surprising that mutations of p53 are the most common genetic
alterations found in human cancer. Emerging evidence indicates that dysregulation of lipid
metabolism by p53 can have a profound impact not only on cancer cells but also cells of the tumor
microenvironment (TME). In particular, intermediates of the sphingolipid and lysophospholipid
pathways regulate many cellular responses common to p53 such as cell survival, migration, DNA
damage repair and apoptosis. The majority of these cellular events become dysregulated in cancer
as well as cell senescence. In this review, we will provide an account on the seminal contributions
of Prof. Lina Obeid, who deciphered the crosstalk between p53 and the sphingolipid pathway
particularly in modulating DNA damage repair and apoptosis in non-transformed as well as
transformed cells. We will also provide insights on the integrative role of p53 with the
lysophosphatidic acid (LPA) signaling pathway in cancer progression and TME regulation.

1. Introduction

The tumor suppressor 7P53was first identified in 1979 [2-4] and still remains one of the
most studied genes forty years later. More than 80,000 publications have been generated,
showcasing immense effort by the scientific community to understand the plethora of roles
that p53 play in biology. We refer readers to [5—7] for an in-depth review on p53. The p53
signaling cascade shares many commonalities with the sphingolipid and lysophospholipid
pathways in regulating the mechanisms that lead to or protect from apoptotic cell death. In
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this review, we explore the complex interplay between p53 and lipid signaling in response to
DNA damage induced by ionizing radiation, cancer therapeutics as well as
pathophysiological conditions accompanied by oxidative genotoxic and metabolic stress.

Brief overview of the sphingolipid metabolic pathway

Sphingolipids are a class of lipids composed of a core sphingoid backbone, termed
sphingosine. There are several pathways involved in the biosynthesis of sphingolipids as
summarized in Fig. 1. The de novo biosynthesis of sphingolipids is initiated by serine
palmitoyltransferase, which catalyzes the condensation of serine and palmitoyl-CoA to form
3-ketodihydrosphingosine. This is followed by a series of reduction, acylation and
desaturation reactions catalyzed by 3-ketoreductase, ceramide synthase and dihydroceramide
desaturase, respectively, to form ceramide. Attachment of a variety of moieties to the head
group of ceramide gives rise to ceramide-1-phosphate (C1P) and more complex
sphingolipids such as sphingomyelins and glycosphingolipids. Ceramide can be further
degraded by ceramidases to generate sphingosine, which is phosphorylated by sphingosine
kinases (SPHKSs) to produce sphingosine-1-phosphate (S1P). Besides the de novo pathway,
ceramide can also be generated via the breakdown of C1P by C1P phosphatase,
sphingomyelins by a family of enzymes termed sphingomyelinases (SMase) or
glycoceramides by the actions of acid B-glycosylceramidase. Lastly, ceramide can be
synthesized from the recycling of sphingosine by ceramide synthases. A detailed review on
the metabolism of sphingolipids can be found in [8,9].

3. Crosstalk of sphingolipids with the p53 pathway

Besides serving as structural components of the cell membrane, sphingolipids regulate a
plethora of cellular processes ranging from cell proliferation, survival, and migration to
inflammation, senescence, and death (Fig. 2). Emerging evidence indicates that DNA
damage induced by either metabolic stress or genotoxic stress (i.e. chemotherapeutic agents,
UV and ionizing radiation) perturbs sphingolipid homeostasis [10].

4. Sphingomyelinase and the p53 pathway

The increase in endogenous levels of ceramide induced by serum deprivation, ionizing
radiation and chemotherapeutic agents, and their role in cell cycle arrest, senescence and
apoptosis have been documented since the early 1990s [11-14]. The similarities in the
biological functions of ceramide with p53 prompted Lina Obeid’s group to investigate the
possible crosstalk between these two signaling pathways in 1998. They found that treatment
of Molt-4 leukemia cells with either actinomycin D or ionizing irradiation activates p53-
dependent apoptosis along with a concomitant increase in endogenous levels of ceramide.
The accumulation of ceramide under such conditions was not observed in cells lacking
functional p53. However, in scenarios where cell growth was suppressed following serum
withdrawal or TNFa treatment, ceramide accumulation occurred irrespective of p53 status,
suggesting that the increase in endogenous ceramide levels could be a common cellular
response to stress that may be regulated in a p53-dependent or independent manner [15]. As
mentioned previously, ceramide can be generated via multiple pathways. The two main
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sphingolipid metabolizing enzymes reported to be regulated by p53 are the
sphingomyelinases (SMases) and ceramide synthases (CerS). The SMases family of
enzymes are divided into three groups - neutral, acid and alkaline SMases (nSMases,
aSMases and alk-SMases, respectively) [16]. Whereas there are six mammalian CerS
enzymes termed CerS1-6 [17].

Neutral sphingomyelinase

Studies by Sawada et al., showed that treatment of human glioma cells with etoposide
induced p53-dependent reactive oxygen species O,~ formation, which in turn activated
nSMase leading to the accumulation of ceramide and death of these glioma cells [18]. This
is consistent with earlier observations where DNA damage caused by ionizing radiation or
the chemotherapeutic drug daunorubicin increased ceramide levels through the actions of
nSMases [13,19]. There are at least four mammalian nSMases that are active at neutral pH,
termed nSMasel, nSMase2, nSMase3, and mitochondria associated MA-nSMas [16]. A
direct transcriptional upregulation of nSMase2 was demonstrated in MCF-7 breast cancer
cells treated with doxorubicin. Specifically, the authors found that doxorubicin-induced
nSMase?2 expression was mediated by the DNA damage effectors ataxia telangiectasia and
Rad3-related protein (ATR) and checkpoint kinase 1 (Chk1). Both pharmacological
inhibition and siRNA knockdown of ATR or Chk1 blocked nSMase2 upregulation in
response to doxorubicin. As ATR and Chk1 pathways converge on p53, it was no surprise
that siRNA knockdown of p53 or overexpression of mutant p53-R280K, which lacks DNA-
binding capacity, abolished doxorubicin-induced transcriptional upregulation of nSMasez2.
The putative p53 binding site was mapped to a transcription start site upstream of exon 3 of
nSMase2 [20].

4.2. Acid sphingomyelinase

Lymphoblasts isolated from patients with Niemann-Pick’s disease (NPD) are resistant to
ionizing-radiation-induced apoptosis due to a lack of aSMase expression. Retroviral
transduction of aSMase restored the ability of these lymphoblasts to generate ceramide and
sensitized them to apoptosis following radiation exposure [21]. Interestingly, the authors
proposed that aSMase may induce apoptosis in a manner that is independent of the p53
pathway, suggesting that p53 may differentially regulate members of the SMase family of
enzymes. By comparing the extent of apoptotic response in various tissues isolated from
aSMase-null or p53-null mice following radiation exposure, the authors revealed that
ionizing radiation can activate two distinct signaling mechanisms to induce apoptosis in a
manner that is also dependent on the cell/tissue type [21].

There has been a constant debate in the field as to which of the enzymes - SMase or CersS -
is predominantly responsible for the increase in ceramide levels following genotoxic injury.
Studies by Vit and Rosselli showed that ceramide generation in response to ionizing
radiation may occur in a biphasic manner, with each phase individually regulated by aSMase
or CerS [22]. Specifically, the first rapid and transient production of ceramide is tied to
aSMase activation, whereas a more robust and longer-lasting elevation in ceramide that
manifests 8-24 h after radiation exposure is tied to CerS activity as it is inhibited by the
CerS inhibitor Fumonisin B1. However, the second phase of ceramide elevation is absent in
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lymphoblasts isolated from NPD patients even though these cells have normal resting CerS
activity, indicating that radiation-induced activation of CerS may be partially linked to
aSMase activation [21,22].

5. Ceramide synthase and the p53 pathway

On the contrary, studies by Panjarian et al., argued that p53-dependent ceramide
accumulation occurs predominantly via the de novo pathway instead of via hydrolysis of
sphingomyelin by SMases. The key enzyme of the de novo pathway responsible for the
increase in ceramide levels following y-irradiation or ZnCl, treatment in Molt-4 leukemia
cells or EB-1 colon cancer cells, respectively, was identified to be ceramide synthase 5
(CerSbh) [23]. This is consistent with data obtained by Bose et al., where Fumonisin B1
blocked daunorubicin-induced ceramide accumulation and apoptosis in P388 and U937 cells
[14]. In another study, p53-dependent upregulation of CerS6 and the subsequent
accumulation of C16-ceramide was observed in A549 and HCT116 cancer cell lines
subjected to metabolic stress either by depletion of folate from growth media or from
overexpression of the folate-metabolizing enzyme Aldh1l1. This effect was not observed in
p53-null cells or the transcriptionally inactive p53-R175H mutant, suggesting that functional
p53 is required to upregulate CerS6 expression. Moreover, accumulation of C16-ceramide
was also abolished when cells were treated with Fumonisin B1 or siRNA silencing of CerSé
[24]. Interestingly, a recent study by Fekry et al., reported C16-ceramide to be a natural
ligand that binds within the DNA binding domain of p53. Specifically, the acyl chain of
ceramide interacts in close proximity to the BOX V motif of p53, which is involved in the
binding with the E3 ligase MDM2. This interaction is highly specific to C16-ceramide as
neither dihydro-C16-ceramide nor ceramide with varying acyl chain length binds to p53.
Binding of C16-ceramide to p53 disrupted its complex with MDM2 and promoted p53
translocation to the nucleus to activate transcription of downstream targets such as p21 and
PUMA [25]. Thus, the finding that p53 transcriptionally upregulates CerS6 leading to the
accumulation of C16-ceramide [24] coupled with the discovery that C16-ceramide itself can
directly bind to and regulate p53 activation suggest a possible feedback mechanism in place
that may serve to amplify stress response signals within cells [25]. Consistent with this
finding, exogenously applied C16-ceramide has been reported to upregulate p53 expression
and activity in HCT116 cells [26]. Similarly, exogenous treatment of various cell types with
C2-ceramide has also been reported to upregulate p53 [27,28]. More recently, work by
Chang et al., described a phenomenon where exogenous C2-ceramide differentially regulates
both wildtype p53 and mutant p53 in breast cancer cells lines. The authors found that
exogenous C2-ceramide induced apoptosis in MDA-MB-231 cells, which harbor mutant
p53, by downregulating its expression. Whereas in MCF-7 cells harboring wildtype p53,
exogenous C2-ceramide caused a transient increase in the expression of p53, p21, and the
retinoblastoma protein (RB) to induce growth arrest and senescence in MCF-7 cells [29].
Taken together, these studies show that ceramide can function downstream or upstream of
p53, or independent of p53 [28], depending on cell types and stimuli applied.
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6. Ceramidase and the p53 pathway

The conversion of ceramide to sphingosine is mediated by the action of ceramidases, which
are classified into three groups - acid ceramidase (ASAH1), neutral ceramidase (ASAH2)
and alkaline ceramidase (ACER1-3). It has been reported that ASAH1 expression was in
part upregulated by p53 in human U-87 glioblastoma cells in response to y-radiation. This
led to a decrease in ceramide levels and protected U-87 cells from apoptosis induced by y-
radiation [30]. ACER?2 is another ceramidase found to be upregulated in response to DNA
damage in cancer cell lines harboring functional p53 but not in p53-deficient cell lines [31].
The putative p53 binding site was mapped to the first intron of the ACER2 gene by two
independent groups [32,33]. The authors demonstrated that the magnitude of DNA damage
and p53 activation determine the level of expression of ACER2, which can result in the
activation of pro-survival signals, cell cycle arrest, senescence or apoptosis [33].

7. Sphingosine kinase and the p53 pathway

Sphingosine kinases 1 and 2 (SPHK1 and SPHK?2) catalyze the phosphorylation of
sphingosine to generate S1P, which regulates cell proliferation, survival and migration [34].
In this section, we highlight the seminal work by Lina Obeid’s group in identifying SPHK1
as a critical downstream target of p53 and discuss its roles in modulating DDR. In 2004,
Taha et al., demonstrated that activation of p53 in response to DNA damage caused by
genotoxic stress (actinomycin D, doxorubicin, etoposide and y-radiation) led to the
degradation of SPHK1 in Molt-4 leukemia cells. This effect was absent in Molt-4 E6 cells
expressing the human papillomavirus E6 protein, which targets p53 for degradation [35].
This finding indicates that p53 is a prerequisite for DNA damage-mediated proteolysis of
SPHKZ1. Using the pan-caspase inhibitor ZVAD, the authors found that degradation of
SPHK1 in response to actinomycin D was completely blocked, suggesting the involvement
of caspase proteases in mediating SPHK proteolysis. The authors found that caspase 3, 6, 7,
and 9, together with the lysosomal protease cathepsin B, were all involved at varying
degrees in mediating proteolysis of SPHK upon DNA damage [33,35,36]. In support of
these findings, Heffernan-Stroud et al., showed that SPHK1 proteolysis occurred in wild
type mouse embryonic fibroblasts (MEFs) exposed to UV radiation but not in p53-null
MEFs. Interestingly, the p53-mediated proteolysis of SPHK1 was found to be dependent on
caspase-2 activation as treatment of wild type MEFs with the caspase-2 inhibitor z-VDVAD
completely abrogated SPHK1 degradation [37]. Similar findings were reported by Carroll et
al., where silencing caspase-2 using siRNA or using MEFs isolated from caspase-2-null
mice failed to initiate SPHK1 proteolysis upon DNA damage [38]. To complement these in
vitro observations, Heffernan-Stroud et al., found that p53-null mice have elevated
expression of SPHK1 with a concomitant increase in S1P levels and a decrease in ceramide
levels. These p53-null mice were more prone to spontaneously develop thymic lymphoma
compared to their wild type littermates. Incidentally, deletion of SPHK1 in p53-null mice
reduced the occurrence of thymic lymphomas possibly by rectifying the levels of ceramide
and S1P, and restoring the expression of cell cycle mediators such as p16 and p21 to induce
cellular senescence [37].
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As p53 is frequently mutated in the majority of cancer [39], it would be of interest to study
how SPHK1 is regulated in response to DNA damage in cancers harboring mutant p53.
Once again, work by Obeid’s group demonstrated that in MDA-MB-231 breast cancer cells
harboring mutant p53, doxorubicin failed to induce caspase-2 mediated proteolysis of
SPHKZ1. The authors found the Chk1 pathway was responsible for inhibiting caspase-2
activation in p53-null cancer cells [38], a phenomena that was described in earlier studies
[40,41]. Pharmacological inhibition or genetic silencing of Chk1 led to the activation of
caspase-2 and subsequent SPHK1 degradation in response to genotoxic stress, suggesting
that SPHK1 is a novel downstream target of the Chk1-suppressed pathway. However, the
mechanism by which caspase-2 mediate SPHK1 proteolysis, whether by directly cleaving
SPHK1 or recruitment of other accessory proteins, remains unknown [38].

8. S1P lyase and the p53 pathway

Finally, S1P lyase (SPL), the enzyme that irreversibly terminates S1P signaling, was
reported to regulate apoptosis in a p53-, caspase-2-, and p38-dependent manner. Oskouian
and colleagues found that ectopic expression of functional SPL in HEK293 cells, but not the
catalytically inactive SPL-K353L mutant, potentiated apoptosis in response to DNA damage.
Likewise, genetic silencing of endogenous SPL diminished etoposide induced cell death,
suggesting a critical role of SPL in modulating DDR. The apoptotic event potentiated by
SPL was mediated by p53, as inhibition of p53 with pifithrin-a or overexpression of the
dominant negative p53-R248W mutant, abrogated etoposide-induced apoptosis. These
findings, together with the observation that SPL is down-regulated in human colon cancer
and in adenomatous lesions of the Minmouse model of intestinal tumorigenesis, suggests
that SPL may contribute to carcinogenesis via controlling the balance of bioactive
sphingolipid intermediates [42].

9. Synopsis of sphingolipid regulation of p53

10.

In summary, these studies clearly demonstrate the complex interplay between the p53 and
sphingolipid signaling pathways in modulating DDR toward metabolic and genotoxic stress
(Fig. 2). In order to harness the biology of sphingolipids for the treatment of cancer, it is of
paramount importance to gain an in-depth understanding on the mechanisms by which p53
(both wildtype and mutant) crosstalk with sphingolipids at multiple steps of the DDR.

Introduction to LPA metabolism and LPA receptors

Lysophosphatidic acid (LPA) is a membrane-derived glycerophospholipid with a polar
phosphate head group, a glycerol backbone, and a long fatty acyl chain [43]. Multiple
pathways are involved in the biosynthesis of LPA as summarized in Fig. 3. Hydrolysis of
phosphatidylcholine (PC) by phospholipase A (PLA) produces lysophosphatidylcholine
(LPC), which is further cleaved by the enzyme autotaxin (ATX; ENPP2) to generate LPA.
This reaction produces the major source of extracellular LPA circulating in biological fluids
[44]. LPA is also synthesized by three enzymes located in the endoplasmic reticulum (ER)
or the mitochondrial membrane; glycerol-3-phosphate acyltransferase, phospholipase A, and
acylglycerol kinase, which contribute to the major source of intracellular LPA [45-47].
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Likewise, LPA is degraded by several enzymes, including LPA acyltransferases (LPAAT),
lipid phosphate phosphatases (LPP), and lysophospholipases to generate phosphatidic acid
(PA), monoacylglycerol (MAG), and glycerol-3-phosphate, respectively [48-50]. LPA elicits
its biological functions by activating multiple G-protein-coupled LPA receptors (LPAR). To
date, at least six LPAR, termed LPAR1-6 have been identified. LPAR1-3 belong to the
endothelial differentiation gene (EDG) family [51], whereas LPAR4-6 are classified as
members of the P2Y receptor family [52,53].

Regulation of p53 by the LPA signaling axis

Through the recruitment of different G-protein subunits, LPARs mediate many of the
cellular events involved in cancer progression including cell survival [54], protection against
apoptosis [55,56] and migration [57]. As these cellular processes are also commonly
regulated by p53, we discuss findings from studies that looked at the crosstalk between LPA
and p53 signaling pathways.

Previous studies provided evidence for the involvement of LPA/LPAR1 axis in lung cancer
carcinogenesis [58]. Furthermore, the survival rate of A549 lung cancer cells treated with
cisplatin was significantly elevated by LPARZ2 agonist but inhibited by LPAR3 agonist,
suggesting that the EDG-family of LPA receptors play important roles in the regulation of
chemoresistance to anticancer drugs [59]. The first evidence linking LPA to p53 signaling
was reported by Murph et al., who showed that overexpression of LPAR1 and LPAR2
reduced the transcriptional activity and nuclear abundance of p53 in A549 cells. Moreover,
treatment of A549 cells with the PI3K/Akt inhibitor LY294002 blocked LPAR-dependent
suppression of p53 nuclear localization, suggesting that the repression of p53 signaling by
LPA is mediated via the PI3K/Akt pathway [60]. In support of this finding, Hurst-Kennedy
et al., found that activation of the LPA/LPARL1 signaling axis decreased nuclear p53 protein,
inhibited p53 transcription activity, and protected rat growth plate chondrocytes from
apoptosis induced by inorganic phosphate and chelerythrine [61]. In colon cancer cells, LPA
has been shown to negatively regulate p53 expression via LPAR2 activation and MDM2
induction. Inhibition of MAPK/ERK signaling by U0126 blocked MDMZ2 induction and
restored p53 activities, implying that the degradation of p53 is regulated via LPAR2/MAPK
activation [62]. LPA regulation of glucose metabolism and p53 expression to promote
survival of T lymphoma cells has also been demonstrated recently [63]. Therefore, LPA
appears to inhibit p53 activity in tumor cells thus functionally pheno-copying the mutational
inactivation of p53 found in many human cancers.

LPA also inhibits apoptosis induced by starvation via increasing HIF1-a expression, which
has been reported to suppress apoptosis by modulating the activity of p53. Interestingly, Lee
and colleagues identified KLF5 as a novel target downstream of LPA signal to increase
HIF1-a transcription [62]. Treatment of LPA enhanced the retention of KLF5 on the HIF1-a
promoter while decreasing p53 occupancy. Through this mechanism, LPA protects cells
against hypoxic signaling by increasing the expression of HIF-1a.. On the other hand, direct
and indirect evidence indicate mutual antagonism between p53 and NFxB, which has been
reported to transcriptionally upregulate the expression of LPARs and ATX [1] during cancer
development and chronic inflammation [64]. Heyne et al., demonstrated that MDM?2
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suppressed the NFxB-mediated gene expression and reduced its DNA binding affinity. This
observation emphasized that the homeostasis of p53 and NFxB share the same regulatory
mechanism [65] and suggests an indirect regulation through p53-dependent NFxB activity
on LPA signaling during tumorigenesis. Taken together, these findings indicate that LPA
might differentially activate various signals to regulate p53 activity and hence protects
cancer cells against apoptosis in different cancer types. However, studies have also shown
that LPA can promote cell death. Specifically, activation of LPAR1 and LPAR2 induce p53-
independent p21 expression via ERK phosphorylation and transcription factor CEBP,
which synergistically generate growth inhibitory signals in TGFp-treated ovarian cancer
cells [66]. LPA signaling through LPAR1 induced anoikis-mediated apoptosis in lung
epithelial cells but increased adherence and resistance to apoptosis in fibroblasts. The
expression level of p53 was found to be significantly reduced in LPAR1-null cells,
suggesting that the LPAR1-dependent apoptosis might be mediated by p53 [67].

In recent years, emerging studies have shown that LPA plays critical roles in age-related
disorders [68—70]. Therefore, it is not surprising that LPA can regulate cell senescence via
modulation of p53-mediated control of cell cycle progression, apoptosis, and DNA repair
during cell senescence [71]. LPA has been reported to differentially regulate the levels of
cAMP in senescent and young fibroblasts. The aging-related increase of cAMP with LPA
treatment is associated with PKA activation [72]. Moreover, it has been shown that this LPA/
cAMP axis further affects PKA activities, resulted in higher levels of inhibitory
phosphorylation of AMPK-a. This response decreases the activity of p53 that in turn
promotes cell proliferation of senescent fibroblasts [73]. In patients with Hutchinson-Gilford
Progeria Syndrome - a premature aging disorder - the protein Progerin has been reported to
be modulated by a p53 isoform [74]. Chen and his colleagues found that LPAR3 minimized
the levels of reactive oxygen species by upregulating antioxidant enzymes thereby reducing
cell senescence in Progerin-transfected cells [70]. Moreover, LPA has been reported to
enable murine neuronal and fibroblast cells to bypass p53-dependent senescence [75].
Specifically, overexpression of LPAR2 resulted in the constitutive activation of RhoA GT-
Pase, which allowed mouse fibroblasts to bypass cell senescence [75]. However, in LPAR2-
overexpressing fibroblasts, p53 still maintained its functional response to cisplatin-induced
DNA damage, indicating that LPAR2 signaling does not negate the function of p53 in
transduced fibroblasts. On the contrary, previous studies suggested that activation of LPAR1
or LPAR3 signaling induced p53 and p21 expression. The action of the p53—p21 axis
resulted in enrichment of cells in GO phase and promoted cell senescence in human bone
marrow stromal cells [76]. These actions support the hypothesis that LPA would generate
differential effects on p53 signaling in different tissues and cell types.

12. Regulation of the Autotaxin-LPA-axis by the p53 pathway

Thusfar, only a few studies reported on the regulation of LPA by p53. Chryplewic et al.,
demonstrated that mutant p53 repressed the expression of LPA phosphatase type 6 (ACP6),
the enzyme that degrades LPA into MAG. The resultant increase in LPA levels potentiated
pro-tumorigenic events (i.e. proliferation, adhesion, migration, invasion) that drive ovarian
cancer progression and metastasis [77]. In breast cancer cells harboring mutant p53, elevated
phospholipase D (PLD) and the MAP kinase activities were critical in maintaining the
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stability and increasing the expression of mutant p53. Considering the fact that PLD
generates PA that is one of the intracellular precursors of LPA, this result indicates that a
PLD-stabilized mutant p53 may potentially contribute indirectly to the inhibition of
apoptosis in human breast cancer cells [78]. Taken together, investigating p53 signaling
linked to the regulation of ATX-LPA axis might be an important mechanism that regulates
cell growth in various physiological systems. Emerging evidence points to a critical role of
the ATX-LPA signaling axis in modulating cells of the tumor microenvironment (TME)
[79]. A number of studies have demonstrated that increased expression of ATX promotes
cancer progression and metastasis in ovarian cancer [80,81], malignant melanoma [82], and
breast carcinoma [83]. It was also demonstrated that different cell types in the TME secret
ATX [84-86], implying that ATX may play a role in shaping metastatic niches to support
tumor progression [87]. However, the regulatory machinery that controls the transcription of
ATX, particularly by p53, has not been sufficiently elucidated. Previous studies reported that
ATX is transcriptionally regulated by the transcription factors c-Jun and Sp3 in
neuroblastoma cells [88]. The putative binding sites of c-Jun and Sp3 are mapped to the first
285 bp of the ATX promoter, occurring through a CRE/AP-1 like element and GAbox,
respectively. A more recent study showed that c-Jun promotes the transcriptional activity of
EnppZ, the gene that encodes AT X, which is associated with increased metastasis and poor
prognosis in sarcomas [89]. Moreover, microarray results showed that ATX is a specific
target of cell transformation by v-Jun, the mutant form of c-Jun. Notably, c-Jun repressed the
accumulation of p21 by inhibiting p53 expression in proliferating fibroblasts [90]. In
summary, these evidence suggest a potential crosstalk between p53 signaling and ATX
expression during cancer development, which might be predominantly mediated by c-Jun.

13. The role of p53 in the regulation of ATX expression in non-transformed

cells

We have previously reported that exposure to therapeutic levels of -y-radiation elevates
circulating LPA levels in blood plasma and also increases the expression of LPAR2 [1].
Increased plasma LPA concentration indicates either an upregulation of ATX or the
inhibition of LPA breakdown. As discussed above, Chryplewic et al. [77] reported that gain
of function mutants of p53 inhibit LPA phosphatase ACP6 leading to an elevation of LPA in
ovarian carcinoma ascites. However, our observation of plasma LPA elevation at 4 h post-
irradiation makes it unlikely that a gain of function mutation in p53 would penetrate and
cause a robust and rapid downregulation of ACP6 protein and its enzymatic activity. Thus,
we examined whether other regulatory mechanisms might exist between p53 and ATX.
Preliminary experiments using p53 inhibitors in fibroblasts showed elevated LPA level in the
conditioned medium (data not shown). This led us to examine circulating LPA level in
p53~/~ mice obtained from Jackson Laboratories (Bar Harbor, ME, USA). We found that the
plasma ATX activity in C57BI/6 p537~ mice was significantly higher compared with wild
type (WT) mice of the same strain. (Fig. 5A). We have established primary intestinal mouse
myofibroblast (IMF) cells from WT and p53 7~ mice, respectively and examined ATX
transcript abundance using quantitative RT-PCR. We found that IMF derived from p53 /-
mice showed ~16-fold higher ATX transcripts relative to WT IMF (Fig. 5B). Comparison of
ATX protein in the conditioned medium of p537~ IMF with WT IMF using Western blotting
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showed a robust elevation (Fig. 5D). We also tested the effect of irradiation on ATX
expression and p53 expression in WT IMF and p53/~ IMF using Western blotting
(unpublished).

To reproduce the p53/~ phenotype, WT IMF were treated with Nutlin that blocks MDM2-
dependent degradation of p53 leading to activation of the p53 signaling pathway (Figs. 5E &
6). In WT IMF, Nutlin reduced ATX activity that is consistent with the inhibitory effect of
p53 signaling on ATX expression. In contrast, Nutlin failed to reduce ATX activity in p537/~
IMF (Fig. 5E). We also compared the effect of -y-irradiation in WT versus p537~ IMF on
ATX activity in serum-free conditioned medium. In WT IMF, y-irradiation caused a dose-
dependent decrease in ATX activity in the medium (Fig. 5F). However, in p537~ IMF we
detected a radiation dose-dependent increase in ATX production (Fig. 5F), which is
consistent with our earlier report showing that the activation of the NFkB signaling by the y-
irradiation-induced cytokine surge causes increased AT X expression and enzymatic activity
[1]. These results taken together indicate that p53-dependent and -independent mechanisms
both regulate the expression of ATX protein in IMF.

Our observation of negative regulation of ATX expression by p53 in non-transformed
fibroblasts leads to a new hypothesis for the reprogramming of the ATX-LPA axis in the
TME that originates from the observation that tumor-derived paracrine factors inhibit p53 in
cancer-associated fibroblasts (CAF) [91-93] (Fig. 6). It appears that inactivation of p53
within a cell affects not only the cell itself but also its microenvironment via the ATX-LPA
axis. This non-cell autonomous effect of p53 might be extremely important in the context of
cancer and its adjacent stromal cells. Studies have shown that activation of p53 in fibroblasts
inhibits the growth, survival and spread of neighboring cancer cells [91-99]. This occurs
mainly through a p53-dependent down-regulation of pro-tumorigenic factors such as SDF-1
[91], hepatoma-derived growth factor [100], and upregulation of antitumorigenic factors
such as PTGF-p [101] and IGF-BP3 [102]. Interestingly, cancer cells can overcome this
inhibitory effect by suppressing the p53 activity in stromal cells, thereby reprogramming the
TME to be more conducive for tumor progression. Indeed, clinical and experimental data
show that CAFs acquire somatic p53 mutations [103,104]. Preliminary evidence of ATX
upregulation in CAF is evident in biopsies of aggressive human breast cancers and
correlated with the Ki67 proliferation marker positivity in the 5 cases examined. In these
biopsies, tumor cells have shown strong to very modest ATX immune staining, yet the
fibroblasts surrounding the tumor cells foci were stained intensively for ATX (Fig. 6 B & C).
These preliminary findings supported by multiple reports in the literature suggest that further
research is needed to dissect the transcriptional and post-transcriptional regulation of ATX
and tissue LPA level.

14. Synopsis of LPA regulation of p53 signaling

In summary, LPA signaling appears to counter p53-dependent apoptosis through altering the
homeostasis of p53 via activation of Akt, ERK, or PKA signaling in cancer cells or stromal
cells of TME. On the other hand, p53 can modulate the expression of LPA receptors and
ATX by regulating NFxB and c-Jun activities (Figs. 3-5). Thus, further research is needed in
order to fully elucidate the underlying mechanisms involved in the crosstalk between LPA
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and p53 signaling pathways. Targeting these mechanisms that comprise the LPA-p53 axis
may offer new therapeutic strategies for cancer treatment.
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Crosstalk between the p53 and sphingolipid pathways.The complex interplay of p53 with

key enzymes of the sphingolipid metabolic pathway in modulating DDR is shown above.
The dotted red line represents the feedback mechanism between p53, CerS6 and C16-
ceramide to amplify the stress signals in response to metabolic or genotoxic stress. The
orange dotted line represents inhibition of caspase-2 by Chk1 in p53-mutant cancer cell
lines, and the green dotted box depicts that cellular outcome (survival, growth arrest or
apoptosis) is dependent on the magnitude of DNA damage, extent of p53 activation and
levels of ACER2 expression in cells.
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Metabolic pathways of LPA production.DAG: diacylglycerol; PAP: phosphatidic acid

phosphatase; PLA: phospholipase A; LPAAT: LPA acyltransferase; PC:
phosphatidylcholine; LPC: lysophosphatidylcholine PC: phosphatidylcholine; PA:
phosphatidic acid; LPC: lysophosphatidylcholine; LPAR: LPA receptors.
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The potential signaling interactions between LPA and p53 in transformed cells. Mutant p53,
which is stabilized by PLD and inhibits the expression of ACP6, affects the metabolism
pathway of LPA. Activation of LPARs stimulate the Akt, ERK or MAP kinase signaling and
further inhibit the activity of p53. Furthermore, NFxB and c-Jun repress the functions of p53
to transcriptionally activate the expression of ATX or LPARs. On the other hand, LPA-
LPARs axis increases the expression of KLF5, which competes with p53 to promote
expression of HIF-1a in response to hypoxic conditions within the TME. PC:
phosphatidylcholine; PA: phosphatidic acid; LPC: lysophosphatidylcholine; LPARSs: LPA
receptors.
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Fig. 5.

Nggative regulation of ATX in non-transformed fibroblast cell. Panel A. Reaction rate of
ATX in WT vs p53 '~ mouse plasma. For methods see Balogh et al. [1] Average reaction
rates (+ SEM) were compared using two-tailed #test in GraphPad between WT and p537/~
mouse plasma (7= 5 for WT, n= 4 for p53/~). Panel B. Relative mRNA abundance
measured by quantitative RT-PCR of ATX in WT (black bars) and p53 = (red bars) murine
IMF. Panel C. C57BI6 mice (male, 8-10 weeks old) were injected IP with 2.2 mg/kg
pifithrin-a or vehicle (1.8% DMSO in PBS). Plasma was collected 24 h later. ATX activity
was measured as described in Balogh et al. [1]. Average reaction rates were then compared
between treated vs. non-treated irradiated samples using a one-factor ANOVA with
Bonferroni’s post-test in GraphPad to determine if rates differed significantly. (7= 6). Panel
D. p53~/~ IMF secrete elevated amounts of ATX compared to WT MEF cells as revealed by
Western blotting. 108 MEF cells were cultured in serum-free medium for 48 h and the cell-
free medium was collected and concentrated ~50-fold. Fifty ug protein was loaded on 10%
SDS-PAGE and Western blotting was performed using the 4F1 rat monoclonal anti-ATX
antibody (kind gift from Drs. J. Aoki and K. Kano, Tokyo University) using the method
described previously in Balogh et al. [1] Panel E. Treatment with the p53 inhibitor Nutlin
(20 uM for 24 h) reduced ATX activity in the serum free conditioned medium of WT IMF
but had no effect in p537~ IMF (Average reaction rates = SEM, 1= 4). Panel F. y-
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Irradiation of WT IMF showed a dose-dependent decrease in ATX activity whereas, in
p537~ it failed to reduce ATX reaction rate (Average reaction rates + SEM, n = 4).
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A. Hypothesis for p53 inhibition-mediated upregulation of ATX in CAF. Tumor cell derived
paracrine factors inhibit p53, which in turn abolishes p21-mediated inhibition of downstream
signals that include cyclinD1/E and cyclin-dependent kinase 2/4/6. Dysinhibition of the
cyclin-CDK axis further activates downstream targets such as E2F, p107/130, and
retinoblastoma (Rb) transcription factors. It is yet to be determined which of transcription
factors is responsible for the upregulation of ATX transcription. On the other hand, tumor
cell-derived ATX via the LPAR pathway has been demonstrated to drive ATX expression via
NFkB-mediated transcriptional activation. Red arrows represent activation, green lines
represent inhibition. The yellow block represents a CAF and the suggested mechanism for
p53 inactivation and the ensuing activation of p53 transcription. B & C. A representative
ATX immunostaining of an infiltrating ductal breast carcinoma case stained with anti-p53
(B) and 4F1 anti-ATX rat monoclonal antibody (C). Note that the tumor cells are intensively
stained for p53, an indication that it is stabilized due to mutation. An adjacent section shows
strong desmoplastic reaction with stromal fibroblasts in the immediate vicinity of the tumor
cells displaying strong ATX positivity whereas, stromal cells farther away from the tumor
(upper right corner of the panel) do not express ATX. Black arrows denote clusters of ATX
positive CAF. De-identified specimens exempted from IRB regulation were obtained from
the UTHSC Tissue Archive.
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