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Abstract

Patients with unresectable hepatocellular carcinoma (HCC) cannot generally be cured by systemic
chemotherapy or radiotherapy due to their poor response to conventional therapeutic agents. The
development of novel and efficient targeted therapies to increase their treatment options depends
on the elucidation of the molecular mechanisms that underlie the pathogenesis of HCC. The DNA
damage response (DDR) is a network of cell-signaling events that are triggered by DNA damage.
Its dysregulation is thought to be one of the key mechanisms underlying the generation of HCC.
Sphingosine-1-phosphate (S1P), a lipid mediator, has emerged as an important signaling molecule
that has been found to be involved in many cellular functions. In the liver, the alteration of S1P
signaling potentially affects the DDR pathways. In this review, we explore the role of the DDR in
hepatocarcinogenesis of various etiologies, including hepatitis B and C infection and non-
alcoholic steatohepatitis. Furthermore, we discuss the metabolism and functions of S1P that may
affect the hepatic DDR. The elucidation of the pathogenic role of S1IP may create new avenues of
research into therapeutic strategies for patients with HCC.
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Introduction

The incidence of hepatocellular carcinoma (HCC), which is the most common type of
primary liver cancer and which is associated with a very high mortality rate, is increasing
[1]. The geographic distribution of HCC mortality is similar to that of its incidence; both are
high in Asia and Africa [2]. Most HCC patients have severe liver dysfunction related to
conditions such as chronic hepatitis B virus (HBV) or hepatitis C virus (HCV) viral
infections, alcohol abuse, and metabolic disease [2]. Such conditions lead to 80 % of cases
being ineligible for curative surgical treatment [3]. Patients with unresectable HCC cannot
generally be cured by systemic chemotherapy or radiotherapy [3], because hepatoma cells
respond poorly to conventional approaches [4-6]. Given the limited efficacy of existing
treatments for hepatoma cells, the molecular mechanisms underlying the pathogenesis of
HCC need to be understood so that novel and efficient targeted therapies may be developed
for these patients.

One of the key mechanisms driving the generation of HCC is thought to be dysregulation of
the DNA damage response (DDR). The DDR is a network of cellular signaling pathways
that repairs the tens of thousands of DNA damage events that occur in the cells of the human
body each day [7]. The DDR pathways are triggered by DNA damage to coordinate DNA
repair, cell cycle arrest, and cell death or senescence [8]. If DNA damage is not properly
repaired by the DDR system, disease-causing mutations may arise, including the mutations
that underlie many types of cancer [9-14].

DNA damage can be caused by endogenous and exogenous agents. These include ultraviolet
light, environmental chemicals such as tobacco, and reactive oxygen species (ROS), which
are byproducts from either oxidative respiration or the redox cycling induced by
environmental toxins [7, 15, 16]. ROS are also produced at sites of inflammation or infection
by inflammatory cells such as macrophages and neutrophils [7]. Indeed, HCC often occurs
after chronic inflammation or injury of the liver, which promotes DNA damage [17].

Recently, sphingolipids have emerged as important signaling molecules. They are reported
to be involved in many cellular functions, including cell growth, death, senescence,
adhesion, migration, angiogenesis, and inflammation [18]. Among the bioactive
sphingolipids, sphingosine-1-phosphate (S1P) is an important mediator in multiple signaling
pathways that affect many pathological conditions, including inflammation and cancer [19-
22]. Notably, S1P is implicated in DNA damage and the DDR [23, 24]. Recently, we
discovered that S1P and its kinase play an important role in hepatocytes, and that they
regulate the gene transcription involved with lipid metabolism in the liver [25]. An
increasing amount of evidence, including our own, suggests that the alteration of S1P
signaling and gene regulation in the liver may affect the DDR and liver carcinogenesis [23—
26].

In this review, we explore how the regulation of DNA damage influences
hepatocarcinogenesis of various etiologies, such as that associated with hepatitis B and C
viral infections or non-alcoholic steatohepatitis. Furthermore, we discuss the directions of
future research based on the metabolism and functions of S1P, which may affect the hepatic
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DDR, with a focus on S1P regulation by enzymes such as sphingosine kinases (SphKs) and
S1P lyase. Given that the DDR plays such a critical role in liver carcinogenesis, the
elucidation of the role of S1P in pathogenesis has the potential to identify new avenues of
research into therapeutic strategies to treat patients with HCC.

DNA damage and hepatocarcinogenesis

Current evidence suggests that the majority of HCC patients have underlying cirrhosis, and
that HCC is driven by inflammation. While the molecular mechanisms linking chronic
inflammation to HCC development remain unclear, the inflammatory stimuli that induce the
production of ROS include superoxide, nitric oxide, hydrogen peroxide, and hypochloric
acid [27]. These ROS are the primary causative agents of oxidative DNA damage. After
DNA damage is induced by ROS, the DDR machinery is activated to repair DNA replication
defects and reverse cell cycle arrest. Because DDR proteins are functionally deregulated in
many types of cancer cells [28], the disruption of the balance between ROS-induced DNA
damage and the DDR could contribute to carcinogenesis in the liver.

Five major mechanisms exist within the DDR system: (1) base excision repair (BER), (2)
mismatch repair (MMR), (3) nucleotide excision repair (NER), (4) homologous
recombination (HR), and (5) non-homologous end-joining (NHEJ) [29]. BER repairs the
DNA damage induced by ROS or radiation, and is typically regulated by DNA glycosylase
and X-ray repair cross-complementing protein 1 (XRCC1). MMR is involved in the repair of
replication error-induced DNA mismatches [30], and is mediated by the DNA mismatch
repair protein MutS and exonuclease 1. NER removes bulky DNA adducts, and is regulated
by transcription factor Il human (TFIIH), xeroderma pigmentosum type B (XPB),
xeroderma pigmentosum group D (XPD), DNA repair protein complementing XP-A cells
(XPA), replication protein A (RPA), and DNA repair protein complementing XP-G cells
(XPG). HR is involved in the regeneration of damaged chromosomal regions using
homologous DNA as a template and is regulated by the Mre11-Rad50-Nbs1 (MRN)
complex, C-terminal-binding protein 1 (CtIP), RPA, Rad51, Rad52, breast cancer
susceptibility gene (BRCA) 1, and BRCA2. NHEJ repairs damaged DNA through the direct
rejoining of DNA double-strand breaks (DSBs), and is regulated by Ku70-Ku80, DNA-
dependent protein kinase (DNA-PK), X-ray repair cross-complementing protein 4
(XRCC4)-DNA ligase 1V, and XRCC4-like factor (XLF).

Multiple studies have suggested that HR and NHEJ play key roles in carcinogenesis through
the maintenance of genomic instability and chromosomal rearrangement. These DSB repair
pathways are typically initiated by the protein kinases ataxia telangiectasia mutated (ATM)
and Rad3-related (ATR). ATM is recruited to DSBs by the MRN complex [31] and acts as a
primary activator of HR and NHEJ [32]. ATR is involved with broader types of DNA
damage, including DSBs and disrupted DNA replication forks [33]. ATM and ATR exhibit
some crossover in function, with both proteins implicated in the phosphorylation of DDR-
related proteins, including histone H2AX, mediator of DNA damage checkpoint 1 (MDC1),
tumor suppressor p53-binding protein 1 (53BP1), BRCA1, and meiotic recombination 11
homolog A (MRE11). Among these signaling molecules, H2AX is the most sensitive marker
of DSBs. The phosphorylated form of H2AX (y-H2AX) specifically localizes at DSB sites,
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and the degree of DNA damage can be evaluated by y-H2AX immunohistochemical
staining. We recently assessed -y-H2AX staining in HCC and non-cancerous liver diseases
and found that the number of y-H2AX foci was significantly increased in HCC tissues in
comparison to cirrhotic liver tissue without HCC [9]. Moreover, Xiao et al. [34] recently
reported that increased y-H2AX expression was associated with increased tumor size,
vascular invasion, TNM stage, and reduced survival in HCC patients. They also found that
v-H2AX knockdown effectively decreased the expression of vascular endothelial growth
factor (VEGF), leading to reduced tumorigenesis, and the inhibition of angiogenesis in
HCC. Taken together, these findings suggest that the number of DSBs may be valuable for
assessing tumorigenesis and angiogenesis in HCC.

Hepatitis B virus and DNA damage

Hepatitis B virus (HBV) is a DNA virus with four main coding regions: HBV X (HBX),
surface (HBs), core (HBc), and pol. HBX strongly promotes hepatocarcinogenesis, and the
forced expression of HBX induces liver cancer without any inflammatory features in vivo
[35], suggesting that this region of the viral genome directly causes HCC. The HBX gene is
frequently integrated into the human genome, and its gene product transactivates various
signal transduction pathways, including the Ras/mitogen-activated protein kinase (MAPK)
pathway [36].

HBX promotes DNA damage through several different mechanisms (Fig. 1). HBX can
inactivate the p53 tumor suppressor, which increases the susceptibility of host cells to DNA
damage [37-39]. HBX also induces endoplasmic reticulum (ER) stress [40], suggesting that
ER stress might contribute to oxidative stress in the liver. Moreover, the HBX-mediated
oscillation of oxidative stress levels activates pro-survival factors, including nuclear factor-
kappa B (NF-kappa B), signal transducer and activator of transcription 3 (STAT3) [41], and
Akt/protein kinase B [42]. Additionally, HBX functionally inhibits several DNA damage-
binding (DDB) proteins, including X-associated protein 1 (XAP-1)/UV-damaged DNA.-
binding protein (UV-DDB), XPB and XPD, which are involved with NER-mediated DNA
repair [43, 44]. HBX also activates nuclear factor erythroid 2-related factor (Nrf2), a
regulator of the anti-oxidant/electrophile response element (ARE) present in the promoters
of phase 1l detoxifying and antioxidant factors such as heme oxygenase 1 (HO-1) and
NAD(P)H:quinone oxidoreductase 1 (Ngol) [45, 46]. Taken together, these findings reveal a
unique role for HBX as an oncogene that can enhance cell survival in a context of increased
DNA damage.

More recently, a close relationship between HBX and ATR- and ATM-mediated pathways
has been described. Because both ATM and ATR are important regulators of the initial steps
of the DDR, it is plausible that HBX regulates multiple down-stream DDR signaling
molecules [47]. HBX stimulates the ATR-checkpoint kinase 1 (Chk1) pathway, leading to
the inhibition of the intra-S-phase checkpoint and the prevention of DNA damage-induced
cell apoptosis [48]. HBX also activates ATR through the MAPK signaling pathway, leading
to the phosphorylation of H2AX [49]. However, the relationship between HBX and ATR
may be complicated, as others have reported activation of p38 MAPK through ATR [50].
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There are comparatively few studies of the relationship between HBX and ATM. ATM
regulates the DDR and stimulates redox signaling [3, 51]. In addition, we have recently
reported that ATM can be activated by HBX both in vitro and in vivo [52]. Our study
revealed that the increased levels of phosphorylated ATM induced by HBX are significantly
decreased in the presence of antioxidants, suggesting that HBX activates ATM through
oxidative stress. We also identified an increased level of protein kinase C-delta (PKC-8) in
HBX-expressing cells, which could be attenuated by an ATM inhibitor. PKC-8 is involved in
redox signaling, and induces the dissociation of Nrf2 from the adaptor protein Keapl (INrf2)
[53, 54]. Therefore, HBX-mediated ATM activation may disrupt the DNA damage defense
mechanisms by regulating the DDR systems and/or the PKC-8/Nrf2-mediated redox
pathway. The development of an ATM kinase inhibitor could help to prevent HBX-induced
carcinogenesis.

Hepatitis C virus and DNA damage

Hepatitis C virus (HCV), another causative agent of HCC, is a small enveloped single-
stranded RNA virus that is transmitted by blood-to-blood contact. Currently, more than 185
million individuals worldwide are infected with HCV. Twenty percent of individuals with
chronic HCV infection suffer liver cirrhosis [55]. Combination therapy with pegylated
interferon (immunomodulator) and ribavirin (an inhibitor of viral RNA synthesis) has been
used in an attempt to eradicate HCV infection; however, this treatment is limited by its low
efficacy and side effects. Very recently, two newly developed oral direct-acting antiviral
agents, daclatasvir and asunaprevir, have emerged as promising interferon-free agents for the
treatment of HCV genotype 1 [56]. Long-term observation will be required to determine
whether daclatasvir/asunaprevir therapy can effectively prevent HCC.

Chronic HCV infection promotes double-stranded DNA breaks that lead to genetic
mutations in host cells. Furthermore, multiple studies have demonstrated increased levels of
oxidative stress markers in urine samples or liver tissue specimens from patients with HCV.
The DNA damage marker 8-hydroxy-2”-deoxyguanosine (8-OHdG) is detectable in the
nuclei of hepatocytes in HCV-infected liver tissue [57]. Moreover, both 8-nitroguanine and
8-OHdG are present in the liver of patients with HCV-positive chronic hepatitis, but not in
the liver of non-infected controls [58]. Researchers examined the relationship between 8-
OHdG levels and clinical and biochemical parameters that hepatic 8-OHdG levels were
significantly correlated with serum transaminase levels and tumor histological grade [59].
Intriguingly, the number of 8-OHdG-positive hepatocytes was significantly higher in
patients with HCV-positive chronic hepatitis than in HBV-positive patients [60]. Hepatic
DNA damage was strongly correlated with iron overload, suggesting that HCV-induced iron
overload might be a critical mediator of oxidative stress in the liver of HCV-positive
patients. Consistent with this, 8-OHdG levels in HCV-positive liver tissues are positively
correlated with the disease stage and telomerase activity [61]. Importantly, a recent report
shows that the cumulative HCC incidence rate in HCV-positive patients with high levels of
liver 8-OHdG expression is significantly greater than that in patients with low 8-OHdG
levels [62]. Together, these data strongly implicate HCV as a causative agent of oxidative
DNA damage in the liver.
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The HCV genome encodes core, E1, E2, and non-structural (NS2, NS3, NS4A, NS4B, NS5,
NS5A, and NS5B) proteins, all of which are involved in HCV-associated pathogenesis.
Several studies have implicated the HCV core protein as a mediator of oxidative DNA
damage (Fig. 1). HCV core inhibits the formation of the MRN complex, leading to
inhibition of ATM-mediated DNA repair [63]. Through interactions with mitochondria, the
HCV core protein redistributes cytochrome ¢ from the mitochondria to the cytoplasm,
leading to the oxidation of the glutathione pool and a decrease in nicotinamide adenine
dinucleotide phosphate (NADPH) content [64, 65]. HCV core decreases the level of
hepcidin, a negative regulator of iron absorption and hepatic iron content [66]. These data
strongly suggest that HCV core can induce ROS-mediated DNA damage. Non-structural
HCV proteins can also promote oxidative stress, and the overproduction of ROS has been
observed in NS5A-transgenic mice [67]. Meanwhile, HCV NS3 and NS4A protein can
induce the translocation of ATM to the cytoplasm, impairing ATM-mediated DNA repair
[68]. These data demonstrate multiple mechanisms by which HCV proteins can promote
oxidative stress and DNA damage in infected hepatocytes.

Recent studies have revealed that HCV-infected cells are resistant to DNA damage-induced
apoptosis. Several HCV components have been associated with p53 [69, 70] and HCV can
inhibit the acetylation and activation of p53 in the nucleus by promoting cytoplasmic
accumulation of the mouse double minute 2 homolog (MDM2)-p53 complex [71].
Therefore, HCV might be a critical mediator of cell survival in the face of increased
oxidative DNA damage.

Non-alcoholic fatty liver disease and DNA damage

Non-alcoholic fatty liver disease (NAFLD) is a common metabolic disorder in developed
countries. It is defined as hepatic steatosis which occurs without alcohol ingestion. Non-
alcoholic steatohepatitis (NASH), a subtype of NAFLD, is characterized by hepatocytic
injury and is well recognized as a risk factor for cryptogenic liver cirrhosis and HCC [72].
While several attempts have been made to explore the biological characteristics of NASH-
associated HCC, the mechanism underlying carcinogenesis in NASH remains unclear
because of limited patient numbers. However, we recently found that p27, a cell-cycle
regulator that inhibits G1-S transition, is a marker of poor prognosis in patients with NASH-
associated HCC [73]. The expression of p27 was positively correlated with tumor size and
cell proliferation. The phosphorylation of p27 at serine 10 enables interaction with, and
sequestration of, cyclin D-cyclin-dependent kinase 4/6. Furthermore, NASH-associated
HCC patients with detectable phospho-p27 had reduced disease-free survival. These findings
suggest that cell cycle regulator function is implicated in cancer progression in this disease.

Currently, the most accepted model for NAFLD progression centers on a ‘two-hit’ theory.
Hepatic steatosis caused by insulin resistance is the first hit. The second hit is the hepatic
injury induced by insults such as oxidative stress, lipid peroxidation, cytokine production, or
mitochondrial dysfunction [74] (Fig. 1). Importantly, ROS-induced DNA damage is likely to
be intricately involved in the pathogenesis and progression of NAFLD. Using a murine
model, Daugherity et al. [75] found that mice which were fed a high-fat diet develop
steatosis and fibrosis of the liver with increased ROS production and ATM phosphorylation.
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They also reported that ATM-knockout mice which were fed a high-fat diet showed less liver
fibrosis, suggesting that ATM signaling could contribute to the pathogenesis and progression
of NAFLD. A role of oxidative stress in the development of NAFLD is demonstrated by the
significant increase in DNA damage and oxidative stress that is observed in mice that are fed
methionine and choline-deficient diets [76]. Consistent with this, the treatment of these mice
with an antioxidant reduced liver injury and steatosis. Of note, extensive studies have
explored the possibility that extra-hepatic organs, including the gut and/or adipose tissue,
might also be involved in the development of NASH. This novel mechanism is proposed to
involve “multiple parallel hits,” and is mediated by molecules that are known to induce
oxidative stress at the cellular level [77], such as hydroperoxide-detoxifying enzymes, the
gut microbiota and adipose tissue-derived adipocytokines [78]. These findings suggest that
oxidative stress plays a significant role in the progression of NAFLD.

Gentric et al. [79] identified increased numbers of highly polyploid mononuclear cells in the
liver of NASH patients. Abnormal cell ploidy was accompanied by the oxidative stress-
mediated activation of the G,/M DNA damage checkpoint and inefficient S/G5 cell cycle
progression. They further demonstrated that antioxidant treatment prevented the
development of polyploidy in murine models of NAFLD, supporting the notion that the
manipulation of ROS levels could prevent disease progression. While the precise mechanism
of ROS production in NAFLD remains elusive, one possible cause of oxidative stress is
cytochrome P450 2E1 (CYP2E1), which plays a major role in oxidative stress-induced
pathogenesis in alcoholic liver injury [80]. Previous studies have reported that CYP2E1
expression is increased in the liver of NASH patients [81, 82], suggesting that CYP2EL1 is
implicated in the production of ROS in the liver of patients with NAFLD. The reason why
ethanol-inducible CYP2EL is overexpressed in alcohol-abstinent individuals is unknown,
and further studies are needed to elucidate the mechanism of oxidative stress induction in
NASH.

The clinicopathological significance of oxidative stress in individuals with NAFLD/NASH
has been recently reported. Seki et al. [83] reported that the levels of lipid peroxidation
marker 4-hydroxy-2’-nonenal (HNE) adduct and 8-OHdG were frequently increased in
patients with NAFLD, while they were rarely increased in the normal liver. Consistent with
this, Nomoto et al. [84] reported that 8-OHdG was detected in approximately half of
steatosis cases and 90 % of NASH patients. Tanaka et al. [85] reported that the ratio of 8-
OHdG-positive hepatocytes was significantly increased in NASH-HCC in comparison to
NASH without HCC. Together, these data indicate that oxidative DNA damage increases
with NASH progression. Notably, Fujita et al. [86] reported that 8-OHdG levels were
significantly decreased in the NASH liver following iron reduction therapy (phlebotomy plus
an iron-restricted diet). Iron overload may therefore be an important cause of oxidative DNA
damage in NASH patients.

S1P, a lipid mediator, works as a key regulatory molecule in cancer

Two decades ago, S1P was discovered as a signaling molecule that regulates cell growth,
indicating that it may also play a role in cancer [87]. S1P is now known as an important
regulatory molecule in cancer through its ability to promote cell proliferation, migration,
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invasion, angiogenesis and lymphangiogenesis (Fig. 2), as well as cell survival against ROS
from chemotherapy or radiotherapy [19, 88-90]. S1P is generated intracellularly by two
sphingosine kinases, SphK1 and SphK2 [91, 92]. SphK1 translocates from cytosol to the
plasma membrane when activated by numerous agonists and stimuli, such as growth factors,
hormones, pro-inflammatory cytokines, and many G protein-coupled receptor ligands [93,
94]. This translocation of SphK1 enables the localized production of S1P near its cell
surface receptors and enables S1P “inside-out signaling” [20, 95]. In contrast, SphK2 is
localized in the nucleus of many types of cells, and in the inner mitochondrial membrane
[96, 97]. S1P is exported to the extracellular space where it regulates many functions by
binding to, and signaling through, a family of five G protein-coupled receptors (S1PR1-5)
[20]. The mechanism underlying the export of S1P out of cells involves the ATP binding
cassette transporters, ABCAL [96, 98], ABCC1, ABCG2 [95, 99, 100] and a newly found
transporter, Spns2 [101-103].

In contrast to the well-investigated extracellular actions of S1P through cell surface
receptors, the intracellular mechanisms of S1P action have, until recently, been poorly
understood. This situation has changed after discovery of the intracellular targets of S1P,
including histone deacetylases (HDACs) [96] and TNF receptor-associated factor 2
(TRAF2) [93]. First, SphK2 forms a complex with histone H3 and HDACs, producing S1P,
which regulates HDACs at specific lysine residues to affect gene transcription [96]. S1P
binds to and inhibits both HDAC1 and HDAC?2, indicating that the S1P produced in the
nucleus by SphK2 influences the dynamic balance of histone acetylation, and thus the
epigenetic regulation of specific target genes [96]. Second, TRAF2 is an adaptor protein,
which contains a RING domain that is implicated in the regulatory ubiquitination of RIP1, a
critical event in NF-xB activation in response to TNF-a.. S1P is a missing cofactor that is
required for the E3 ligase activity of TRAF2 and, consequently, the Lys-63-linked
polyubiquitination of RIP1 and NF-xB activation [93], which explains the importance of
SphK1 and S1P in cellular protection, inflammation, and the immune response.

In summary, extracellular and intracellular S1P regulates multiple cellular functions that are
involved in the pathogenesis of inflammation and cancer. Of note, S1P also regulates the
DDR and survival of cancer cells in human patients.

S1P produced by SphK1 and DDR in the liver

There are increasing numbers of clinical and pathological reports on the importance of
SphK1 in metastasis and in the prognosis of cancer patients [104—108]. Previous clinical
studies have shown that SphK1 is overexpressed in several types of cancer and that its
expression is correlated with poor patient outcomes [105]. Furthermore, an increasing
number of reports suggest that SphK1 is involved in the response to DNA damage, and that
it is related to chemotherapy and radiotherapy resistance. The mechanisms by which SphK1
and S1P regulate the DDR are now being investigated [23]. For instance, the loss of SphK1
in carcinoma cells increases the formation of ROS and sensitivity to doxorubicin-induced
DNA damage [109].
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The SphK1/S1P axis plays critical roles in cancer progression and is implicated in the repair
of DNA damage. Using a mouse model of colitis-associated cancer [21, 110, 111], we
recently demonstrated that S1P, produced by SphK1, is essential for the production of the
multifunctional NF-kB-regulated cytokine IL-6, the persistent activation of the transcription
factor STAT3 and the consequent upregulation of the S1P receptor, SIPR1. Importantly, it
was reported that STAT3 interrupts ATR-to-Chk1 signaling by promoting the loss of
Claspin, a protein that assists ATR in the phosphorylation of Chk1 [112]. Furthermore, it has
been suggested that insulin-like growth factor binding protein-3 (IGFBP-3) promotes
chemotherapy resistance via its upregulation of SphK1 and S1P [24]. The upregulation of
this pathway by IGFBP-3 was demonstrated in estrogen receptor-negative breast epithelial
cells and several triple-negative breast cancer cell lines [113, 114] in which IGFBP-3-
induced S1P enhanced EGFR signaling. This is in agreement with a previous report, which
indicated that SphK1 and S1P can transactivate EGFR [115]. Thus, it is possible that the
activation of EGFR signaling by the upregulation of SphK1 and S1P promotes DNA damage
repair, and that IGFBP-3-induced S1P signaling contributes to the chemo- and radio-
resistance of cancer cells. Considering that the chronic inflammation and dysregulation of
the DDR play critical roles in hepatocarcinogenesis, we cannot help but speculate that
SphK1 and S1P may be linked with inflammation, DDR and hepatocarcinogenesis.
Investigating the roles of SphK1 and S1P in the pathogenesis of human HCC from the
standpoint of DNA damage will be an interesting direction for future study.

S1P produced by SphK2 and the DDR in the liver

We recently discovered that S1P produced in the nucleus of hepatocytes by SphK2,
epigenetically regulates hepatic lipid metabolism, and that the dysregulation of SphK2
causes NAFLD in experimental models [25]. These findings suggest a previously overlooked
possibility, that SphK2 and S1P may play a role in NASH-related carcinogenesis, which will
also be an interesting direction of future research. As described earlier, the S1P produced by
nuclear SphK2 acts intracellularly, as opposed to the S1P produced by SphK1, which acts
extracellularly through cell surface receptors. The S1P produced by SphK2, in a complex
with histone H3 and HDACs in the nucleus, works as an HDAC inhibitor to regulate histone
acetylation and the epigenetic regulation of specific target genes [96]. Although it was
reported that SphK2 is highly expressed in specific organs, including the liver and brain, the
specific target for HDAC inhibition by S1P and SphK2 was, until recently, unclear. We
reported that key genes encoding the nuclear receptors/enzymes involved in nutrient
metabolism were significantly downregulated in the liver of SphK2~/~ mice [25]. The
nuclear levels of S1P, an endogenous inhibitor of HDAC 1/2, as well as the acetylation of
H3K9, H4K5 and H2BK12, were significantly decreased in hepatocytes prepared from
SphK2~/~ mice [25]. That SphK2~/~ mice rapidly developed fatty liver on a high-fat diet,
suggests the importance of SphK2 in regulating hepatic lipid metabolism [25]. It has been
reported that histone acetylation is essential, not only for the maintenance of chromatin
structure, but also for genome stability [116]. S1P and SphK2 regulate histone acetylation
and the epigenetic modification of key genes encoding the nuclear receptors/enzymes that
are involved in nutrient metabolism, which may be closely related to the DDR and liver
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carcinogenesis. Further investigation is required to elucidate the involvement of nuclear S1P
and SphK2 in the regulation of the DDR and liver carcinogenesis.

S1P regulation by phosphatases, lyases and the DDR

S1P can be dephosphorylated at the cell surface by a family of lipid phosphate phosphatases
that demonstrates broad specificity. More specifically, intracellular S1P can be also
dephosphorylated to form sphingosine by the action of two specific S1P phosphatases,
Sgppl and Sgpp2, which reside in the endoplasmic reticulum. Furthermore, S1P may be
irreversibly degraded by the S1P lyase to the nonsphingolipid substrates, hexadecenal and
phosphoethanolamine [117]. Intracellular S1P levels are tightly maintained by the balance of
synthesis and degradation. S1P lyase plays a major role in the generation of an S1P chemical
gradient by degrading S1P in tissues [118]. S1P is enriched, in the submicromolar range, in
the blood and lymph; in the interstitial fluids, it is present at much lower levels, creating a
steep S1P gradient [118]. This vascular tissue S1P gradient regulates the traffic of immune
cells such as lymphocytes, hematopoietic progenitor cells, and dendritic cells. Thus, S1P
plays a critical role in immune functions and inflammation due to the S1P gradient produced
by S1P phosphatases and lyase.

S1P lyase is activated by irradiation, and functions as a modulator of the DDR [117]. S1P
lyase modulates the kinetics of DNA repair, the speed of recovery from G2 cell cycle arrest,
and the extent of apoptosis after irradiation [119]. In these processes, S1P lyase affects the
Cdk1-cyclin B complex by depleting cellular S1P and elevating ceramide levels, which
delays the kinetics of DNA repair [119]. The depletion of S1P may therefore sensitize
cancer cells to radiotherapy. Considering that hepatoma cells respond poorly to conventional
chemotherapy and radiotherapy, the targeting of S1P signaling may be a more effective
therapeutic approach for this disease.

Conclusion

Accumulating evidence indicates that perturbations of the DDR play critical roles in the liver
carcinogenesis associated with HBV, HCV, and NASH. S1P, a bioactive sphingolipid, may
be involved in the DDR and carcinogenesis; however, the detailed mechanisms of how S1P
and its metabolizing enzymes are involved with HCC of varying etiologies remain unclear.
After careful consideration of the connection between DDR and S1P, we hypothesize that
S1P/SphKs may become established as one of the key regulators of hepatocarcinogenesis.
However, we lack sufficient evidence at this time to make any certain conclusions. Further
investigation of the role of DDR and lipid signaling in HCC is warranted. An increased
understanding of the pathogenesis of HCC may lead to the development of treatment
strategies that reduce radioresistance and chemoresistance, and thus improve patient
survival.
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Fig. 1.
The various functions of hepatitis B virus X (HBX), HCV core protein and non-alcoholic

steatohepatitis (NASH). HBX, HCV core protein, and NASH promote DNA damage through
several different mechanisms, as shown. AT/ ataxia telangiectasia mutated, A7R ataxia
telangiectasia and Rad3-related, ChkZ checkpoint kinase 1, ChkZ2 checkpoint kinase 2, ER
endoplasmic reticulum, H#OZ heme oxygenase 1, KeapI Kelch-like ECH-associated protein
1, MAPK mitogen-activated protein kinase, MRN Mrell-Rad50-Nbs1, NF-kappa B nuclear
factor kappa-light-chain-enhancer of activated B cells, NgoZ NAD(P)H: quinone
oxidoreductase 1, Nrf-2nuclear factor erythroid 2-related factor 2, PKC6 protein kinase c8,
STAT3signal transducer and activator of transcription 3, UV-DDB UV-damaged DNA-
binding protein, XAP-1 HBV X-associated protein 1, XPB xeroderma pigmentosum group
B, XPD xeroderma pigmentosum group D, yHZAX phosphorylated histone H2AX
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Sphingosine-1-phosphate (S1P) as an important regulatory molecule in cancer. S1P

Cancer
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produced by SphK1 is exported from cancer cells via S1P transporters. It promotes cancer
cell proliferation, invasion and survival by binding to specific G protein-coupled receptors
(S1P receptors) in an autocrine and paracrine manner. S1P produced by cancer cells also

stimulates S1P receptors on endothelial cells and promotes tumor-related angiogenesis and

lymphangiogenesis
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