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Abstract
Hepatitis C virus (HCV) infects hepatocytes, polarized cells 

in the liver. Chronic HCV infection often leads to steatosis, 
fibrosis, cirrhosis and hepatocellular carcinoma, and it has 
been identified as the leading cause of liver transplantation 
worldwide. The HCV replication cycle is dependent on 
lipid metabolism and particularly an accumulation of lipid 
droplets in host cells. Phosphoinositides (PIs) are minor 
phospholipids enriched in different membranes and their 
levels are tightly regulated by specific PI kinases and 
phosphatases. PIs are implicated in a vast array of cellular 
responses that are central to morphogenesis, such as 
cytoskeletal changes, cytokinesis and the recruitment of 
downstream effectors to govern mechanisms involved 
in polarization and lumen formation. Important reviews 
of the literature identified phosphatidylinositol (PtdIns) 
4-kinases, and their lipid products PtdIns(4)P, as critical 
regulators of the HCV life cycle. SH2-containing inositol 
polyphosphate 5-phosphatase (SHIP2), phosphoinositide 
3-kinase (PI3K) and their lipid products PtdIns(3,4)P2 
and PtdIns(3,4,5)P3, respectively, play an important 
role in the cell membrane and are key to the establish
ment of apicobasal polarity and lumen formation. In this 
review, we will focus on these new functions of PI3K 
and SHIP2, and their deregulation by HCV, causing a 
disruption of apicobasal polarity, actin organization and 
extracellular matrix assembly. Finally we will highlight 
the involvement of this pathway in the event of insulin 
resistance and nonalcoholic fatty liver disease related to 
HCV infection.
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Core tip: Chronic hepatitis C virus (HCV) infection leads 
to liver cirrhosis and cancer. HCV infection modulates 
the lipid metabolism. Phosphoinositides are minor 
phospholipids that are also modified by HCV infec
tion. phosphatidylinositol (PtdIns)(3,4,5)P3 is mainly 
formed by phosphoinositide 3-kinase (PI3K), and 
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can be dephosphorylated by SH2-containing inositol 
polyphosphate 5-phosphatase (SHIP2) to generate 
PtdIns(3,4)P2. In this review, we will discuss the effects 
of SHIP2 and PI3K on the formation of cell polarity and 
how their expression and activation are modulated by 
HCV infection, leading to the disruption of cell polarity. 
This pathway is also discussed in the event of insulin 
resistance and nonalcoholic fatty liver disease related to 
HCV infection.
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INTRODUCTION
Chronic Hepatitis C virus (HCV) infection leads to cirrhosis 
that will develop complications such as liver failure and 
liver cancer[1]. The principal target of HCV is hepatocytes, 
which are highly polarized cells, their plasma membranes 
being separated by tight junctions into apical (canalicular) 
and basolateral (sinusoidal) domains[2,3]. After it enters 
the hepatocytes, the life cycle of HCV is very closely 
linked to cell lipid metabolism. The very low density 
lipoprotein (VLDL) pathway is required for the assembly 
and secretion of new viral particles[4,5]. However, the 
effect of lipid droplets (LD) on the replication of HCV 
is becoming increasingly clear[6]. HCV induces an accu­
mulation and change to the cellular distribution of LDs, 
moving from a dispersed profile in the cytoplasm of non-
infected cells to their perinuclear localization in infected 
cells. This relocation permits the interaction of LDs with 
viral proteins and genomes[7]. While much is known 
about the role of lipoproteins and LDs in the HCV life 
cycle, studies are only now emerging on the modulation 
of phosphoinositides (PI) by HCV infection[8]. 

PIs are phosphorylated derivatives of phosph­
atidylinositol (PtdIns). They are minor phospholipids 
(10%-20%) on the inner surface of the lipid bilayer and 
an important constituent of the cell membrane. The 
phosphorylation and dephosphorylation of PIs is achieved 
by various isoforms of PI kinases and PI phosphatases, 
distributed in a specific way in the cell, this result in the 
distribution of different PIs in cell compartments. These 
complex reactions are mediated by 19 kinases and 28 
phosphatases that have been identified in mammals[9,10]. 
Figure 1 illustrates the phosphorylation and dephosphory­
lation cycles of different monophosphate, diphosphate 
and triphosphate PIs, as well as the most widely studied 
kinases and phosphatases. PIs are secondary mess­
engers responsible for transmitting receptor signals to 
the effectors that induce a cellular response. PIs interact 
with these effectors via specific binding domains that 
are known to interact with the membrane, either by 
specific recognition of the membrane components or 
through attraction by its properties such as charge, 

structure, curvature and amphiphilicity[11]. As well as 
acting as precursors of secondary messengers, PIs are 
spatiotemporal regulators of several target proteins 
involved in vesicular trafficking [such as PtdIns(4)P and 
PtdIns(3)P] and cytoskeletal rearrangement [PtdIns 
(4,5)P2], by which they control cell polarity, migration, 
proliferation and differentiation [PtdIns(3,4)P2] and 
PtdIns(3,4,5)P3[12,13]. 

Given the importance of PI metabolism to cellular 
signaling and trafficking events, numerous intracellular 
pathogens modulate and exploit PIs in order to ensure 
their survival and efficient intracellular replication[14,15]. 
A considerable body of literature has addressed the 
modulation of PIs by HCV[8]. Changes to the localization 
of PtdIns(4)P and activation of PI4KⅢα following HCV 
infection have been identified as being key to membrane 
network formation and viral replication[1,16,17]. In this 
review we will focus on the roles of phosphoinositide 
3-kinase (PI3K), SH2-containing inositol polyphosphate 
5-phosphatase (SHIP2) and phosphatase and tensin 
homologue deleted on chromosome 10 (PTEN) and their 
lipid products in the establishment of plasma membrane 
polarity. We will also discuss how HCV infection mo­
dulates these polarity mechanisms to invade host cells 
and replicate. Finally, we will consider the involvement of 
the PI3K/PTEN/SHIP2 pathway in insulin resistance and 
nonalcoholic fatty liver disease (NAFLD) related to HCV 
infection.

HCV
HCV is an enveloped virus with linear, single-stranded 
RNA contained in a capsid protein called core. Following 
entry of the virus into a host cell and uncoating of the 
viral genome, the translation of viral RNA produces a 
polyprotein that will be degraded to form three structural 
proteins (core, E1 and E2), six non-structural proteins 
(NS2, NS3, NS4A, NS4B, NS5A and NS5B) and p7 
protein. The structural and non-structural proteins will 
mate with viral RNA to form new viral particles. This viral 
assembly occurs near the endoplasmic reticulum, and then 
new viral particles are released from the cell through 
fusion with the cell membrane[18,19]. Chronic infection with 
HCV, especially in cases of cirrhosis or advanced fibrosis, 
remains the leading cause of hepatocellular carcinoma 
(HCC) worldwide through the modulation of different 
pathways such as inflammation, proliferation and diffe
rentiation, and DNA damage[20]. Effective treatments 
for HCV have recently been developed, and over 95% 
of patients can now be cured[21,22], but pathologies such 
as cancer induced by HCV infection remain a health 
problem for those already infected. Interactions between 
viral proteins and host cell mechanisms therefore remain 
central to understanding the pathogenesis of HCV. 

POLARITY IN THE LIVER AND THE 
ENTRY OF HCV
The polarity of epithelial cells is a property that is ess­
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ential to maintaining the structure and function of the 
epithelium. A polarized epithelium provides an effective 
barrier against biological pathogens. It is characterized 
by an asymmetric formation of the plasma membrane, 
and the distribution of different intracellular organelles 
and cytoskeletons, including the proteins and lipids 
they contain. This asymmetry is created according to 
an apical-basal axis which reveals asymmetry of the 
cell from the basal pole in contact with the extracellular 
matrix (ECM) to the apical pole interfacing with the lumen 
of the tissue. The establishment of apical-basal polarity 
involves several steps, the first of them being contact 
between the cell with the ECM and also with adjacent 
cells by tight and adherens junctions[23] (Figure 2A). 
Numerous pathogens, including viruses and bacteria, are 
capable of modulating the regulators of cell polarity in 
order to infect and then replicate in host cells[14-24]. 

The principal target of HCV is hepatocytes, which are 
polarized cells in the liver. They communicate with the 
bloodstream via their basal surface which interfaces with 
sinusoidal endothelial cells, and they secrete bile from the 
apical surface, which faces and forms the bile canaliculi. 
The apical and basolateral domains of hepatocytes are 
separated by tight junctions that ensure integrity of the 
canaliculi and the secretory function of hepatocytes. The 
space between hepatocytes and sinusoidal endothelial 
cells is called the “space of Disse” containing hepatic 
stellate cells, which are mesenchymal cells responsible 
for much of the scarring that accompanies chronic liver 
injury[25] (Figure 2B). The polarization of hepatocytes 
is necessary to sustain the liver’s architecture, and 
restrict infection by pathogens and the development 
of diseases. HCV disrupts this polarized architecture 
by modulating polarity proteins in order to ensure its 
entry and replication. In fact, HCV exploits tight junction 
proteins such as Claudin-1[26], occludin[27] and Interferon-
induced transmembrane protein 1[28]. On the other hand, 
cell polarity and well maintained junctions significantly 
restrict HCV entry into Huh7 and HepG2 cells[29] by 

reducing the expression of CD81 in the membrane and 
impairing the dynamics of scavenger receptor class B 
type Ⅰ (SR-B1)[30]. These findings highlight the important 
role of tight junctions and cell polarity in HCV entry[31,32], 
but pose the question as to whether HCV infection mani­
pulates PIs in order to deregulate cell polarity, thus 
leading to pathogenesis. Indeed, the few studies that 
have focused on the link between HCV and epithelial 
apicobasal polarity strongly suggested that polarization 
restricts HCV entry into epithelial cells[33-35], so the role of 
PIs remains a challenging issue.

PI3K ACTIVITY, CELL POLARITY AND 
HCV INFECTION
PI3Ks phosphorylate the hydroxyl group 3-position of 
the inositol ring of PtdIns. The PI3K family of enzymes 
contains three different classes (Ⅰ, Ⅱ and Ⅲ), based 
on their substrate specificity and molecular structure[36]. 
PtdIns(3)P can be formed by PI3K-Ⅱ and PI3K-Ⅲ, and 
PtdIns(3,4)P2 is generated by the activity of PI3K-Ⅱ. 
The activity of PI3K-Ⅰ produces PtdIns(3,4,5)P3 which, 
once produced at the membrane, exercises its vital role 
of second messenger by recruiting different proteins 
containing a pleckstrin homology (PH) domain. The pro­
tein kinase Akt possesses a PH domain which was the 
first to be discovered and displays high affinity binding 
to phosphoinositides. The interaction between Akt and 
PtdIns(3,4,5)P3 induces a conformational change in 
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Figure 1  Phosphorylation and dephosphorylation cycles of different 
phosphoinositides. Monophosphate, diphosphate and triphosphate 
phosphoinositides are represented, as are the most widely studied kinases (in 
blue) and phosphatases (in red) that regulate their expression. PtdIns: Phosph­
atidylinositol; PI3K: Phosphoinositide 3-kinase; SHIP2: SH2-containing inositol 
polyphosphate 5-phosphatase; PTEN: Phosphatase and tensin homologue 
deleted on chromosome 10; OCRL: Inositol polyphosphate 5-phosphatase.
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Figure 2  Comparison between simple epithelial cells polarity and 
hepatocytes polarity. A: The epithelial cell polarity presents a differentiation of 
the apical membrane (in red) to the light, and the basolateral membrane (in green) 
in contact with the extracellular matrix (ECM). Apical and basal membranes are 
separated with tight junctions (in black) and adherens junctions (in blue); B: The 
hepatocytes present a more complex polarity, with several apical membranes 
for the same cell forming bile ducts. The basolateral membrane is in contact with 
Disse space allowing the exchange with blood vessels.
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the Akt structure which permits its phosphorylation 
by phosphoinositide-dependent kinase 1 (PDPK1) at 
threonine 308, and the mammalian target of rapamycin 
complex 2 (mTORC2) at serine 473 (Figure 2). Activated 
Akt is responsible for triggering numerous cellular 
signaling pathways involved in proliferation, survival, 
apoptosis and autophagy[12-37]. PI3K and its lipid 
product PtdIns(3,4,5)P3 have been identified as key 
regulators of apicobasal polarity[38,39]. Watton and 
Downward showed that the adhesion of epithelial cells 
to the extracellular matrix provides protection from 
apoptosis via the activation of PI3K and Akt/PKB. They 
confirmed the localization of PI3K at the basolateral 
membrane producing PtdIns(3,4,5)P3[38]. Another study 
also revealed PI3K activation after interaction of the cell 
with the ECM and cell-cell contact. They showed that 
E-cadherin, which is responsible for cell-cell junctions, 
joins the p85 sub-unit of PI3K and activates PI3K/Akt 
to generate PtdIns(3,4,5)P3 during the early stages of 
cellular polarization[40]. Gassama-Diagne et al[39] studied 
the localization of PtdIns(3,4,5)P3 at the basolateral 
membrane in madin darby canine kidney (MDCK) po­
larized cells. This study confirmed that the formation of 
PtdIns(3,4,5)P3 at the basolateral membrane is essential 
to the initiation of basolateral polarization through the 
activation of Rac1. In fact, the experimental addition of 
exogenous PtdIns(3,4,5)P3 at the apical pole of polarized 
MDCK cells on transwell filters led in five minutes to the 
formation of PtdIns(3,4,5)P3 and basolateral protein-
rich protrusions above the apical surface, from which 
apical proteins were excluded[39]. In MDCK 3D culture 
on matrigel, the formation of basolateral protein-rich 
protrusions was observed after three minutes of treat­
ment with exogenous PtdIns(3,4,5)P3. The location and 
PI3K activity of these protrusions is important because 
the action of the PI3K inhibitor LY294002 inhibits the 
formation of protrusions, even when treating the cells 
with PtdIns(3,4,5)P3. By testing different ATP-competitive 
isoform-selective inhibitors of PI3K on the apicobasal 
polarity of MDCK grown in a 3D culture on Matrigel. 
Peng et al[41] recently showed that treatment with the 
p110δ inhibitors IC87114 and CAL-101 inverted the cell 
polarity of cysts displaying the apical marker Podocalyxin 
in contact with the ECM. The treatment of cells with 
other inhibitors such as PI-103, a multi-targeted inhibitor 
of p110α/β/δ/γ, and AS-605240 which targets p110γ, 
led to the formation of either multi-lumen or lumen-
free cysts. Taken together, these data indicate that the 
P110δ isoform plays a role in establishing the apicobasal 
polarity axis. Next, the p110δ isoform was localized at the 
basolateral membrane of polarized cysts, and colocalized 
with the ECM receptor dystroglycan. The depletion of 
p110δ at the basolateral membrane disrupted laminin 
and type Ⅳ collagen assembly by down-regulating 
β1-integrin, which is a transmembrane protein with a 
specific role in ECM assembly and remodeling[42]. Overall, 
these findings revealed the role of epithelial p110δ in 
the orientation of cell polarity and lumen formation by 

regulating ECM assembly and interactions[41].
A growing body of evidence in the literature has 

revealed that PIs and their metabolic enzymes are 
essential to HCV replication at different stages of the 
cell cycle[16,43,44]. Some studies validated activation of 
the PI3K/Akt pathway following infection by HCV[45]. 
Epidermal growth factor receptor (EGFR), which activates 
the PI3K/Akt pathway, was recently shown to be a co-
factor for HCV entry in a cell[46]. Moreover, Street et al[47] 
demonstrated an interaction between the viral protein 
NS5A and the p85 subunit of PI3K. This interaction is 
responsible for activating the p110 subunit of PI3K, which 
induces the formation of PtdIns(3,4,5)P3. The same 
study also showed that the NS5A protein induces the 
phosphorylation of Akt at tyrosine 308, thus causing anti-
apoptotic activity. Other than its role in cell proliferation, 
transcription and migration, PI3K is also responsible for 
membrane expression of the SR-B1 receptor in HepG2 
cells, promoting viral entry into the cells[48]. Furthermore, 
the NS4B protein induces lipogenesis in infected cells by 
activating the Akt pathway[49]. It has been shown that 
HCV core protein is expressed at the basal membrane 
of polarized cells, which leads to a deregulation of actin 
organization and affects focal contacts by increasing 
the expression of phosphorylated paxillin at the basal 
membrane[50]. The same study showed that the dere­
gulation of actin is due to RhoA inhibition and Rac1 
activation in cells expressing HCV core protein. These 
results also suggest that HCV core disrupts cell adhesion, 
inducing a reorganization of the actin cytoskeleton 
and a loss of cell polarity. Is PI3K involved in HCV core 
expression, thus inducing a disruption of cell adhesion? 
Many studies have revealed activation of the PI3K/Akt 
pathway and the formation of PtdIns(3,4,5)P3 following 
HCV infection[8,45,51,52]. This work focused on virus entry 
and replication and the epithelial to mesenchymal tran­
sition, but the effect of PI3K expression on the loss of cell 
polarity induced by HCV infection was not investigated. 
Nevertheless, the phenotype of cysts from MDCK cells 
expressing HCV core protein was of a multi-lumen type[50] 
which differed markedly from that of the inverted polarity 
cysts obtained from MDCK cells treated with the p100δ 
inhibitors IC87114 and CAL-101, but was similar to 
those from MDCK cells treated with the p110γ and p110β 
inhibitors AS-605240 and TGX115, respectively[41]. This 
observation reveals a potential role for p110γ and p110β 
in the loss of cell polarity induced by HCV infection. 
Interestingly, Peng et al[41]. studied an MDCK phenotype 
involving an over-expression of the PI3K p110 subunit. 
These cysts displayed a marked ECM assembly (laminin 
and type Ⅳ collagen) at the basal membrane and a loss 
of cell polarity, and they were flatter than control cells. 
This result allows us to advance the hypothesis that p110δ 
may be over-expressed in the context of HCV infection, 
leading to an accumulation of ECM which is responsible 
for cirrhosis. Taken together, these findings suggest a 
potential effect of PI3K and PtdIns(3,4,5)P3 on the dere­
gulation of cell polarity induced by HCV infection.
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SHIP2 ACTIVITY, CELL POLARITY AND 
HCV INFECTION
The level of PtdIns(3,4,5)P3 is maintained through its 
dephosphorylation by the phosphatases SHIP1/2 and 
PTEN to produce PtdIns(3,4)P2 and PtdIns(4,5)P2, 
respectively[53] (Figure 3). A recent study highlighted 
the role of PtdIns(3,4)P2 and SHIP2 as additional deter­
minants of basolateral membrane formation[50]. In non-
polarized cells, SHIP2 is localized in the perinuclear and 
cytoplasmic domains. After stimulation with serum, 
SHIP2 may be localized at focal contacts in the plasma 
membrane[53]. In 3D cultured MDCK cells, Awad et al[50] 
demonstrated a basolateral localization of SHIP2 and 
its lipid product PtdIns(3,4)P2. The enzymatic activity 
of SHIP2 gives rise to PtdIns(3,4)P2 and is essential 
for cell polarization. Indeed, SHIP2 inhibition by siRNA, 
and exogenous expression of the catalytic mutant 
of SHIP2 (D607A)[54,55] lead to a deregulation of cell 
polarity and the formation of multi-lumen cysts. Indeed, 
PtdIns(3,4)P2 is capable of binding Dlg1, the master 
regulator of basolateral polarity[56]. The inhibition of 
SHIP2 leads to a delocalization of the basolateral 
polarity proteins β-catenin, Scribble and Dlg1 from cell-
cell contacts; moreover, their expression is markedly 
reduced. Overall, these data suggest that SHIP2 is 
required for the localization and expression of the baso­
lateral complex proteins Dlg1 and Scribble in order to 
maintain cell morphogenesis[50]. Moreover, the Rho 
family of GTPases, and particularly RhoA and Rac1 which 
regulate the formation of stress fibers and lamelipodia, 
respectively[57], play a pivotal role in cell polarity[58]. It 
has been reported that SHIP2 increases the activation of 
RhoA in epithelial cells[50]. This activation is required for 
the polarization and migration of glioma cells[59]. Awad 
et al[50] confirmed that SHIP2 is an additional target for 
HCV infection. Their study examined the expression of 
SHIP2 and PtdIns(3,4)P2 in MDCK cells grown in a 3D 
culture on Matrigel, and in a 2D culture on transwell 
filters. MDCK cells expressing HCV core protein displayed 
a reduction of SHIP2 and PtdIns(3,4)P2 expression at 
the basal membrane. Interestingly, HCV core protein was 
localized specifically at the basal membrane in contact 
with the ECM. Together, these findings indicate that HCV 
core protein is able to subvert SHIP2 expression in order 
to disrupt cell membrane morphology[50]. In these cells, 
the down-regulation of SHIP2 and PtdIns(3,4)P2 leads to 
down-regulation of the expression of Dlg1 and Scribble 
at the basolateral membrane. These disturbances to the 
expression of polarity proteins lead accordingly a loss 
of apicobasal cell polarity and the formation of multi-
lumen cysts. HCV core expression also displays a loss 
of RhoA activation, in the same way as SHIP2 depleted 
cells. Interestingly, an over-expression of SHIP2 cDNA 
in HCV core-expressing cells has been seen to restore 
single lumen formation, RhoA activation and cell polarity. 
Taken together, these data indicate that HCV core is able 
to subvert SHIP2 in order to disrupt cell polarity and 
infected polarized cells[50].

PTEN AND PTDINS(4,5)P2, CELL 
POLARITY AND HCV INFECTION
PTEN, the other phosphatase which antagonizes PI3K, 
is also implicated in cell polarity. Martin-Belmonte et 
al[60] identified PtdIns(4,5)P2 as a key regulator of the 
apical membrane. During the early stages of cyst forma­
tion, PtdIns(3,4,5)P3 and PtdIns(4,5)P2 are co-localized 
at the plasma membrane of non-polarized cells, while 
PtdIns(4,5)P2 becomes concentrated at the apical surface 
of polarized cells. The role of PIP5K in apical membrane 
trafficking, by which synthesizing PtdIns(4,5)P2, has 
recently been reported and confirmed the possible pro
duction of PtdIns(4,5)P2 at the apical membrane[61,62]. 
Meanwhile, PTEN regulates the apical recruitment of 
Par3, Par 6, Cdc42 and annexin 2 (Anx2), and is required 
for lumen development[63]. In addition, it has been shown 
that Par3 membrane targeting is dependent on the 
binding of its PDZ domain to PtdIns(4,5)P2, the product 
of PTEN[64,65]. The inhibition of PTEN by siRNA, or by a 
specific inhibitor bpV(pic), prevents the formation of a 
single central lumen in the cysts and causes a defective 
segregation of PtdIns(3,4,5)P3 and PtdIns(4,5)P2. This 
study also identified the fact that PTEN binds Anx2, 
which is responsible for the recruitment of Cdc42 and 
hence of apical aPKC, causing polarization of the apical 
membrane[60].

HCV replication is dependent on PtdIns(4,5)P2[66] the 
lipid product of PTEN. HCV infection leads to a down-
regulation of PTEN, triggering an acceleration of lipid 
droplet formation and insulin resistance[67,68]. The down-
regulation of PTEN causes a malformation of the apical 
domain in an MDCK 3D culture[60], suggesting that the 
multi-lumen phenotype in MCDK cells expressing HCV 
core protein may be caused not only by RhoA down-
regulation[50] but also by modifying PTEN expression. It 
has been shown that the core protein of HCV genotype 
3a Core decreases the expression of PTEN by blocking 
the translation of messenger RNA and causing an accu­
mulation of lipid droplets in the cells. In addition, PTEN 
over-expression in these cells is capable of reducing 
the accumulation of lipid droplets. This study therefore 
suggests that this down-regulation of PTEN by HCV 
infection is a critical mechanism leading to steatosis and 
its progression toward fibrosis and hepatocellular car­
cinoma[67]. 

INSULIN RESISTANCE AND HCV 
INFECTION
Type Ⅱ diabetes, and more generally insulin resistance, 
is very common in the context of chronic HCV infection, 
as has been established by several recent epidemio­
logical studies[69-71]. Other studies have also shown 
that HCV infection can cause insulin resistance by the 
phosphorylation of IRS-1 at a serine residue (Ser307) 
followed by a decreased phosphorylation of Akt Thr(308), 
Fox01 Ser(256) and GSK3β Ser(9), downstream players 
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in the insulin signaling pathway[72,73]. These data raise 
the question whether insulin resistance is the cause of 
liver steatosis in patients with chronic HCV infection, or 
the consequence of viral molecular expression. Indeed, 
Shintani et al[74] showed that insulin resistance preceded 
the onset of steatosis in transgenic mice expressing HCV 
core protein, suggesting that insulin resistance was not 
a consequence of hepatic steatosis in these animals. 
Another study confirmed that the pathophysiology of fatty 
liver-associated chronic hepatitis C differed in patients 
infected with genotypes 1 and 3, showing that insulin 
resistance in genotype 1 patients is the cause rather than 
the consequence of hepatic steatosis and fibrosis, and 
suggesting that elevated circulating insulin levels are a 
risk factor for fibrosis through steatosis induced by insulin 
resistance. In genotype 3-infected patients, steatosis 
was related to HCV viral load[75]. These findings suggest 
that antiviral therapy in genotype 1-infected patients will 
not be sufficient. But does an improvement in metabolic 
syndrome increase the success rates of antiviral therapy? 
Walsh et al[76] confirmed that in patients with chronic 
HCV viral genotype 1, an increased expression of factors 
inhibiting interferon signaling could be a mechanism by 
which obesity reduces the biological response to IFN-α. In 
2006, Tarantino et al[77] also confirmed that by improving 
metabolic syndrome, a lowering of the body mass 
index could play a key role in reducing the importance 
of metabolic co-factors and improving the foundations 
for a good antiviral response. For this reason, insulin 
sensitizers such as metformin are known to improve the 
response to HCV treatment and have been associated 

with a lower risk of developing HCC. Very recently, a 
clinical trial was initiated by the Ottawa Hospital Research 
Institute to evaluate the effects of metformin on liver 
fibrosis in HCV-HIV co-infected and HCV mono-infected 
patients suffering from insulin resistance. If metformin 
proves to be effective in reducing liver fibrosis in this 
patient population, it will represent a well-tolerated, easy-
to-administer, inexpensive therapy that could protect 
against negative HCV outcomes. This study will also 
provide an opportunity to evaluate the impact of insulin 
resistance and hyperglycemia on viral clearance in HCV-
infected patients treated with interferon-free regimens[78].

PI3K/SHIP2/PTEN PATHWAY AND 
INSULIN RESISTANCE
Akt activity is essential for the translocation and fusion of 
glucose transporter 4 (GLUT4) to the plasma membrane 
of cells in the skeletal muscle and adipose tissue. In 
turn, GLUT4 plays a crucial role in the absorption of 
glucose. Akt induced by insulin signaling is also critical 
to the regulation of gluconeogenesis and glycolysis in 
the liver. When binding insulin to its receptor, SHIP2 also 
binds to the cell membrane and negatively regulates 
insulin signaling. An over-expression of SHIP2 in adipocyte 
3T3-L1 cells inhibits insulin signaling, and expression 
of the catalytic mutant SHIP2 enhances the activity 
of Akt induced by insulin and thus generates glucose 
uptake and glycogen synthesis[79]. In 2001, Clément 
et al[80] developed transgenic mice deficient in SHIP2. 
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They showed that adult mice with the heterozygous 
SHIP2 mutation increased their glucose tolerance and 
insulin sensitivity, which was also associated with an 
increase in recruitment of the glucose transporter GLUT4. 
Homozygous mice with a SHIP2 deficiency experienced 
severe neonatal hypoglycemia and died within three 
days. These results show that SHIP2 is a potent negative 
regulator of insulin signaling and insulin sensitivity in vivo. 
A second SHIP2 deficient mouse model was studied by 
Sleeman et al[81] in 2005. They found that SHIP2 deficient 
mice were viable, with normal glucose levels and normal 
tolerance to insulin. However, they were very resistant to 
putting on weight when fed a high-fat diet[81]. Although 
these two models had different phenotypes, the results 
suggest that SHIP2 is a key regulator of glucose, and its 
inhibition would be useful regarding efforts to improve 
diet-induced obesity. Furthermore, transgenic mice 
expressing catalytically-inactive SHIP2 have displayed 
altered lipid metabolism and insulin secretion[82]. In 
addition transgenic mice over-expressing SHIP2 WT 
are obese and suffer from hepatic insulin resistance[83]. 
These results show that the inhibition of SHIP2 may 
influence lipid metabolism and insulin signaling. For 
these reasons, the use of antisense oligonucleotides 
against SHIP2 in model diabetic rats produced a rapid 
improvement in insulin sensitivity[84]. Taken together, 
these in vivo studies suggest that an inhibition of SHIP2 
expression may be effective in the treatment of type 2 
diabetes. The relationship between SHIP2 and insulin 
resistance has also been studied in patients with type Ⅱ 
diabetes whose SHIP2 gene (INPPL1) had a deletion of 
the 3’ extremity. This mutation enhanced the expression 
of SHIP2 in the adipose tissue and skeletal muscles of 
diabetic patients, causing insulin resistance[85]. Overall, 
these findings suggest that SHIP2 is a key regulator 
of glucose homeostasis and could be targeted when 
treating diseases that affect insulin metabolism such 
as diabetes type Ⅱ. This central role of SHIP2 as a 
negative regulator of insulin signaling encouraged Sumie 
et al[86] to investigate changes to SHIP2 expression in 
HCC patients with HCV infection. They showed that 
the cumulative survival rate was significantly lower in 
the glucose intolerance group than that in the normal 
glucose tolerance group, and that the level of SHIP2 
expression fell in a context of HCC when compared to 
that seen in non-tumor tissues. This study therefore 
indicated a prognostic role for glucose tolerance and 
SHIP2 expression in HCC patients with HCV infection.

PTEN is the second phosphoinositide phosphatase 
that negatively regulates insulin signaling[83-87]. Studies 
using 3T3-L1 adipocytes clearly demonstrated that PTEN 
over-expression inhibited the production of insulin-induced 
PtdIns(3,4)P2 and PtdIns(3,4,5)P3, the activation of Akt/
PKB, the translocation of GLUT4 to the cell membrane 
and glucose uptake[88,89]. By contrast, the down-regulation 
of PTEN by small interfering RNAs enhanced Akt/PKB 
activation and glucose uptake in response to insulin[90]. 
Furthermore, an over-expression of catalytically-inactive 
or dominant-negative PTEN mutants also indicated 

that it is the lipid phosphatase activity of PTEN which 
is necessary to down-regulate Akt/PKB signaling and 
glucose uptake in response to insulin[89-91]. Finally, all 
these studies showed that the PI3K/Akt pathway offers a 
target to improve steatosis and insulin resistance during 
the development of NAFLD. Different treatments such as 
Silibinin and FAM3A (cytokine-like gene family) activate 
PI3K p110α/Akt signaling in order to ameliorate hepatic 
gluconeogenesis and lipogenesis[92,93]. Flanovol Quercetin 
is another treatment with favorable effects on the pro­
gression of NAFLD, acting via the PI3K/Akt pathway. 
Treatment with quercetin has been shown to reduce 
oxidative/nitrosative stress and inflammation, and genes 
related to lipid metabolism displayed a tendency to 
normalize in both in vivo and in vitro models[94].

PI3K/SHIP2/PTEN PATHWAY AND NAFLD
NAFLD is often associated with HCV infection. NAFLD 
is frequently described as encompassing a histological 
spectrum from nonalcoholic fatty liver to simple hepatic 
steatosis (SHS) plus a characteristic pattern of steato­
hepatitis [nonalcoholic steatohepatitis (NASH)]. HCV 
infection also gives rise to liver steatosis. So is the 
PI3K/SHIP2/PTEN pathway implicated in NAFLD in a 
context of HCV infection? In the liver, insulin controls 
lipid metabolism through its cell surface receptor and 
intracellular mediators such as PI3K and serine-threonine 
kinase Akt. It has been shown that insulin inhibits 
apoB100 secretion through the activation of PI3K. And 
insulin signaling via PI3K inhibited the maturation of VLDL 
lipoprotein particles by preventing lipidation of the VLDL 
precursor[95]. For this reason, a disruption of phospholipid 
metabolism is present in NAFLD. Indeed, a recent 
study demonstrated that plasma phospholipids differed 
between liver biopsies from NAFLD patients and healthy 
subjects. Phosphatidylinositol levels were higher in SHS 
and NASH patients compared with healthy controls[96]. 
Another study also identified the role of dietary pho­
sphatidylinositol (and particularly phosphatidylcholine 
and phosphatidylserine) in preventing NAFLD in a 
rat model of metabolic syndrome[97]. Furthermore, in 
transgenic mice with hepatic steatosis and developing 
a tumor, alongside an abnormal accumulation of fatty 
acids, the study demonstrated activation of the Akt/
mTOR pathway, and a reduction in the expression of 
tumor suppressor genes, including Pten. This confirmed 
that an accumulation of fatty acids may have a role 
in promoting in vivo hepatic tumorigenesis under con­
stitutive activation of the PI3K pathway[98]. Another 
study confirmed that high unsaturated fatty acid levels 
significantly decreased PTEN mRNA expression in hepatic 
cells by means of a mechanism involving the sequential 
activation of mTOR and NFB, which were found to form 
a complex in cultured cells[99] which led to a significant 
alteration of PTEN expression. It is important to reme­
mber that inflammatory cytokines such as transforming 
growth factor β, tumor necrosis factor α, interleukin-6 
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and interleukin-1, which are produced in the course of 
NAFLD, also significantly alter PTEN expression, as has 
been shown in non-liver cells. These studies offer an 
interesting link between insulin resistance and steatosis, 
which may also explain (at least in part) the high risk of 
developing HCC associated with diabetes and obesity[100]. 
PTEN deregulation has also been demonstrated during in 
vivo studies. First, a study of heterozygous PTEN deletion 
was confirmed as inducing atypical adenomatous liver 
hyperplasia[101]. Subsequently, a genetic inhibition of 
PTEN expression, specifically in the liver of rodents, was 
shown to trigger liver steatosis, insulin hypersensitivity 
and HCC[102]. Because of the lack of PTEN activity, there 
may be an increase in fatty acid uptake by hepatocytes, 
and in fatty acid synthesis[103]. Hepatocyte-specific 
PTEN deficient mice display similar histological features 
to human NASH patients. These hepatocytes display 
enhanced lipid accumulation, inflammatory changes and 
hyperoxidation, and also develop into HCC[104]. There­
fore, an impairment of PI3K/PTEN signaling could be 
involved in some NASH/HCC cases in humans. These 
results are very compatible with the down-regulation of 
PTEN in HCV infection, which leads to an acceleration of 
lipid droplet formation and insulin resistance[67,68]. Taken 

together, these studies have suggested a role for PTEN 
in regulating lipogenesis in liver cells; however, less 
information is available on the effects of another lipid 
phosphatase, SHIP2, on lipid and lipoprotein metabolism 
in the liver. A very recent study found a molecular link 
between SHIP2 expression and metabolic dyslipidemia 
using the over-expression or suppression of the SHIP2 
gene in HepG2 cells. SHIP2 over-expression led to higher 
lipid production and secretion via apoB100 secretion and 
de novo lipogenesis[105]. Another study confirmed that 
PBX-regulating protein 1 enhances Ship2 transcription, 
leading to hepatic lipogenesis and steatohepatitis in mice. 
However, Prep1 hypomorphic heterozygous [Prep1 (i/+)] 
mice displayed lower SHIP2 levels, and significantly 
decreased serum triacylglycerol levels and the liver 
expression of fatty acid synthase[106]. We have discussed 
above the down-regulation of SHIP2 in HCV core-express­
ing cells, so is this down-regulation of SHIP2 the cause 
of lipid droplet accumulation in these cells? Overall, these 
findings confirm that SHIP2 is responsible for hepatic 
lipogenesis and secretion. To conclude, the PI3K/SHIP2/
PTEN pathway, which is markedly deregulated in the 
context of HCV infection, activates Akt causing an over-
expression of fatty acids, leading subsequently to liver 
steatosis, insulin hypersensitivity and HCC.

CONCLUSION
PI3K and SHIP2 have been widely studied for their roles 
in intracellular signaling and membrane trafficking. How
ever, their membrane segregation and the effects of their 
enzymatic activity on the establishment of cell polarity 
are only now starting to be investigated. Recent studies 
have defined the manipulation of these PI enzymes and 
their lipid products by the hepatitis C virus, so that it can 
enter and replicate in epithelial host cells (Figure 4). The 
PI3K/PTEN/SHIP2 pathway is now better understood 
in the context of HCV infection, inasmuch as it induces 
changes to cell polarity and lipid metabolism which can 
generate several pathologies such as insulin resistance, 
liver steatosis, NAFLD and HCC. 

ACKNOWLEDGMENTS
This work benefited from grant support for AGD from 
the French Agence Nationale de Recherches sur le Sida 
et les Hépatites Virales and the Association Ligue contre 
le cancer, France.

REFERENCES
1	 Paul D, Madan V, Bartenschlager R. Hepatitis C virus RNA 

replication and assembly: living on the fat of the land. Cell Host 
Microbe 2014; 16: 569-579 [PMID: 25525790 DOI: 10.1016/
j.chom.2014.10.008]

2	 Wang L, Boyer JL. The maintenance and generation of membrane 
polarity in hepatocytes. Hepatology 2004; 39: 892-899 [PMID: 
15057889]

3	 Treyer A, Müsch A. Hepatocyte polarity. Compr Physiol 2013; 3: 
243-287 [PMID: 23720287 DOI: 10.1002/cphy.c120009]

MDCK cyst in 
3D culture

MDCK cells 
expressing HCV 
core protein in 
3D culture

PI
(4

,5)
P2

PT
EN Par3

E-cad

Scrib
Dlg1

PI
(3

,4)
P2

SH
IP2

PI3K

p1
10
δ
βDG

La
m

ini
n

Co
lla

ge
n 
Ⅳ

PT
EN

GLs
PI3K

SH
IP2

Core

Figure 4  Effects of hepatitis C virus infection on cell polarity. In a 3D 
culture, MDCK form a cyst comprising a monolayer of cells around a lumen (the 
basolateral membrane is indicated in green, the apical membrane in red and 
the tight junctions in black). The right-hand column shows a zoom of a polarized 
cell. PI3K is activated by E-cadherin. The p110δ subunit is activated by ECM 
(Laminin and collagen Ⅳ). SHIP2 and PI(3,4)P2 at the basal membrane are 
responsible for the Dlg1/Scribble complex at the basolateral membrane. PTEN 
interacts with Par3 at the tight junctions and its lipid product PtdIns(4,5)P2 is 
localized at the apical membrane. The bottom column represents the multi-
lumen phenotype of cysts expressing HCV core protein. The presence of this 
core protein at the basolateral membrane activates PI3K and inhibits SHIP2 
and PTEN, leading to a loss of cell polarity and an accumulation of lipid 
droplets (LDs). HCV: Hepatitis C virus; PtdIns: Phosphatidylinositol; PI3K: 
Phosphoinositide 3-kinase; SHIP2: SH2-containing inositol polyphosphate 
5-phosphatase; PTEN: Phosphatase and tensin homologue deleted on 
chromosome 10; MDCK: Madin darby canine kidney; DG: Dystroglycan.

Awad A et al . PI3K/SHIP2 pathway and HCV



26 January 8, 2017|Volume 9|Issue 1|WJH|www.wjgnet.com

4	 Lindenbach BD. Virion assembly and release. Curr Top Microbiol 
Immunol 2013; 369: 199-218 [PMID: 23463202 DOI: 10.1007/978
-3-642-27340-7_8]

5	 Huang H, Sun F, Owen DM, Li W, Chen Y, Gale M, Ye J. Hepatitis 
C virus production by human hepatocytes dependent on assembly 
and secretion of very low-density lipoproteins. Proc Natl Acad Sci 
USA 2007; 104: 5848-5853 [PMID: 17376867]

6	 Salloum S, Wang H, Ferguson C, Parton RG, Tai AW. Rab18 
binds to hepatitis C virus NS5A and promotes interaction between 
sites of viral replication and lipid droplets. PLoS Pathog 2013; 9: 
e1003513 [PMID: 23935497]

7	 Barba G, Harper F, Harada T, Kohara M, Goulinet S, Matsuura Y, 
Eder G, Schaff Z, Chapman MJ, Miyamura T, Bréchot C. Hepatitis 
C virus core protein shows a cytoplasmic localization and associates 
to cellular lipid storage droplets. Proc Natl Acad Sci USA 1997; 94: 
1200-1205 [PMID: 9037030]

8	 Bishé B, Syed G, Siddiqui A. Phosphoinositides in the hepatitis 
C virus life cycle. Viruses 2012; 4: 2340-2358 [PMID: 23202467 
DOI: 10.3390/v4102340]

9	 Gassama-Diagne A, Payrastre B. Phosphoinositide signaling 
pathways: promising role as builders of epithelial cell polarity. Int 
Rev Cell Mol Biol 2009; 273: 313-343 [PMID: 19215908 DOI: 
10.1016/S1937-6448(08)01808-X]

10	 Balla T. Phosphoinositides: tiny lipids with giant impact on cell 
regulation. Physiol Rev 2013; 93: 1019-1137 [PMID: 23899561 
DOI: 10.1152/physrev.00028.2012]

11	 Kutateladze TG. Translation of the phosphoinositide code by PI 
effectors. Nat Chem Biol 2010; 6: 507-513 [PMID: 20559318 DOI: 
10.1038/nchembio.390]

12	 Cantley LC. The phosphoinositide 3-kinase pathway. Science 
2002; 296: 1655-1657 [PMID: 12040186]

13	 Di Paolo G, De Camilli P. Phosphoinositides in cell regulation 
and membrane dynamics. Nature 2006; 443: 651-657 [PMID: 
17035995]

14	 Pizarro-Cerdá J, Cossart P. Subversion of phosphoinositide meta
bolism by intracellular bacterial pathogens. Nat Cell Biol 2004; 6: 
1026-1033 [PMID: 15516995]

15	 Altan-Bonnet N, Balla T. Phosphatidylinositol 4-kinases: host
ages harnessed to build panviral replication platforms. Trends 
Biochem Sci 2012; 37: 293-302 [PMID: 22633842 DOI: 10.1016/
j.tibs.2012.03.004]

16	 Hsu NY, Ilnytska O, Belov G, Santiana M, Chen YH, Takvorian 
PM, Pau C, van der Schaar H, Kaushik-Basu N, Balla T, 
Cameron CE, Ehrenfeld E, van Kuppeveld FJ, Altan-Bonnet N. 
Viral reorganization of the secretory pathway generates distinct 
organelles for RNA replication. Cell 2010; 141: 799-811 [PMID: 
20510927 DOI: 10.1016/j.cell.2010.03.050]

17	 Lim YS, Hwang SB. Hepatitis C virus NS5A protein interacts 
with phosphatidylinositol 4-kinase type IIIalpha and regulates 
viral propagation. J Biol Chem 2011; 286: 11290-11298 [PMID: 
21297162 DOI: 10.1074/jbc.M110.194472]

18	 Ariumi Y, Kuroki M, Maki M, Ikeda M, Dansako H, Wakita 
T, Kato N. The ESCRT system is required for hepatitis C virus 
production. PLoS One 2011; 6: e14517 [PMID: 21264300 DOI: 
10.1371/journal.pone.0014517]

19	 Tamai K, Shiina M, Tanaka N, Nakano T, Yamamoto A, Kondo Y, 
Kakazu E, Inoue J, Fukushima K, Sano K, Ueno Y, Shimosegawa T, 
Sugamura K. Regulation of hepatitis C virus secretion by the Hrs-
dependent exosomal pathway. Virology 2012; 422: 377-385 [PMID: 
22138215 DOI: 10.1016/j.virol.2011.11.009]

20	 Shlomai A, de Jong YP, Rice CM. Virus associated malignancies: 
the role of viral hepatitis in hepatocellular carcinoma. Semin 
Cancer Biol 2014; 26: 78-88 [PMID: 24457013 DOI: 10.1016/
j.semcancer.2014.01.004]

21	 Rice CM, Saeed M. Hepatitis C: Treatment triumphs. Nature 2014; 
510: 43-44 [PMID: 24899301 DOI: 10.1038/510043a]

22	 Uhl P, Fricker G, Haberkorn U, Mier W. Current status in the 
therapy of liver diseases. Int J Mol Sci 2014; 15: 7500-7512 [PMID: 
24786290 DOI: 10.3390/ijms15057500]

23	 Yu W, Datta A, Leroy P, O’Brien LE, Mak G, Jou TS, Matlin KS, 

Mostov KE, Zegers MM. Beta1-integrin orients epithelial polarity 
via Rac1 and laminin. Mol Biol Cell 2005; 16: 433-445 [PMID: 
15574881]

24	 Wang Y, Lu X. Cell Polarity: A Key Defence Mechanism Against 
Infection and Cancer Cell Invasion? Springer 2015; 2: 167-186 
[DOI: 10.1007/978-3-319-14466-5_7]

25	 Zong Y, Stanger BZ. Molecular mechanisms of liver and bile duct 
development. Wiley Interdiscip Rev Dev Biol 2012; 1: 643-655 
[PMID: 23799566 DOI: 10.1002/wdev.47]

26	 Evans MJ, von Hahn T, Tscherne DM, Syder AJ, Panis M, Wölk B, 
Hatziioannou T, McKeating JA, Bieniasz PD, Rice CM. Claudin-1 
is a hepatitis C virus co-receptor required for a late step in entry. 
Nature 2007; 446: 801-805 [PMID: 17325668]

27	 Ploss A, Evans MJ, Gaysinskaya VA, Panis M, You H, de Jong 
YP, Rice CM. Human occludin is a hepatitis C virus entry factor 
required for infection of mouse cells. Nature 2009; 457: 882-886 
[PMID: 19182773 DOI: 10.1038/nature07684]

28	 Wilkins C, Woodward J, Lau DT, Barnes A, Joyce M, McFarlane 
N, McKeating JA, Tyrrell DL, Gale M. IFITM1 is a tight junction 
protein that inhibits hepatitis C virus entry. Hepatology 2013; 57: 
461-469 [PMID: 22996292 DOI: 10.1002/hep.26066]

29	 Mee CJ, Harris HJ, Farquhar MJ, Wilson G, Reynolds G, Davis C, 
van IJzendoorn SC, Balfe P, McKeating JA. Polarization restricts 
hepatitis C virus entry into HepG2 hepatoma cells. J Virol 2009; 
83: 6211-6221 [PMID: 19357163 DOI: 10.1128/JVI.00246-09]

30	 Harris HJ, Clerte C, Farquhar MJ, Goodall M, Hu K, Rassam 
P, Dosset P, Wilson GK, Balfe P, Ijzendoorn SC, Milhiet PE and 
McKeating JA. Hepatoma polarization limits CD81 and hepatitis 
C virus dynamics. Cell Microbiol 2013; 15: 430-445 [PMID: 
23126643 DOI: 10.1111/cmi.12047]

31	 Snooks MJ, Bhat P, Mackenzie J, Counihan NA, Vaughan N, 
Anderson DA. Vectorial entry and release of hepatitis A virus in 
polarized human hepatocytes. J Virol 2008; 82: 8733-8742 [PMID: 
18579610 DOI: 10.1128/JVI.00219-08]

32	 Benedicto I, Molina-Jiménez F, Moreno-Otero R, López-Cabrera 
M, Majano PL. Interplay among cellular polarization, lipoprotein 
metabolism and hepatitis C virus entry. World J Gastroenterol 2011; 
17: 2683-2690 [PMID: 21734774 DOI: 10.3748/wjg.v17.i22.2683]

33	 Liu S, Yang W, Shen L, Turner JR, Coyne CB, Wang T. Tight 
junction proteins claudin-1 and occludin control hepatitis C virus 
entry and are downregulated during infection to prevent super
infection. J Virol 2009; 83: 2011-2014 [PMID: 19052094 DOI: 
10.1128/JVI.01888-08]

34	 Benedicto I, Molina-Jiménez F, Barreiro O, Maldonado-Rodríguez 
A, Prieto J, Moreno-Otero R, Aldabe R, López-Cabrera M, Majano 
PL. Hepatitis C virus envelope components alter localization of 
hepatocyte tight junction-associated proteins and promote occludin 
retention in the endoplasmic reticulum. Hepatology 2008; 48: 
1044-1053 [PMID: 18802961 DOI: 10.1002/hep.22465]

35	 Mee CJ, Grove J, Harris HJ, Hu K, Balfe P, McKeating JA. Effect 
of cell polarization on hepatitis C virus entry. J Virol 2008; 82: 
461-470 [PMID: 17959672]

36	 Vanhaesebroeck B, Stephens L, Hawkins P. PI3K signalling: the 
path to discovery and understanding. Nat Rev Mol Cell Biol 2012; 
13: 195-203 [PMID: 22358332 DOI: 10.1038/nrm3290]

37	 Manning BD, Cantley LC. AKT/PKB signaling: navigating 
downstream. Cell 2007; 129: 1261-1274 [PMID: 17604717]

38	 Watton SJ, Downward J. Akt/PKB localisation and 3’ phos
phoinositide generation at sites of epithelial cell-matrix and cell-cell 
interaction. Curr Biol 1999; 9: 433-436 [PMID: 10226029]

39	 Gassama-Diagne A, Yu W, ter Beest M, Martin-Belmonte F, Kierbel 
A, Engel J, Mostov K. Phosphatidylinositol-3,4,5-trisphosphate 
regulates the formation of the basolateral plasma membrane in 
epithelial cells. Nat Cell Biol 2006; 8: 963-970 [PMID: 16921364]

40	 Lampugnani MG, Dejana E. Adherens junctions in endothelial 
cells regulate vessel maintenance and angiogenesis. Thromb Res 
2007; 120 Suppl 2: S1-S6 [PMID: 18023702]

41	 Peng J, Awad A, Sar S, Hamze Komaiha O, Moyano R, Rayal A, 
Samuel D, Shewan A, Vanhaesebroeck B, Mostov K, Gassama-
Diagne A. Phosphoinositide 3-kinase p110δ promotes lumen 

Awad A et al . PI3K/SHIP2 pathway and HCV



27 January 8, 2017|Volume 9|Issue 1|WJH|www.wjgnet.com

formation through the enhancement of apico-basal polarity and 
basal membrane organization. Nat Commun 2015; 6: 5937 [PMID: 
25583025 DOI: 10.1038/ncomms6937]

42	 Campbell ID, Humphries MJ. Integrin structure, activation, and 
interactions. Cold Spring Harb Perspect Biol 2011; 3: pii: a004994 
[PMID: 21421922 DOI: 10.1101/cshperspect.a004994]

43	 Reiss S, Rebhan I, Backes P, Romero-Brey I, Erfle H, Matula P, 
Kaderali L, Poenisch M, Blankenburg H, Hiet MS, Longerich T, 
Diehl S, Ramirez F, Balla T, Rohr K, Kaul A, Bühler S, Pepperkok 
R, Lengauer T, Albrecht M, Eils R, Schirmacher P, Lohmann V, 
Bartenschlager R. Recruitment and activation of a lipid kinase by 
hepatitis C virus NS5A is essential for integrity of the membranous 
replication compartment. Cell Host Microbe 2011; 9: 32-45 [PMID: 
21238945 DOI: 10.1016/j.chom.2010.12.002]

44	 Trotard M, Lepère-Douard C, Régeard M, Piquet-Pellorce C, 
Lavillette D, Cosset FL, Gripon P, Le Seyec J. Kinases required in 
hepatitis C virus entry and replication highlighted by small inter
ference RNA screening. FASEB J 2009; 23: 3780-3789 [PMID: 
19608626 DOI: 10.1096/fj.09-131920]

45	 He Y, Nakao H, Tan SL, Polyak SJ, Neddermann P, Vijaysri S, 
Jacobs BL, Katze MG. Subversion of cell signaling pathways by 
hepatitis C virus nonstructural 5A protein via interaction with Grb2 
and P85 phosphatidylinositol 3-kinase. J Virol 2002; 76: 9207-9217 
[PMID: 12186904]

46	 Lupberger J, Zeisel MB, Xiao F, Thumann C, Fofana I, Zona 
L, Davis C, Mee CJ, Turek M, Gorke S, Royer C, Fischer B, 
Zahid MN, Lavillette D, Fresquet J, Cosset FL, Rothenberg SM, 
Pietschmann T, Patel AH, Pessaux P, Doffoël M, Raffelsberger W, 
Poch O, McKeating JA, Brino L, Baumert TF. EGFR and EphA2 
are host factors for hepatitis C virus entry and possible targets for 
antiviral therapy. Nat Med 2011; 17: 589-595 [PMID: 21516087 
DOI: 10.1038/nm.2341]

47	 Street A, Macdonald A, Crowder K, Harris M. The Hepatitis C 
virus NS5A protein activates a phosphoinositide 3-kinase-dependent 
survival signaling cascade. J Biol Chem 2004; 279: 12232-12241 
[PMID: 14709551]

48	 Shetty S, Eckhardt ER, Post SR, van der Westhuyzen DR. 
Phosphatidylinositol-3-kinase regulates scavenger receptor class 
B type I subcellular localization and selective lipid uptake in 
hepatocytes. Arterioscler Thromb Vasc Biol 2006; 26: 2125-2131 
[PMID: 16794223]

49	 Park CY, Jun HJ, Wakita T, Cheong JH, Hwang SB. Hepatitis 
C virus nonstructural 4B protein modulates sterol regulatory 
element-binding protein signaling via the AKT pathway. J Biol 
Chem 2009; 284: 9237-9246 [PMID: 19204002 DOI: 10.1074/jbc.
M808773200]

50	 Awad A, Sar S, Barré R, Cariven C, Marin M, Salles JP, Erneux 
C, Samuel D, Gassama-Diagne A. SHIP2 regulates epithelial cell 
polarity through its lipid product, which binds to Dlg1, a pathway 
subverted by hepatitis C virus core protein. Mol Biol Cell 2013; 24: 
2171-2185 [PMID: 23699395 DOI: 10.1091/mbc.E12-08-0626]

51	 Maehama T, Fukasawa M, Date T, Wakita T, Hanada K. A class II 
phosphoinositide 3-kinase plays an indispensable role in hepatitis 
C virus replication. Biochem Biophys Res Commun 2013; 440: 
150-156 [PMID: 24055031 DOI: 10.1016/j.bbrc.2013.09.048]

52	 Zhou Y, Chen N, Liu X, Lin S, Luo W, Liu M. Kushenin induces 
the apoptosis of HCV-infected cells by blocking the PI3K-Akt-
mTOR pathway via inhibiting NS5A. Exp Cell Res 2016; 345: 
108-114 [PMID: 27237092 DOI: 10.1016/j.yexcr.2016.05.002]

53	 Elong Edimo W, Vanderwinden JM, Erneux C. SHIP2 signalling 
at the plasma membrane, in the nucleus and at focal contacts. Adv 
Biol Regul 2013; 53: 28-37 [PMID: 23040614 DOI: 10.1016/
j.jbior.2012.09.00]

54	 Pesesse X, Dewaste V, De Smedt F, Laffargue M, Giuriato S, 
Moreau C, Payrastre B, Erneux C. The Src homology 2 domain 
containing inositol 5-phosphatase SHIP2 is recruited to the 
epidermal growth factor (EGF) receptor and dephosphorylates 
phosphatidylinositol 3,4,5-trisphosphate in EGF-stimulated COS-7 
cells. J Biol Chem 2001; 276: 28348-28355 [PMID: 11349134]

55	 Zhang J, Liu Z, Rasschaert J, Blero D, Deneubourg L, Schurmans 

S, Erneux C, Pesesse X. SHIP2 controls PtdIns(3,4,5)P(3) levels 
and PKB activity in response to oxidative stress. Cell Signal 2007; 
19: 2194-2200 [PMID: 17643961]

56	 Bryant DM, Mostov KE. From cells to organs: building polarized 
tissue. Nat Rev Mol Cell Biol 2008; 9: 887-901 [PMID: 18946477 
DOI: 10.1038/nrm2523]

57	 Burridge K, Wennerberg K. Rho and Rac take center stage. Cell 
2004; 116: 167-179 [PMID: 14744429]

58	 Datta A, Bryant DM, Mostov KE. Molecular regulation of lumen 
morphogenesis. Curr Biol 2011; 21: R126-R136 [PMID: 21300279 
DOI: 10.1016/j.cub.2010.12.003]

59	 Kato K, Yazawa T, Taki K, Mori K, Wang S, Nishioka T, 
Hamaguchi T, Itoh T, Takenawa T, Kataoka C, Matsuura Y, Amano 
M, Murohara T, Kaibuchi K. The inositol 5-phosphatase SHIP2 is 
an effector of RhoA and is involved in cell polarity and migration. 
Mol Biol Cell 2012; 23: 2593-2604 [PMID: 22593208 DOI: 
10.1091/mbc.E11-11-0958]

60	 Martin-Belmonte F, Gassama A, Datta A, Yu W, Rescher U, 
Gerke V, Mostov K. PTEN-mediated apical segregation of pho
sphoinositides controls epithelial morphogenesis through Cdc42. 
Cell 2007; 128: 383-397 [PMID: 17254974 DOI: 10.1016/j.cell. 
2006.11.051]

61	 Rousso T, Shewan AM, Mostov KE, Schejter ED, Shilo BZ. 
Apical targeting of the formin Diaphanous in Drosophila tubular 
epithelia. Elife 2013; 2: e00666 [PMID: 23853710 DOI: 10.7554/
eLife.00666]

62	 Szalinski CM, Guerriero CJ, Ruiz WG, Docter BE, Rbaibi Y, 
Pastor-Soler NM, Apodaca G, Puthenveedu MA, Weisz OA. 
PIP5KIβ selectively modulates apical endocytosis in polarized 
renal epithelial cells. PLoS One 2013; 8: e53790 [PMID: 23342003 
DOI: 10.1371/journal.pone.0053790]

63	 Feng W, Wu H, Chan LN, Zhang M. Par-3-mediated junctional 
localization of the lipid phosphatase PTEN is required for cell 
polarity establishment. J Biol Chem 2008; 283: 23440-23449 
[PMID: 18550519 DOI: 10.1074/jbc.M802482200]

64	 Wu H, Feng W, Chen J, Chan LN, Huang S, Zhang M. PDZ 
domains of Par-3 as potential phosphoinositide signaling inte
grators. Mol Cell 2007; 28: 886-898 [PMID: 18082612]

65	 Krahn MP, Klopfenstein DR, Fischer N, Wodarz A. Membrane 
targeting of Bazooka/PAR-3 is mediated by direct binding to 
phosphoinositide lipids. Curr Biol 2010; 20: 636-642 [PMID: 
20303268 DOI: 10.1016/j.cub.2010.01.065]

66	 Cho NJ, Lee C, Pang PS, Pham EA, Fram B, Nguyen K, Xiong 
A, Sklan EH, Elazar M, Koytak ES, Kersten C, Kanazawa KK, 
Frank CW, Glenn JS. Phosphatidylinositol 4,5-bisphosphate is an 
HCV NS5A ligand and mediates replication of the viral genome. 
Gastroenterology 2015; 148: 616-625 [PMID: 25479136 DOI: 
10.1053/j.gastro.2014.11.043]

67	 Clément S, Peyrou M, Sanchez-Pareja A, Bourgoin L, Ramadori 
P, Suter D, Vinciguerra M, Guilloux K, Pascarella S, Rubbia-
Brandt L, Negro F, Foti M. Down-regulation of phosphatase and 
tensin homolog by hepatitis C virus core 3a in hepatocytes triggers 
the formation of large lipid droplets. Hepatology 2011; 54: 38-49 
[PMID: 21465511 DOI: 10.1002/hep.24340]

68	 Peyrou M, Clément S, Maier C, Bourgoin L, Branche E, 
Conzelmann S, Kaddai V, Foti M, Negro F. PTEN protein phos
phatase activity regulates hepatitis C virus secretion through 
modulation of cholesterol metabolism. J Hepatol 2013; 59: 420-426 
[PMID: 23623999 DOI: 10.1016/j.jhep.2013.04.012]

69	 Caronia S, Taylor K, Pagliaro L, Carr C, Palazzo U, Petrik J, 
O’Rahilly S, Shore S, Tom BD, Alexander GJ. Further evidence for 
an association between non-insulin-dependent diabetes mellitus 
and chronic hepatitis C virus infection. Hepatology 1999; 30: 
1059-1063 [PMID: 10498660 DOI: 10.1002/hep.510300416]

70	 Mason AL, Lau JY, Hoang N, Qian K, Alexander GJ, Xu L, Guo 
L, Jacob S, Regenstein FG, Zimmerman R, Everhart JE, Wasserfall 
C, Maclaren NK, Perrillo RP. Association of diabetes mellitus and 
chronic hepatitis C virus infection. Hepatology 1999; 29: 328-333 
[PMID: 9918906 DOI: 10.1002/hep.510290235]

71	 Hui JM, Sud A, Farrell GC, Bandara P, Byth K, Kench JG, 

Awad A et al . PI3K/SHIP2 pathway and HCV



28 January 8, 2017|Volume 9|Issue 1|WJH|www.wjgnet.com

McCaughan GW, George J. Insulin resistance is associated with 
chronic hepatitis C virus infection and fibrosis progression 
[corrected]. Gastroenterology 2003; 125: 1695-1704 [PMID: 
14724822]

72	 Parvaiz F, Manzoor S, Iqbal J, Sarkar-Dutta M, Imran M, Waris G. 
Hepatitis C virus NS5A promotes insulin resistance through IRS-1 
serine phosphorylation and increased gluconeogenesis. World J 
Gastroenterol 2015; 21: 12361-12369 [PMID: 26604643 DOI: 
10.3748/wjg.v21.i43.12361]

73	 Kralj D, Virović Jukić L, Stojsavljević S, Duvnjak M, Smolić M, 
Čurčić IB. Hepatitis C Virus, Insulin Resistance, and Steatosis. 
J Clin Transl Hepatol 2016; 4: 66-75 [PMID: 27047774 DOI: 
10.14218/JCTH.2015.00051]

74	 Shintani Y, Fujie H, Miyoshi H, Tsutsumi T, Tsukamoto K, 
Kimura S, Moriya K, Koike K. Hepatitis C virus infection and 
diabetes: direct involvement of the virus in the development of 
insulin resistance. Gastroenterology 2004; 126: 840-848 [PMID: 
14988838]

75	 Fartoux L, Poujol-Robert A, Guéchot J, Wendum D, Poupon R, 
Serfaty L. Insulin resistance is a cause of steatosis and fibrosis 
progression in chronic hepatitis C. Gut 2005; 54: 1003-1008 
[PMID: 15951550 DOI: 10.1136/gut.2004.050302]

76	 Walsh MJ, Jonsson JR, Richardson MM, Lipka GM, Purdie 
DM, Clouston AD, Powell EE. Non-response to antiviral therapy 
is associated with obesity and increased hepatic expression of 
suppressor of cytokine signalling 3 (SOCS-3) in patients with 
chronic hepatitis C, viral genotype 1. Gut 2006; 55: 529-535 
[PMID: 16299039 DOI: 10.1136/gut.2005.069674]

77	 Tarantino G, Conca P, Ariello M, Mastrolia M. Does a lower 
insulin resistance affect antiviral therapy response in patients 
suffering from HCV related chronic hepatitis? Gut 2006; 55: 585 
[PMID: 16531544]

78	 Doyle MA, Singer J, Lee T, Muir M, Cooper C. Improving 
treatment and liver fibrosis outcomes with metformin in HCV-
HIV co-infected and HCV mono-infected patients with insulin 
resistance: study protocol for a randomized controlled trial. Trials 
2016; 17: 331 [PMID: 27439433 DOI: 10.1186/s13063]

79	 Wada T, Sasaoka T, Funaki M, Hori H, Murakami S, Ishiki 
M, Haruta T, Asano T, Ogawa W, Ishihara H, Kobayashi M. 
Overexpression of SH2-containing inositol phosphatase 2 results 
in negative regulation of insulin-induced metabolic actions in 
3T3-L1 adipocytes via its 5’-phosphatase catalytic activity. Mol 
Cell Biol 2001; 21: 1633-1646 [PMID: 11238900 DOI: 10.1128/
MCB.21.5.1633-1646.2001]

80	 Clément S, Krause U, Desmedt F, Tanti JF, Behrends J, Pesesse 
X, Sasaki T, Penninger J, Doherty M, Malaisse W, Dumont JE, Le 
Marchand-Brustel Y, Erneux C, Hue L, Schurmans S. The lipid 
phosphatase SHIP2 controls insulin sensitivity. Nature 2001; 409: 
92-97 [PMID: 11343120 DOI: 10.1038/35051094]

81	 Sleeman MW, Wortley KE, Lai KM, Gowen LC, Kintner J, Kline 
WO, Garcia K, Stitt TN, Yancopoulos GD, Wiegand SJ. Absence of 
the lipid phosphatase SHIP2 confers resistance to dietary obesity. 
Nat Med 2005; 2: 199-205 [PMID: 15654325 DOI: 10.1038/nm1178]

82	 Garofalo NA, Teixeira Neto FJ, Pereira CD, Pignaton W, Vicente 
F, Alvaides RK. Cardiorespiratory and neuroendocrine changes 
induced by methadone in conscious and in isoflurane anaesthetised 
dogs. Vet J 2012; 194: 398-404 [PMID: 22750283 DOI: 10.1016/
cellsig.2012.06.012]

83	 Kagawa S, Soeda Y, Ishihara H, Oya T, Sasahara M, Yaguchi S, 
Oshita R, Wada T, Tsuneki H, Sasaoka T. Impact of transgenic 
overexpression of SH2-containing inositol 5’-phosphatase 2 on 
glucose metabolism and insulin signaling in mice. Endocrinology 
2008; 149: 642-650 [PMID: 18039790 DOI: 10.1210/en.2007-0820]

84	 Buettner R , Ottinger I, Gerhardt-Salbert C, Wrede CE, 
Schölmerich J, Bollheimer LC. Antisense oligonucleotides against 
the lipid phosphatase SHIP2 improve muscle insulin sensitivity 
in a dietary rat model of the metabolic syndrome. Am J Physiol 
Endocrinol Metab 2007; 292: E1871-E1878 [PMID: 17327370 
DOI: 10.1152/ajpendo.00263.2006]

85	 Marion E, Kaisaki PJ, Pouillon V, Gueydan C, Levy JC, Bodson 

A, Krzentowski G, Daubresse JC, Mockel J, Behrends J, Servais G, 
Szpirer C, Kruys V, Gauguier D, Schurmans S. The gene INPPL1, 
encoding the lipid phosphatase SHIP2, is a candidate for type 2 
diabetes in rat and man. Diabetes 2002; 51: 2012-2017 [PMID: 
12086927]

86	 Sumie S, Kawaguchi T, Komuta M, Kuromatsu R, Itano S, 
Okuda K, Taniguchi E, Ando E, Takata A, Fukushima N, Koga H, 
Torimura T, Kojiro M, Sata M. Significance of glucose intolerance 
and SHIP2 expression in hepatocellular carcinoma patients with 
HCV infection. Oncol Rep 2007; 18: 545-552 [PMID: 17671700]

87	 Vinciguerra M, Foti M. PTEN and SHIP2 phosphoinositide 
phosphatases as negative regulators of insulin signalling. Arch 
Physiol Biochem 2006; 112: 89-104 [PMID: 16931451 DOI: 10.10
80/13813450600711359]

88	 Nakashima N, Sharma PM, Imamura T, Bookstein R, Olefsky JM. 
The tumor suppressor PTEN negatively regulates insulin signaling 
in 3T3-L1 adipocytes. J Biol Chem 2000; 275: 12889-12895 
[PMID: 10777587]

89	 Ono H, Katagiri H, Funaki M, Anai M, Inukai K, Fukushima Y, 
Sakoda H, Ogihara T, Onishi Y, Fujishiro M, Kikuchi M, Oka 
Y, Asano T. Regulation of phosphoinositide metabolism, Akt 
phosphorylation, and glucose transport by PTEN (phosphatase and 
tensin homolog deleted on chromosome 10) in 3T3-L1 adipocytes. 
Mol Endocrinol 2001; 15: 1411-1422 [PMID: 11463863 DOI: 
10.1210/mend.15.8.0684]

90	 Tang X, Powelka AM, Soriano NA, Czech MP, Guilherme A. 
PTEN, but not SHIP2, suppresses insulin signaling through the 
phosphatidylinositol 3-kinase/Akt pathway in 3T3-L1 adipocytes. 
J Biol Chem 2005; 280: 22523-22529 [PMID: 15824124 DOI: 
10.1074/jbc.M501849200]

91	 Wu X, Senechal K, Neshat MS, Whang YE, Sawyers CL. The 
PTEN/MMAC1 tumor suppressor phosphatase functions as a 
negative regulator of the phosphoinositide 3-kinase/Akt pathway. 
Proc Natl Acad Sci USA 1998; 95: 15587-15591 [PMID: 9861013]

92	 Zhang Y, Hai J, Cao M, Zhang Y, Pei S, Wang J, Zhang Q. 
Silibinin ameliorates steatosis and insulin resistance during non-
alcoholic fatty liver disease development partly through targeting 
IRS-1/PI3K/Akt pathway. Int Immunopharmacol 2013; 17: 
714-720 [PMID: 24036369 DOI: 10.1016/j.intimp.2013.08.019]

93	 Wang C, Chi Y, Li J, Miao Y, Li S, Su W, Jia S, Chen Z, Du S, 
Zhang X, Zhou Y, Wu W, Zhu M, Wang Z, Yang H, Xu G, Wang 
S, Yang J, Guan Y. FAM3A activates PI3K p110α/Akt signaling to 
ameliorate hepatic gluconeogenesis and lipogenesis. Hepatology 
2014; 59: 1779-1790 [PMID: 24806753 DOI: 10.1002/hep.26945]

94	 Pisonero-Vaquero S, Martínez-Ferreras Á, García-Mediavilla 
MV, Martínez-Flórez S, Fernández A, Benet M, Olcoz JL, Jover 
R, González-Gallego J, Sánchez-Campos S. Quercetin ameliorates 
dysregulation of lipid metabolism genes via the PI3K/AKT 
pathway in a diet-induced mouse model of nonalcoholic fatty liver 
disease. Mol Nutr Food Res 2015; 59: 879-893 [PMID: 25712622 
DOI: 10.1002/mnfr.201400913]

95	 Berk PD, Verna EC. Nonalcoholic Fatty Liver Disease: Lipids 
and Insulin Resistance. Clin Liver Dis 2016; 20: 245-262 [PMID: 
27063267 DOI: 10.1016/j.cld.2015.10.007]

96	 Ma DW, Arendt BM, Hillyer LM, Fung SK, McGilvray I, Guindi 
M, Allard JP. Plasma phospholipids and fatty acid composition 
differ between liver biopsy-proven nonalcoholic fatty liver 
disease and healthy subjects. Nutr Diabetes 2016; 6: e220 [PMID: 
27428872 DOI: 10.1038/nutd.2016.27]

97	 Shirouchi B, Nagao K, Inoue N, Furuya K, Koga S, Matsumoto H, 
Yanagita T. Dietary phosphatidylinositol prevents the development 
of nonalcoholic fatty liver disease in Zucker (fa/fa) rats. J Agric 
Food Chem 2008; 56: 2375-2379 [PMID: 18324772 DOI: 10.1021/
jf703578d]

98	 Kudo Y, Tanaka Y, Tateishi K, Yamamoto K, Yamamoto S, Mohri 
D, Isomura Y, Seto M, Nakagawa H, Asaoka Y, Tada M, Ohta 
M, Ijichi H, Hirata Y, Otsuka M, Ikenoue T, Maeda S, Shiina S, 
Yoshida H, Nakajima O, Kanai F, Omata M, Koike K. Altered 
composition of fatty acids exacerbates hepatotumorigenesis 

Awad A et al . PI3K/SHIP2 pathway and HCV



29 January 8, 2017|Volume 9|Issue 1|WJH|www.wjgnet.com

during activation of the phosphatidylinositol 3-kinase pathway. J 
Hepatol 2011; 55: 1400-1408 [PMID: 21703185 DOI: 10.1016/
j.jhep.2011.03.025]

99	 Vinciguerra M, Veyrat-Durebex C, Moukil MA, Rubbia-
Brandt L, Rohner-Jeanrenaud F, Foti M. PTEN down-regulation 
by unsaturated fatty acids triggers hepatic steatosis via an NF-
kappaBp65/mTOR-dependent mechanism. Gastroenterology 
2008; 134: 268-280 [PMID: 18166358 DOI: 10.1053/j.gastro. 
2007.10.010]

100	 Peyrou M, Bourgoin L, Foti M. PTEN in non-alcoholic fatty liver 
disease/non-alcoholic steatohepatitis and cancer. Dig Dis 2010; 28: 
236-246 [PMID: 20460918 DOI: 10.1159/000282095]

101	 Suzuki A, de la Pompa JL, Stambolic V, Elia AJ, Sasaki T, del 
Barco Barrantes I, Ho A, Wakeham A, Itie A, Khoo W, Fukumoto 
M, Mak TW. High cancer susceptibility and embryonic lethality 
associated with mutation of the PTEN tumor suppressor gene in 
mice. Curr Biol 1998; 8: 1169-1178 [PMID: 9799734]

102	 Stiles B, Wang Y, Stahl A, Bassilian S, Lee WP, Kim YJ, Sherwin 
R, Devaskar S, Lesche R, Magnuson MA, Wu H. Liver-specific 
deletion of negative regulator Pten results in fatty liver and insulin 

hypersensitivity [corrected]. Proc Natl Acad Sci USA 2004; 101: 
2082-2087 [PMID: 14769918 DOI: 10.1073/pnas.0308617100]

103	 Matsuda S, Kobayashi M, Kitagishi Y. Roles for PI3K/AKT/
PTEN Pathway in Cell Signaling of Nonalcoholic Fatty Liver 
Disease. ISRN Endocrinol 2013; 2013: 472432 [PMID: 23431468 
DOI: 10.1155/2013/472432]

104	 Sato W, Horie Y, Watanabe S, Suzuki A. [Tumor suppressor gene 
PTEN and non-alcoholic steatohepatitis (NASH)]. Nihon Rinsho 
2005; 63: 1475-1483 [PMID: 16101243]

105	 Gorgani-Firuzjaee S, Khatami S, Adeli K, Meshkani R. SH2 
domain-containing inositol 5-phosphatase (SHIP2) regulates de-
novo lipogenesis and secretion of apoB100 containing lipoproteins 
in HepG2 cells. Biochem Biophys Res Commun 2015; 464: 
1028-1033 [PMID: 26188518 DOI: 10.1016/j.bbrc.2015.07.059]

106	 Gorgani-Firuzjaee S, Adeli K, Meshkani R. Inhibition of SH2-
domain-containing inositol 5-phosphatase (SHIP2) ameliorates 
palmitate induced-apoptosis through regulating Akt/FOXO1 
pathway and ROS production in HepG2 cells. Biochem Biophys 
Res Commun 2015; 464: 441-446 [PMID: 26123392 DOI: 10.1016/
j.bbrc.2015.06.134]

P- Reviewer: Tarantino G    S- Editor: Qi Y    L- Editor: A    
E- Editor: Li D

Awad A et al . PI3K/SHIP2 pathway and HCV



                                      © 2017 Baishideng Publishing Group Inc. All rights reserved.

Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA

Telephone: +1-925-223-8242
Fax: +1-925-223-8243

E-mail: bpgoffice@wjgnet.com
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx

http://www.wjgnet.com


	WJH-9-18
	WJHv9i1-Back Cover

