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ABSTRACT Hepatitis B spliced protein (HBSP) is known to associate with viral per-
sistence and pathogenesis; however, its biological and clinical significance remains
poorly defined. Acquired resistance to Fas-mediated apoptosis is thought to be one
of the major promotors for hepatitis B virus (HBV) chronicity and malignancy. The
purpose of this study was to investigate whether HBSP could protect hepatocytes
against Fas-initiated apoptosis. We showed here that HBSP mediated resistance of
hepatoma cells or primary human hepatocytes (PHH) to agonistic anti-Fas antibody
(CH11)- or FasL-induced apoptosis. Under Fas signaling stimulation, expression of
HBSP inhibited Fas aggregation and prevented recruitment of the adaptor molecule
Fas-associated death domain (FADD) and procaspase-8 (or FADD-like interleukin-1�-
converting enzyme [FLICE]) into the death-inducing signaling complex (DISC) while
increasing recruitment of cellular FLICE-inhibitory protein L (FLIPL) into the DISC.
Those effects may be mediated through activation of the phosphoinositide 3-kinase
(PI3K)/Akt pathway as evidenced by increased cellular phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) content and PI3K activity and enhanced phosphorylation of
mTORC2 and PDPK1 as well as Akt itself. Confirmedly, inhibition of PI3K by LY294002 re-
versed the effect of HBSP on Fas aggregation, FLIPL expression, and cellular apoptosis.
These results indicate that HBSP functions to prevent hepatocytes from Fas-induced
apoptosis by enhancing PI3K/Akt activity, which may contribute to the survival and
persistence of infected hepatocytes during chronic infection.

IMPORTANCE Our study revealed a previously unappreciated role of HBSP in Fas-
mediated apoptosis. The antiapoptotic activity of HBSP is important for understand-
ing hepatitis B virus pathogenesis. In particular, HBV variants associated with hepa-
toma carcinoma may downregulate apoptosis of hepatocytes through enhanced
HBSP expression. Our study also found that Akt is centrally involved in Fas-induced
hepatocyte apoptosis and revealed that interventions directed at inhibiting the acti-
vation or functional activity of Akt may be of therapeutic value in this process.
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Approximately 240 million people worldwide are chronically infected with hepatitis
B virus (HBV), placing them at a high risk of developing liver cirrhosis and

hepatocellular carcinoma (HCC) (1). HBV is a DNA virus having a 3.2-kb partially
double-stranded, relaxed circular genome organized into overlapping open reading
frames from which viral genes are transcribed and translated into the envelope protein
(S/Pre-S), the core protein (C/pre-C), the polymerase (Pol), and the X protein (HBx). In
addition to the unspliced mRNAs, a series of spliced HBV RNAs have also been
discovered in HBV genome-transfected hepatoma cells and in the liver of chronically
HBV infected patients (2, 3). Over a dozen splicing-derived HBV variants have been
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identified; the most common one is the 2.2-kb singly spliced variant that lacks intron
2447/489, thus preventing the expression of full-length DNA polymerase and precore/
core protein as well as major S protein (4). Hepatitis B spliced protein (HBSP), encoded
by this type of spliced variant, was first identified by Soussan et al. in the livers of
patients with chronic HBV infection (5), and since then, an increasing body of evidence
has suggested a relationship between HBSP and the progression of liver disease toward
advanced stages (6–9). Furthermore, HBSP was found capable of hacking the tumor
necrosis factor alpha (TNF-�)-stimulated signaling pathways and therefore limiting the
extent of liver inflammation in a transgenic mouse model (10). More recently, it was
shown that alteration in spliceosome machinery in HBV-expressing hepatocytes due to
HBV infection-related liver injury enabled a remarkable reduction in liver monocyte/
macrophage recruitment through HBSP expression, suggesting that alternative splicing
can generate a viral product to inhibit immune-mediated inflammation, thereby alle-
viating the organ damage (11). However, although these findings indicate that HBV
splicing is a common event during HBV infection and may be involved in the patho-
genicity or persistence of HBV, the biological and clinical significance of HBV splicing is
far from clear.

It has been well established that HBV infection could interfere with the apoptosis
signaling to promote viral proliferation and HCC progression. The HBV-mediated
alteration of apoptosis is accomplished mainly through interference with cellular
signaling pathways and/or regulation of epigenetics (12). External stimuli such as Fas
ligand (FasL), tumor necrosis factor alpha (TNF-�), and TRAIL (TNF-related apoptosis-
inducing ligand) trigger the extrinsic pathway by binding to their respective receptors
on the cell surface, resulting in the recruitment of adaptor proteins to transmit the
intracellular signals via the caspase cascades (13). Fas, a 45-kDa cell surface glycopro-
tein, is expressed in the liver and has been shown to transduce apoptotic signals to the
liver cells when agonistic anti-Fas antibody or Fas ligand (FasL) binds with it (14). Fas
expression in liver tissues of patients with chronic hepatitis B (CHB) infection was
closely correlated with the activity of the viral hepatitis (15). Moreover, an in situ
investigation of Fas/FasL expression in CHB infection and related liver diseases revealed
that Fas/FasL expression level was closely associated with the inflammatory activity for
liver disease initiation and progression as a result of apoptosis following Fas-FasL
interaction (16). While the induction of apoptosis is a hallmark of many viruses infecting
humans, studies that aim to determine the relationship of HBV infection and apoptosis
have shown contradictory results. The majority of the studies documented that HBV or,
more specifically, hepatitis B virus X protein (HBx) could inhibit cellular apoptosis to
facilitate virus proliferation and promote HCC progression (12). However, it has also
been reported that HBx was able to activate apoptosis or sensitize hepatocytes to
apoptotic inducers in vitro (17–20). HBx is the protein most frequently reported to
associate with the inhibition of Fas-induced apoptosis and the activation of HCC
progression (21–23). It could block apoptosis by means of sequestration of p53
signaling, activation of the phosphoinositide 3-kinase (PI3K) pathway, inhibition of the
death receptor-mediated apoptotic pathway, activation of the NF-�B signaling path-
way, and inhibition of the mitochondrion-mediated apoptotic pathway (21, 24–28).
However, the role and significance of HBSP in Fas-mediated apoptosis are not yet
known.

The serine-threonine kinase protein kinase B (PKB/Akt), one of the major down-
stream targets of the phosphoinositide 3-kinase (PI3K) signaling pathway, is a crucial
prosurviving factor of the cell, and its deactivation is implicated in various forms of
stress-induced pathological cell death, including pathogenesis of hepatocyte injury
(29–33). Cross talk between inhibition of the PI3K/Akt pathway and activation of
Fas-mediated apoptosis has been observed in several cancers, including gastric, pros-
tate, colon, and pancreatic cancers (34–37). In contrast, our recent work demonstrated
that activation of Akt by a novel Akt-specific activator, SC79, could effectively protect
human hepatoblastoma HepG2 cells and primary mouse hepatocytes from Fas-induced
apoptosis (38).
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Considering the fact that hepatic infection of HBV could influence the Fas/FasL
system, whose activities correlate well with disease severity, and based on our prior
observation that expression of HBSP could lead to a more aggressive phenotype of
hepatoma cells by activation of the Akt signaling pathway (9), we hypothesized that
HBSP may be a major connector for establishing the molecular cross talk between
PI3K/Akt and Fas-mediated hepatocyte apoptosis. We report here that HBSP expression
suppresses Fas-mediated hepatocyte apoptosis by enhancing the activity of PI3K/Akt
signaling.

RESULTS
HBSP inhibits Fas-mediated hepatocyte apoptosis. To investigate whether HBSP

plays a role as a regulator of apoptosis, we generated HepG2 sublines stably transfected
with empty vector pFlag or HBSP-expressing pHBSP and tested their sensitivity to
agonistic anti-Fas antibody CH11, known to kill cells by the process of apoptosis. The
successful expression of HBSP was confirmed by Western blot analysis (Fig. 1A). The
CH11 concentration-survival curves showed that HBSP-expressing cells (HepG2-pHBSP)
significantly increased the cell viability compared to the empty vector-transfected cells
(HepG2-pFlag) across all the CH11 concentrations tested (Fig. 1B). To determine
whether the relatively high proliferation was due to less apoptosis, we assessed the
apoptotic rate of the cells by annexin V-propidium iodide (PI) assay. As shown in Fig.
1C, annexin positivity was 8.17% � 0.43% in the CH11-treated HepG2-pHBSP cells
compared to 18.91% � 1.09% in the control HepG2-pFlag cells with the same treat-
ment, suggesting that HBSP expression suppressed Fas-induced apoptosis in HepG2
cells, although the magnitude of this effect was relatively small. To corroborate and
extend this finding, primary human hepatocytes (PHH) were infected with the recom-
binant lentiviruses expressing HBSP (Fig. 1D) and then tested for their viability and
apoptosis after CH11 challenge. As shown in Fig. 1E and F, expression of HBSP also
protected PHH from Fas-induced growth inhibition and apoptosis. Consistent with
these data, CH11-stimulated HBSP-expressing HepG2-pHBSP cells exhibited less acti-
vation of both caspase-8 (Fig. 1G) and its effector caspase-3 (Fig. 1H) than the control
cells. In addition, when Fas ligand (FasL) was used as the direct stimulus, similar trends
of cell viability and apoptosis were observed in both HepG2-pHBSP (Fig. 1I and J) and
PHH-lenti-HBSP (Fig. 1K and L) cells that express HBSP.

Effect of HBSP on the expression of p53, mFas, and sFas. Fas/FasL-induced
apoptosis is mediated through a number of mechanisms that include the expression
levels of the ligand and receptor and efficiency of submembrane localization for
receptor signaling complex assembly and activation (39), as well as p53 status in certain
circumstances (40). Fas is present not only in a membrane-associated form (mFas) but
also in a soluble form (sFas). Therefore, we were tempted to measure the relative
expression of p53, mFas, and sFas in HepG2-pFlag and HepG2-pHBSP cells. The results
showed that the protein levels of p53 and mFas did not differ at all between HepG2-
pHBSP and HepG2-pFlag cells as determined by Western blot analysis (Fig. 2A), nor did
the mRNA levels of p53, total Fas, and mFas as measured by quantitative real-time PCR
(qRT-PCR) (Fig. 2B). We then evaluated the effects of HBSP on the expression of sFas, a
soluble Fas molecule lacking exon 6 that can lead to proteins with deletions or
disruptions of the single membrane-spanning domain and act as an inhibitor of
Fas-mediated apoptosis signaling (41). Enzyme-linked immunosorbent assay (ELISA)
and semiquantitative PCR analysis confirmed that HepG2-pHBSP cells exhibited similar
expression of sFas at both the protein (Fig. 2C) and mRNA (Fig. 2D) levels as that in
HepG2-pFlag cells. A Fas splicing assay was also performed in the cells transfected with
Fas splicing reporter construct pCMV56 containing the human Fas receptor sequences
spanning from exon 5 to position 44 of exon 7 (42). The results showed that relative
mRNA levels of Fas exon 5/7 (representative of sFas) to Fas exons 5 to 7 in HepG2-
pHBSP cells did not change from those in HepG2-pFlag cells (Fig. 2E).

HBSP interrupts DISC assembly and function. Upon binding of FasL or agonistic
anti-Fas antibody to Fas, proapoptotic adaptor protein Fas-associated death domain
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FIG 1 Expression of HBSP in hepatocytes inhibits Fas-mediated apoptosis. (A) Expression of HBSP in HepG2-pHBSP and HepG2-pFlag cells assessed by Western
blot analysis. (B) Cell viability determined by CCK-8 assay 72 h after HepG2-pHBSP or HepG2-pFlag cells were treated with increasing concentrations of anti-Fas
CH11. (C) Quantification of apoptotic cells by PI-annexin V dual staining 12 h after HepG2-pHBSP or control HepG2-pFlag cells were treated with 2 �g/ml
anti-Fas CH11. (D) Expression of HBSP in PHH cells infected with HBSP-expressing or control lentiviruses assessed by Western blot analysis. (E) Cell viability

(Continued on next page)
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(FADD) and procaspase-8 are recruited to form the death-inducing signaling complex
(DISC). Meanwhile, procaspase-8 (also termed FADD-like interleukin-1�-converting en-
zyme [FLICE]) undergoes autocleavage and converts to active caspase-8, which acti-
vates the downstream effectors caspase-3/-7, leading to hepatocyte apoptosis (43). To
examine whether HBSP could affect Fas aggregation, CH11-stimulated or unstimulated
HepG2-pFlag and HepG2-pHBSP cells were subjected to Western blot analysis using an
anti-Fas antibody. As shown in Fig. 3A, in the absence of CH11 stimulation only
monomeric Fas was present in both HepG2-pFlag and HepG2-pHBSP cells. As expected,
an SDS-stable high molecular mass of Fas aggregates was observed in both cell lines
treated with CH11. However, expression of HBSP in the HepG2-pHBSP cells significantly
reduced the CH11-induced formation of Fas aggregates compared to HepG2-pFlag
cells. FLICE-inhibitory protein L (FLIPL) is an antiapoptotic protein with sequence
homology to procaspase-8, thus functioning as a dominant negative inhibitor of
caspase-8 to prevent Fas-induced apoptosis (44). Indeed, HBSP expression counter-
acted the reduction of FLIPL at both mRNA and protein levels caused by CH11
treatment (Fig. 3B and C). The reduction of Fas aggregates and elevation of FLIPL in
CH11-treated HepG2-pHBSP cells raised the possibility that HBSP may inhibit aggrega-
tion and formation of functional DISC. Therefore, we analyzed the DISC components by
immunoprecipitation and Western blot analysis, which revealed that, compared to
CH11-stimulated HepG2-pFlag cells, HepG2-pHBSP cells under the same CH11 treat-
ment recruited less FADD and procaspase-8, thus leading to incomplete cleavage of
caspase-8 and an absence of active p18 prodomain at the DISC (Fig. 3D). These results
indicate that HBSP blocks the recruitment and activation of procaspase-8 at the DISC
probably through inhibiting the formation of higher-order Fas aggregates and enhanc-
ing the recruitment of the procaspase-8 competitor FLIPL to the DISC.

HBSP activates PI3K/Akt signaling. So far, we have demonstrated that HBSP
inhibits Fas-mediated hepatocytic apoptosis through interrupting DISC formation and
its function. Activation of the PI3K signaling pathway is known to protect cancer cells
from Fas-mediated apoptotic signal (31), and our previous study has documented that
HBSP increases the phosphorylation of Akt, which may contribute to enhanced migra-
tion and invasion in hepatoma cells (9). Therefore, in this study we turned our attention
to the upstream molecules known to be involved in Akt activation in the context of
HBSP expression. Figure 4A showed that the steady-state level of phosphatidylinositol
(3,4,5)-trisphosphate (PIP3), the product generated by PI3K, or PI3K activity itself was
significantly higher in HepG2-pHBSP cells than the control HepG2-pFlag cells. We went
further to examine the expression or phosphorylated levels of Akt upstream signaling
proteins such as PI3K, mTOR, and PDPK1. As shown in Fig. 4B, both PI3K regulatory
subunit p85 and the two major PI3K catalytic isoforms p110� and p110� were
increased in the HBSP-expressing HepG2-pHBSP cells compared with the control
HepG2-pFlag cells. HBSP expression also increased the phosphorylation of PDPK1 at
Ser241 and mTOR at Ser2481 (mTORC2 specific). Consequently, increased expression of
phospho-Akt at Thr308 and Ser473, which are selective substrates of PDPK1 and
mTORC2, respectively, was observed in HepG2-pHBSP cells, confirming the activation of
Akt upstream signaling. Notably, all of these effects were specific to the PI3K activity,
as application of the PI3K inhibitor LY294002 rescued the altered expression. To assess

FIG 1 Legend (Continued)
determined by CCK-8 assay 12 h after PHH-Lenti-HBSP or control PHH-Lenti-Flag cells were treated with increasing concentrations of anti-Fas CH11. (F)
Quantification of apoptotic cells by PI-annexin V dual staining 12 h after PHH-Lenti-HBSP or control PHH-Lenti-Flag cells were treated with 2 �g/ml anti-Fas
CH11. (G) Fas-induced activation of caspase-8 attenuated by HBSP expression. HepG2-pHBSP or HepG2-pFlag cells were treated with 2 �g/ml anti-Fas CH11 for
4 h and subjected to Western blot analysis using anti-caspase-8 antibody. (H) Fas-induced caspase-3 cleavage attenuated by HBSP expression. HepG2-pHBSP
or HepG2-pFlag cells were treated with 2 �g/ml anti-Fas CH11 for 10 h and subjected to Western blot analysis using anti-caspase-3 antibody. Data from three
repeat experiments were included in the statistical analysis. (I) Cell viability determined by CCK-8 assay 72 h after HepG2-pHBSP or HepG2-pFlag cells were
treated with increasing concentrations of FasL. (J) Quantification of apoptotic cells by PI-annexin V dual staining 12 h after HepG2-pHBSP or control
HepG2-pFlag cells were treated with 1 ng/ml FasL. (K) Cell viability determined by CCK-8 assay 12 h after PHH-Lenti-Flag or PHH-Lenti-HBSP cells were treated
with increasing concentrations of FasL. (L) Quantification of apoptotic cells by PI-annexin V dual staining 12 h after PHH-Lenti-Flag or PHH-Lenti-HBSP cells were
treated with 1 ng/ml FasL. Values are means � standard deviations. *, P � 0.05.
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whether HBSP could physically interact with endogenous PI3K, Akt, PDPK1, or mTOR,
we performed a coimmunoprecipitation (Co-IP) study with HepG2-pHBSP cells. As
shown in Fig. 4C, Flag-tagged HBSP was not immunoprecipitated with any of these
signaling proteins involved in the PI3K pathway. Likewise, HBSP did not affect the

FIG 2 Effect of HBSP on the expression of p53, mFas, and sFas. (A) Western blot analysis showing that HBSP did not influence the expression of p53 and mFas
at protein levels. (B) qRT-PCR analysis showing that HBSP did not affect the expression of p53, total Fas, and mFas at mRNA levels. (C) ELISA showing that HBSP
did not alter sFas protein level. (D) Semiquantitative PCR analysis showing that HBSP did not change the expression of total Fas, mFas, and sFas at mRNA levels.
The PCR product using P1 and P2 represents total Fas whereas the PCR products of P3 and P5 represent mFas and sFas varied by size. The histogram summarizes
the results of three semiquantitative RT-PCR analyses of sFas mRNA levels expressed as the fold change relative to that in the control HepG2-pFlag cells. (E)
Semiquantitative PCR analysis of the accumulation of alternatively spliced transcripts in HepG2-pHBSP and HepG2-pFlag cells transfected with pCMV56-Fas
vector containing human Fas genomic sequences from exons 5 to 7. The products were analyzed on agarose gels with an expected size of 230 bp for exon
6 inclusion and 167 bp for exon 6 skipping. The right panel shows the ratio of exon 5 and 7 to exon 5, 6, and 7 amplification products, equivalent to the ratio
of sFas to sFas-plus-mFas RNA, determined densitometrically on the band intensity from 3 independent experiments.
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expression of either PI3K upstream regulators IRS1 and Ras or PI3K negative regulators
SHP1 and PTEN, the inositol phosphatases which hydrolyze PIP3 back to PIP2 (Fig. 4D).
Endoplasmic reticulum (ER) stress has been implicated in regulation of Akt phosphor-
ylation and activation through several mechanisms (44, 45). To exclude the possibility
that HBSP overexpression may lead to its retention in ER and thus cause ER stress,
possible localization of HBSP in ER was examined by confocal microscopy, and ER stress
markers XBP1, p-eIF2� (phosphorylated � subunit of eukaryotic initiation factor 2), and

FIG 3 HBSP disrupts DISC formation by blocking Fas aggregation and upregulating FLIPL expression. (A) The formation of higher-order
Fas aggregates inhibited by HBSP. HepG2-pHBSP and HepG2-pFlag cells with or without the treatment of anti-Fas CH11 at 2 �g/ml for
4 h were subjected to Western blot analysis using anti-Fas antibody. (B) qRT-PCR analysis of FLIPL mRNA expression. The histogram shows
that HBSP counteracted CH11-induced reduction in FLIPL mRNA expression. (C) The expression of FLIPL upregulated by HBSP. HepG2-
pHBSP and HepG2-pFlag cells with or without the treatment of anti-Fas CH11 at 2 �g/ml for 4 h were subjected to Western blot analysis
using anti-FLIPL antibody. (D) Analysis of DISC components. Lysates of CH11-stimulated HepG2-pHBSP and HepG2-pFlag cells were
subjected to immunoprecipitation with anti-Fas, anti-procaspase-8, or anti-FADD antibodies and analyzed for association with the other
DISC components. Data from three repeat experiments were included in the statistical analysis. Values are mean � standard deviation.
*, P � 0.05.
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FIG 4 Activation of PI3K/Akt signaling by HBSP. (A) PIP3 levels and activity of PI3K in HepG2-pFlag and HepG2-pHBSP cells. The cellular content
of PIP3 was quantified using a competitive PIP3 ELISA; also shown is the activity of PI3K immunoprecipitated with antibody to p85 regulatory
subunit of class IA PI3K. PI3K activity was expressed as percentage of control. (B) Effect of HBSP on the expression or phosphorylation of Akt
upstream signaling molecules and reversal by PI3K inhibitor LY294002. Total protein extracts from HepG2-pFlag or HepG2-pHBSP cells were
blotted and probed with the respective antibodies. (C) Co-IP assay showing no significant interaction between HBSP and PI3Kp85, PI3Kp110�,

(Continued on next page)
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GRP94 were evaluated by semiquantitative PCR or Western blot analysis. Figure 4E
showed that HBSP did not localize in the ER as evidenced by lack of colocalization with
ER-targeted recombinant green fluorescent protein (GFP), nor did HBSP alter the
expression of XBP1, eIF2�, and GRP94 (Fig. 4F and G). Taken together, these results
suggested that HBSP had an important role in boosting PI3K activity, which conse-
quently controls its downstream signaling molecules PDPK1 and mTORC2, leading to
phosphorylation and activation of their substrate Akt.

PI3K inhibition reverses the biological effects of HBSP. To determine whether
the observed changes in HBSP-regulated and Fas-triggered apoptosis were specifically
attributable to the enhancement of PI3K activity, we treated HepG2-pFlag and HepG2-
pHBSP cells with CH11 in the presence or absence of the PI3K inhibitor LY294002 and
compared cell viability, apoptosis rate, caspase-8 activation, and Fas aggregation as
well as FLIPL expression. As shown in Fig. 5A, HBSP expression increased cellular
viability under CH11 stimulation; however, the addition of LY294002 dramatically
reduced the cell proliferative capability and substantially increased the apoptotic rate
(Fig. 5B) and the level of active p18 prodomain as a result of caspase-8 activation (Fig.
5C). Notably, the proportion of necrotic cells (annexin V�/PI�) reflected in the upper left
square of the fluorescence-activated cell sorting (FACS) profile was also increased with
LY294002 treatment. To determine whether LY294002 also reversed the effect of HBSP
on Fas aggregation and FLIPL expression, the levels of Fas and FLIPL were assessed by
Western blot analysis in the HBSP-expressing or the control cells with or without
LY294002 treatment. Consistently, inhibition of PI3K by LY294002 restored the forma-
tion of the higher-order Fas aggregates initially suppressed by HBSP (Fig. 5D) and
abrogated HBSP-induced elevation of FLIPL (Fig. 5E). To further confirm the results
obtained with the PI3K inhibitor, another approach to block PI3K activity was taken by
using the small interfering RNA (siRNA) knockdown strategy. Successful knockdown of
PI3K by the two siRNA sequences and consequent deactivation of its downstream
effectors were confirmed by Western blot analysis using the respective antibodies (Fig.
6A). As anticipated, siRNA-mediated knockdown of PI3K also produced similar patterns
with respect to cell proliferation (Fig. 6B) and apoptosis (Fig. 6C), caspase-8 activation
(Fig. 6D), Fas aggregation (Fig. 6E), and FLIPL expression (Fig. 6F). Taken together, these
results may provide more supporting evidence that the inhibitory effect of HBSP on
Fas-initiated apoptosis is mainly mediated through activation of the PI3K/Akt pathway.

DISCUSSION

HBV infection is one of the most common viral diseases, accounting for most of
human chronic liver diseases globally. Over 1 million people die from chronic HBV
infection-related cirrhosis and liver cancer each year (46). Hepatocyte apoptosis is
frequently altered in liver cancer development and correlated with HCC progression
(12). A large body of studies have been performed by the investigators in the field
trying to determine the relationship of HBV infection and apoptosis; however, the
results are still in controversy. HBV or HBx is generally believed to inhibit cellular
apoptosis, thereby facilitating virus proliferation and promoting HCC progression (12,
47–49). However, the fact that HBV infection could induce apoptosis has also been
reported in several studies (17, 20, 50). In addition to the most pathogenic HBx that
could interfere with apoptosis, the other HBV proteins might also regulate liver cell
apoptosis either positively or negatively. For instance, HBsAg could interact with
jumping translocation breakpoint protein to suppress hepatocyte apoptosis (51). HBV
large surface antigen was capable of activating the Src/PI3K/Akt pathway by activation

FIG 4 Legend (Continued)
PI3Kp110�, Akt, PDPK1, and mTOR. The immunoprecipitated complexes with anti-Flag antibody were subjected to immunoblotting with the
respective antibodies. (D) Expression of PTEN, SHP1, IRS1, and Ras showing no appreciable changes between HepG2-pFlag and HepG2-pHBSP cells
determined by Western blot analysis. (E) Confocal microscopic analysis on possible localization of HBSP in the ER using ER-targeted recombinant
GFP as a tracker. (F) Semiquantitative PCR analysis of XBP1 expression. (G) Western blot analysis of expression of ER stress markers eIF2� and
GRP94 in HepG2-pFlag or HepG2-pHBSP cells. Data from three repeat experiments were included in the statistical analysis. Values are mean �
standard deviation. *, P � 0.05.
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FIG 5 Pharmacological inhibition of PI3K/Akt reverses the effect of HBSP on Fas-mediated hepatocyte apoptosis. (A) Cell viability determined by CCK-8 assay
72 h after HepG2-pHBSP or HepG2-pFlag cells were treated with increasing concentrations of anti-Fas CH11 in the presence or absence of 20 �M LY294002.
(B) Quantification of apoptotic cells by PI-annexin V dual staining 12 h after HepG2-pHBSP or control HepG2-pFlag cells were treated with 2 �g/ml anti-Fas CH11
in the presence or absence of 20 �M LY294002. (C) LY294002 restoration of caspase-8 activation reduced by HBSP. HepG2-pHBSP or HepG2-pFlag cells were
treated with 2 �g/ml anti-Fas CH11 for 4 h in the presence or absence of 20 �M LY294002 and subjected to Western blot analysis using anti-caspase-8 antibody.
(D) LY294002 restoration of the formation of higher-order Fas aggregates inhibited by HBSP. HepG2-pHBSP and HepG2-pFlag cells were treated with anti-Fas
CH11 at 2 �g/ml for 4 h in the presence or absence of 20 �M LY294002 and subjected to Western blot analysis using anti-Fas antibody. (E) LY294002 inhibition
of FLIPL expression upregulated by HBSP. HepG2-pHBSP and HepG2-pFlag cells were treated with anti-Fas CH11 at 2 �g/ml for 4 h in the presence or absence
of 20 �M LY294002 and subjected to Western blot analysis using anti-FLIPL antibody. Data from three repeat experiments were included in the statistical
analysis. Values are mean � standard deviation. *, P � 0.05.
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FIG 6 siRNA-mediated knockdown of PI3K reverses the effect of HBSP on Fas-mediated hepatocyte apoptosis. (A) Western blot analysis to confirm knockdown
of PI3K and consequent deactivation of its downstream effectors in HepG2 cells. Total protein extracts from HepG2-pFlag or HepG2-pHBSP cells were blotted

(Continued on next page)
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of Src kinase to inhibit apoptosis (52). Our previous study showed that HBV core protein
inhibited Fas-mediated apoptosis of hepatoma cells via downregulation of Fas, p53,
and FasL (53), whereas another study reported that the core protein impaired the
phosphorylation of mitogen-activated protein kinase kinase 7, resulting in downregu-
lation of the Jun N-terminal protein kinase (JNK) pathway and sensitization of HepG2
cells to TNF-�-induced apoptosis (54). As for HBSP, the study of HBSP function in full
HBV genome context remains a challenge in view of the fact that the liver disease
dependence of its expression is complicated with a variation of HBV alternative splicing
regulation. HBSP was shown to contribute to limiting hepatic inflammation during
chronic liver disease through activation of JNK and NF-�B signaling cascades (10). In
concert with this, we found that HBSP functions to prevent hepatocytes from Fas-
induced apoptosis via enhancing PI3K/Akt activity. However, earlier studies also indi-
cate that HBSP could induce apoptosis when overexpressed in liver cells (5, 55). The
reason for such a discrepancy is not yet known but is probably due to the different
experimental conditions or the HBV genotypes used in the different laboratories.
Considering that the Fas ligand receptor system plays a central role in the pathogenesis
of chronic HBV infection in humans (56), it is our hypothesis that HBSP expression may
contribute to HBV chronicity by increasing the resistance of infected hepatocytes to
Fas-mediated cell killing. In this study, we found that HBSP remarkably protected both
HepG2 and PHH cells from agonistic anti-Fas CH11- or FasL-induced hepatocytotoxicity,
which was not related to the expression levels of p53, mFas, sFas, and FasL.

Fas signaling is derived from original aggregation of Fas and subsequent formation
of the DISC (43). The DISC is composed of oligomerized receptors, FADD, procaspase-8,
procaspase-10, and FLIPL. Activation of procaspase-8 with DISC results in the induction
of Fas-mediated apoptosis (57), whereas FLIPL functions to inhibit procaspase-8 acti-
vation (58). Our observation that HBSP reduces the oligomerization of higher-order Fas
and enhances the recruitment of FLIPL at the DISC may explain, at least in part, why
HBSP could attenuate Fas-mediated apoptosis.

The PI3K/Akt signaling pathway is best known for its pivotal role in prosurvival of the
cell. Several reports have shown that PI3K/Akt negatively regulated Fas apoptotic
signaling through modulation of the proapoptotic molecules such as Bad, Bax, and
Forkhead family members (59, 60) or the antiapoptotic factor NF-�B (61). Aside from
these late events, early molecular modification of Fas signaling appears to play an
important role as well in the antiapoptotic effect of PI3K/Akt pathway on Fas-mediated
cell death. We and others have demonstrated that Akt abrogates the activation of
caspase-8 by preventing procaspase-8 recruitment to the DISC in a FLIPL-dependent or
-independent way (38, 61), and PI3K/Akt activation blocks the redistribution of DISC
into lipid rafts (38, 62). Some cellular growth factors and cytokines are found to protect
human hepatocytes from Fas-induced apoptosis in patients with active HBV infection
through activation of the Akt pathway (29, 31), suggesting that activation of survival
programs by Akt signaling contributes to an apoptosis-resistant phenotype in hepato-
cytes in the infected liver. All those observations comprised the basis of our study to
evaluate the effect of HBSP on regulation of PI3K/Akt pathway in the context of
Fas-mediated hepatocyte apoptosis. We have shown here that HBSP significantly
increased the activity of the PI3K/Akt signaling pathway to protect hepatocytes from
Fas-initiated apoptosis. Although it is not clear how HBSP activated PI3K/Akt signaling

FIG 6 Legend (Continued)
and probed with the respective antibodies. (B) Cell viability determined by CCK-8 assay 72 h after HepG2-pHBSP or HepG2-pFlag cells were transfected with
the PI3K siRNA and treated with increasing concentrations of anti-Fas CH11. (C) Quantification of apoptotic cells by PI-annexin V dual staining 12 h after
HepG2-pHBSP or control HepG2-pFlag cells were transfected with the PI3K siRNA and treated with 2 �g/ml anti-Fas CH11. (D) Knockdown of PI3K restores
caspase-8 activation reduced by HBSP. HepG2-pHBSP or HepG2-pFlag cells were transfected with the PI3K siRNA, treated with 2 �g/ml anti-Fas CH11 for 4 h,
and subjected to Western blot analysis using anti-caspase-8 antibody. (E) PI3K knockdown-induced restoration of the formation of higher-order Fas aggregates
inhibited by HBSP. HepG2-pHBSP and HepG2-pFlag cells were transfected with the PI3K siRNA, treated with anti-Fas CH11 at 2 �g/ml for 4 h, and subjected
to Western blot analysis using anti-Fas antibody. (F) PI3K knockdown-induced inhibition of FLIPL expression upregulated by HBSP. HepG2-pHBSP and
HepG2-pFlag cells were transfected with the PI3K siRNA, treated with anti-Fas CH11 at 2 �g/ml for 4 h, and subjected to Western blot analysis using anti-FLIPL

antibody. Data from three repeat experiments were included in the statistical analysis. Values are mean � standard deviation. *, P � 0.05.
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in view of its lack of physical interaction with PI3K signaling molecules and the absence
of ER stress, the ability of pharmacological inhibition of PI3K to reverse the effect of
HBSP on cell proliferation, apoptosis, Fas aggregation, and FLIPL expression implies that
HBSP acts as an essential modulator of Fas-induced apoptosis in hepatocytes via a
pathway involving PI3K/Akt activities.

PI3K/Akt/mTOR signaling is a master regulator of aerobic glycolytic metabolism (63).
The active PI3K/Akt pathway has been demonstrated to enhance glucose uptake
through upregulation of the expression of both cell surface glucose transporters and
several glycolytic enzymes such as hexokinase (63). Moreover, Akt was found to
promote activation of ATP citrate lyase, thereby enhancing the conversion of citrate to
acetyl coenzyme A (acetyl-CoA) both in vitro and in vivo (64). One of the mechanisms
by which PI3K/Akt signaling controls the transcription of glucose transporter is to
activate mTORC1, which indirectly increases the expression of hypoxia-inducible factor
1 (HIF1) to promote glycolysis by diverting pyruvate into lactate, which is further
enhanced by mTORC2-mediated activation of Akt via S473 phosphorylation (65).
Although the exact molecular mechanism underlying HBSP attenuation of Fas-
mediated hepatocyte apoptosis has not yet been established, the ability of HBSP to
activate PI3K/Akt/mTOR signaling highlights the possibility that HBSP may participate
in the modulation of cellular metabolism for hepatocyte growth and proliferation.

Although HBx is the best-studied HBV viral protein capable of inhibition of apoptosis
and activation of HCC progression, the outcome of hepatocyte apoptosis is a result of
complex biological processes, and there exist different regulations of multiple signaling
pathways within the cell by the various HBV proteins. Our prior studies have docu-
mented that a 2.2-kb singly spliced HBV variant was present in all tumor and peritumor
samples from 12 HCC patients tested (66) and that HBSP could enhance the migration
and invasion of hepatoma cells and promote in vitro angiogenesis via activation of the
pathways involving Akt signaling (9). Here, we demonstrated further that HBSP also
contributed to the inhibition of Fas-induced hepatocyte apoptosis through strength-
ening the activity of the PI3K/Akt pathway. This finding may shed new light on the
mechanism of HBV interference with the apoptosis signaling and HCC formation. In
addition, the observation from this study that pharmacological inhibition of PI3K/Akt
resensitized the HBSP-expressing hepatoma cells to Fas-induced apoptosis may serve
as a steppingstone for restoring hepatoma cell death through favorable combinatory
treatment using both PI3K inhibitors and extrinsic Fas agonists.

In summary, as proposed pictorially in Fig. 7, HBSP enhances PI3K activity via unknown
intermediate steps resulting in the phosphorylation of mTORC2 and PDPK1 with conse-
quent phosphorylation and activation of Akt. Upon activation, Akt inhibits Fas-mediated
hepatocyte apoptosis through upregulation of FLIPL and disruption of Fas aggregation. To
the best of our knowledge, this is the first evidence supporting the notion of involvement
of the HBV viral protein HBSP in establishing cross talk between Fas and the PI3K/Akt
pathway which may influence the outcome of HBV-related liver diseases.

MATERIALS AND METHODS
Plasmid construction. A 2.2-kb spliced defective HBV DNA was previously isolated from a patient

with chronic HBV infection (67) and served as a template for PCR amplification of the HBSP gene. The
empty vector plasmid pFlag was constructed by inserting Flag tag sequence GATTACAAGGATGACGAC
GATAAG into the KpnI and XhoI sites of the plasmid pcDNA3.1/Hygro(�) (Invitrogen, Carlsbad, CA, USA).
pHBSP was constructed by inserting the PCR-generated HBSP gene fused with Flag tag sequence with
the forward primer 5=-CGGGGTACCGCCACCATGCCCCTATCTTATCAAC-3= and reverse primer 5=-CCGCTC
GAGCTACTTGTCGTCATCGTCTTTGTAGTCGTAAACTGAGCCA-3= into the KpnI and XhoI sites of the plasmid
pcDNA3.1/Hygro(�). pCDH-HBSP-Flag, used for establishing a stable HBSP-expressing cell line, was
constructed by insertion of a PCR-generated HBSP gene into pCDH-CMV-MCS-EF1-Puro cDNA (System
Biosciences, Palo Alto, CA, USA) between the XbaI and BamHI sites. The primers used were as follows:
forward, 5=-CTAGTCTAGAGCCACCATGCCCCTATCTATCAACAC-3=; reverse, 5=-CGCGGATCCCTACTTGTCGT
CATCGTCTTTGTAGTCGTAAACTGAGCCAGGAGAAACG-3=. pHBSP-Red expressing the fusion HBSP and
Ds-Red fluorescent protein was constructed by inserting a PCR-generated HBSP gene into the XhoI and
BamHI sites of the plasmid pDsRed-Monomer-Hyg-N1 vector (Clontech, Palo Alto, CA, USA). The primers
used were as follows: forward, 5=-CGGAATTCATGCCCCTATCTTATCAACAC-3=; reverse, 5=-AACTGCAGCTA
GTAAACTGAGCAGGAG-3=.
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Cell line and culture. The human hepatoma cell line HepG2 was maintained in minimum essential
medium (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (FBS; HyClone Labo-
ratories Inc., Logan, UT, USA) in a 5% CO2 humidified incubator at 37°C. Transfection was performed using
Lipofectamine 3000 transfection reagent (Invitrogen) according to the manufacturer’s instructions.
Cryopreserved primary human hepatocytes (PHH) were purchased from Bioreclamation IVT (Brussels,
Belgium) and cultured in William’s medium E (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%
FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin.

Reagents and antibodies. Agonistic human monoclonal antibody anti-Fas CH11 was supplied by
MBL (SY-001; Nagoya, Japan). Actinomycin D (ActD) was obtained from Sigma (A1410; Sigma-Aldrich),
and hygromycin was supplied by Merck KGaA (400049-5MU; Darmstadt, Germany). Anti-caspase-8
antibody was purchased from Cell Signaling Technology (catalog no. 9746; Danvers, MA, USA); it detects
endogenous levels of full length caspase-8 (57 kDa), the cleaved intermediate p43/p41, or the caspase-8
active fragment p18. FasL, anti-Fas, anti-P53, anti-FLIPL, anti-caspase-3, anti-FADD, anti-Akt, anti-p-Akt
(Ser473 or Thr308), anti-PDPK1 and anti-mTOR, anti-p-PDPK1 (Ser241), anti-p-mTOR (Ser2481), anti-Flag,
anti-PI3Kp85, anti-PI3Kp110�, anti-PI3Kp110�, anti-PTEN, anti-SHP1, anti-IRS1, anti-Ras, anti-GRP94, anti-
eIF2�, anti-p-eIF2� (Ser51), and anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) antibod-
ies and PI3K inhibitor LY294002 were purchased from Cell Signaling Technology. Horseradish peroxidase
(HRP)-coupled secondary antibodies were from Beyotime Biotechnology (Shanghai, China).

RNA interference. For transient knockdown of PI3K, HepG2 cells were transfected with small
interfering RNA (siRNA) oligonucleotides using Lipofectamine 3000 according to the manufacturer’s
instructions. The sequences of two siRNAs each targeting both PIK3CA and PI3KCB genes were as follows:
5=-GGACCUCAAUUCACCUCAUTT-3= and 5=-GCAACAGCUUUGCAUGUUATT-3= (PI3K siRNA1) and 5=-GCA
ACCUACGUGAAUGUAATT-3= and 5=-GCUGUCAAUCAAGUGGAAUTT-3= (PI3K siRNA2). The sequence of
nontargeting scrambled control was 5=-UUCUCCGAACGUGUCACGUTT-3= (PI3K NC). The gene silencing
effect was confirmed by Western blot analysis 48 h posttransfection.

Generation of stable HBSP-expressing hepatoma cell lines. The HepG2 cells were transfected with
pHBSP or the empty vector control pFlag and then selected in the presence of 400 �g/ml hygromycin
for 4 weeks. The hygromycin-resistant clones were combined to create a multiclonal cell population and
screened for the extent of HBSP protein expression by Western blot analysis.

FIG 7 Schematic representation of HBSP regulation on PI3K/Akt signaling to affect Fas-apoptotic
pathway.
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Generation of HBSP-expressing recombinant lentivirus. Thirty percent confluent 293T cell mono-
layers in 10-cm culture dishes were cotransfected with pCDH-HBSP-Flag and the packaging vectors of
pMDL, p-VSV-G, and pREV (Invitrogen) and cultured for 48 h. The culture medium was collected and
clarified by low-speed centrifugation. The supernatant after filtration through 0.45-�m filters was added
into the culture of PHH cells grown in 6-cm culture dishes. The expression of HBSP was confirmed by
Western blot analysis.

CCK-8 assay. Cells were seeded into 96-well plates with 5 � 103 cells per well and cultured for 16 h.
Different concentrations of anti-Fas CH11 or FasL plus 0.5 �g/ml ActD were added to the medium, and
cells were incubated for another 72 h (HepG2) or 12 h (PHH). Cell counting kit 8 (CCK-8; Donjindo, Japan)
was used to detect the viability of different cell lines. The absorbance (A) at the wavelength of 450 nm
was measured using a microplate reader (Bio-Tek, Winooski, VT, USA). Cell viability was expressed
according to the formula mean A value of the experimental group/mean A value of the control group.

Flow cytometry. Cells were cultured in standard cell culture medium and incubated for 12 h with
2 �g/ml of anti-Fas CH11 plus 0.5 �g/ml ActD. Cells were washed twice and mixed with 5 �l propidium iodide
(PI) and 5 �l annexin V. After a 15-min incubation at room temperature in the dark, fluorescence was analyzed
by flow cytometry (FACSVerse; BD Biosciences, NJ, USA) using FACSuite software (BD Biosciences).

Western blot analysis. Cells were lysed for 30 min at 4°C in Western and immunoprecipitation (IP)
lysis buffer (Beyotime Biotechnology). Protein concentration was determined using the bicinchoninic
acid (BCA) protein assay kit (ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer’s
protocol. Proteins were separated by SDS-PAGE on a 12% or 8% gel under reducing conditions and
transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, Hercules, CA, USA). The
membrane was blocked for 1 h with Tris-buffered saline (TBS)–Tween 20 (50 mmol/liter Tris, 160 mmol/
liter NaCl, 0.1% Tween 20, pH 7.8) containing 5% bovine serum albumin (BSA), and all subsequent steps
were done in this buffer. Specific primary antibody was incubated overnight at 4°C. After intensive
washes, the peroxidase-labeled HRP-coupled secondary antibody was added for 1 h, and the proteins
were visualized with the enhanced BeyoECL Star (Beyotime Biotechnology).

qRT-PCR analysis. Total RNA was extracted using the TRIzol reagent (Invitrogen) and reverse
transcribed to cDNA by using the ExScript reverse transcription-PCR (RT-PCR) kit (TaKaRa, Shiga, Japan).
Quantitative real-time PCR (qRT-PCR) was performed in the Mx3000P real-time PCR system (Agilent
Technologies, Santa Clara, CA, USA) with the SYBR Premix Ex Taq kit (TaKaRa) according to the
manufacturer’s instructions. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as
a reference gene, and relative mRNA levels were calculated using the threshold cycle (2�ΔΔCT) method.
The paired forward and reverse primers were as follows: P1 and P2 for total Fas amplification, P3 and P4
for mFas amplification, 5=-TAACAGTTCCTGCATGGGCGGC-3= and 5=-AGGACAGGCACAAACACGCACC-3=
for P53, 5=-GAAGTTGACTGCCTGCTGGCTTTCT-3= and 5=-TGGGGCAACCAGATTTAGTTTCTCC-3= for FLIPL,
and 5=-TGCACCACCAACTGCTTAGC-3= and 5=-AGCTCAGGGATGACCTTGCC-3= for GAPDH.

Semiquantitative RT-PCR analysis of mFas, sFas, and XBP1. Transcribed cDNA was used as a
template for PCR amplification. The paired primers P1 and P2 were used for total Fas amplification, and
P3 and P5 were used for mFas/sFas amplification; primer sequences were reported previously (53). The
paired forward and reverse primers for amplification of XBP1 were 5=-CTGGAAAGCAAGTGGTAGA-3= and
5=-CTGGGTCCTTCTGGGTAGAC-3=. PCR products were analyzed on a 3% agarose gel by electrophoresis
and ethidium bromide staining. A digital image of the gel was obtained using a Syngene apparatus
(Syngene, San Diego, CA) and the Syngene GeneSnap software (version 4.00.00). Individual band
intensities were quantitated using the densitometric software Quantity One (Bio-Rad Laboratories). sFas
or mFas mRNA level was expressed as a ratio of sFas or mFas PCR product signal to that of GAPDH.

Fas splicing assay. The Fas splicing assay was performed as we previously reported (53). Briefly, cells
were transfected with Fas splicing reporter construct pCMV56-Fas, and total RNA was extracted 48 h after
transfection for reverse transcription and subsequent PCR amplification. The PCR products were run on
3% agarose gels and analyzed by a digital imaging system.

ELISA. sFas in cell culture supernatant was detected using a human sFas enzyme-linked immunosor-
bent assay (ELISA) kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.
The PI3K activity assay was performed with an ELISA K-1000s-PI3K activity kit (ELISA: Pico; Echelon
Biosciences Inc., Salt Lake City, UT, USA) according to the manufacturer’s instructions. The amount of PIP3
was measured with the competitive PIP3 mass ELISA kit (K-2500s; Echelon Biosciences, Inc.) per the
manufacturer’s recommendations. The absorbance of each well was measured at 450 nm using a
microplate reader (Bio-Rad Laboratories). The concentration of sFas was calibrated from a dose-response
curve based on reference standards.

Co-IP assay. For the in vivo coimmunoprecipitation (Co-IP) experiments, transiently transfected
HepG2 cells were lysed and the soluble proteins were precleared with 100 �l of a 50% slurry of protein
A agarose (Invitrogen). The clear lysates were then mixed with 4 �g of antibodies and 100 �l of a 50%
slurry of protein A agarose. The immunoprecipitated complexes were analyzed by Western blot analysis.

Immunofluorescent confocal microscopy. HepG2 cells were transfected with pHBSP-Red and
pDSRed-Monomer-Hyg-N1 vector (Clontech). Forty-eight hours after incubation, cells were fixed with 4%
paraformaldehyde for 10 min followed by washing three times with phosphate-buffered saline (PBS) and
staining with 4=,6-diamidino-2-phenylindole (DAPI) (Beyotime Biotechnology) and then examined under
a confocal microscope (TCS SP8; Leica Microsystems Inc., Buffalo Grove, IL, USA).

Statistical analysis. Statistical analysis was performed using SPSS software (SPSS22.0; SPSS Inc.,
Chicago, IL, USA). The statistical significance in the difference between mRNA and protein levels was
analyzed by analysis of variance (ANOVA).
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