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Although partial hepatectomy (PH) to remove tumors provides a potential

cure of hepatocellular carcinoma (HCC), long-term survival of hepatitis B

virus (HBV)-related HCC patients after PH remains a big challenge. Early

recurrence within 2 years post-PH is associated with the dissemination of

primary HCC. However, late recurrence after 2 years post-PH is supposed

due to the de novo or a secondary tumor. Since PH initiates liver regenera-

tion (LR), we hypothesize that LR may accelerate tumorigenesis through

activation of pre-existing precancerous lesions in the remaining liver. In

this study, we explored the potential role of several LR-related factors in

the de novo recurrence in a HBV X protein (HBx) transgenic mouse model

receiving PH to mimic human HCC development. Following PH, we

observed that tumor development was significantly accelerated from 16.9

to 10.4 months in HBx transgenic mice. The expression of suppressor of

cytokine signaling (SOCS) family proteins was remarkably suppressed in

livers of HBx transgenic relative to non-transgenic mice from early to late

stages after PH as compared with non-PH mice. The expression of trans-

forming growth factor-b (TGF-b)/Smad pathway, hepatocyte growth factor

(HGF), Myc, signal transducer and activator of transcription 3 (STAT3),

and b-Catenin also showed a significant difference between livers of HBx

transgenic and non-transgenic mice at variable time points after PH in

comparison with non-PH mice. Taken together, our results provide an

explanation for the high de novo recurrence of HBV-related HCC after PH,

probably through induction of the sequential changes of LR-related SOCS

family proteins, growth factors, and transcription factors, which may pro-

mote growth on the precancerous remnant liver.
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1. Introduction

Hepatocellular carcinoma (HCC) ranks top in the 10

leading causes of cancer-related deaths worldwide and

develops primarily in patients with chronic hepatitis B

or C virus (HBV or HCV) infection (El-Serag, 2012).

Although partial hepatectomy (PH) provides a poten-

tially curative procedure for the treatment of HCC

(Kishi et al., 2011), the recurrence rate 5 years after

surgery is as high as 70%, contributing to poor patient

survival (Grazi et al., 2001; Nakashima et al., 2003;

Tang et al., 2004). It is therefore critical and urgently

needed to explore the underlying mechanism of high

recurrence of HCC after PH.

HCC recurrence after PH can be classified into early

and late recurrence according to the timing of recur-

rence by 2-year cut-off (Bruix et al., 2005; Hoshida

et al., 2010). Early recurrence is usually associated

with the dissemination of ‘primary’ tumor or intrahep-

atic invasion, whereas late recurrence occurs mainly

due to multicentric carcinogenesis or ‘de novo’ recur-

rence from the precursor dysplastic lesions in the

remaining liver after PH. Although the molecular sig-

natures associated with early HCC recurrence have

been characterized (Iizuka et al., 2003; Kim et al.,

2015), few reports concern the predictors or mecha-

nisms for the de novo HCC recurrence.

Several mechanisms have been proposed to explain

the de novo recurrence of HCC after PH, e.g. cancer

stem cells, epithelial–mesenchymal transition, and the

dysregulation of liver regeneration (LR)-related pro-

teins (Michalopoulos, 2010). There are a series of sce-

narios of LR-related molecular events operating after

PH (Yin et al., 2013). Among them, the suppressor

of cytokine signaling (SOCS) family proteins, includ-

ing SOCS1–7, which function as negative regulators

or tumor suppressors to suppress cytokine-mediated

cell growth, play a key role in the termination of LR

at the late phase after PH (Kurinna and Barton,

2011). In addition, several growth and transcription

factors, such as transforming growth factor-b (TGF-

b)/Smad pathway, vascular endothelial growth factor-

A (VEGF-A), hepatocyte growth factor (HGF), Myc,

peroxisome proliferator-activated receptor-c coactiva-

tor-1a (PGC1-a), signal transducer and activator of

transcription 3 (STAT3), and b-Catenin have also

been reported to be related to LR after PH (Bock-

horn et al., 2007; Fausto et al., 2006; Kurinna and

Barton, 2011; Moh et al., 2007; Monga et al., 2001;

Sanders et al., 2012; Zhong et al., 2010). However,

the role of these LR-related factors in HBV-related

HCC recurrence after PH has not yet been well eluci-

dated.

Recently, the ground glass hepatocytes, which har-

bor two HBV oncoproteins, the pre-S mutant surface

antigen and the hepatitis B X protein (HBx), have

been proposed as the precursor lesions of HCC (Wu

et al., 2014; Yen et al., 2016). HBx is an etiologic fac-

tor of HBV-related hepatocarcinogenesis through its

multiple functions in regulation of cell cycle, cell pro-

liferation, lipid metabolism, signal transduction, and

gene transcription (Arbuthnot et al., 2000; Chisari

et al., 1989; Teng et al., 2016). Overexpression of HBx

can cause tumorigenicity in an HBx transgenic mouse

model (Newell et al., 2008). Moreover, HBx expression

has been reported to contribute to HCC development

by affecting LR (Hodgson et al., 2008); however, the

detailed mechanism remains unclear.

In this study, we hypothesize that LR after PH may

accelerate the precursor neoplastic lesions to progress

to HCC, leading to the de novo HCC recurrence. To

confirm this hypothesis, an HBx transgenic mouse

model was established and PH was performed. Wes-

tern blotting was carried out to measure the expression

profiles of a number of LR-related SOCS family pro-

teins, growth factors, and transcription factors in the

remnant livers at various time points following PH. By

comparative analysis of the data between PH and non-

PH groups of mice, our results may provide the poten-

tial mechanism for the high de novo recurrence of

HCC after PH. Intervention in the interaction of LR-

related factors with viral oncoproteins would be con-

sidered to improve the prognosis of HCC treatment by

PH surgery.

2. Material and methods

2.1. Transgenic mice and partial hepatectomy

The transgenic mice overexpressing HBx in liver were

established by Professor Ting-Fen Tsai’s laboratory

(Wu et al., 2006). Briefly, the HBx transgenic mice

were generated in the C57BL/6 background and the

HBx transgene was driven by the liver-specific albumin

promoter. All the animal experiments were performed

under the approval of the Institutional Animal Care

and Use Committees of the National Cheng Kung

University and the National Health Research Insti-

tutes. PH was performed according to previously

described protocols (Mitchell and Willenbring, 2008).

In brief, 3-month-old HBx transgenic and non-trans-

genic mice were subjected to PH. During PH, the med-

ian and left lateral lobes of livers of mice were

removed. After PH, mice were followed up and sacri-

ficed to harvest the remnant livers for biochemical and
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histological analyses at various time points (4 h, 12 h,

3 days, 10 days, 3 months) until tumor formation

(Fig. 1A). Upon tumor formation in HBx transgenic

mice, age-matched non-transgenic mice were also sacri-

ficed for analysis. The time point during PH was set as

0 h and the surgically removed livers were taken to

provide information on the initial status of mice and

serve as a control after PH. Serum alanine aminotrans-

ferase (ALT) level was measured by FUJIFILM DR-

CHEM slides using FUJIFILM DR-CHEM 3500

machine (FUJIFILM Corporation, Tokyo, Japan).

2.2. Western blot analysis

As PH was carried out in 3-month-old mice, 3-month-

old non-PH mice were selected for age-matched com-

parison with the mice at the time points of 0 h, 4 h,

12 h, 3 days, and 10 days after PH, and 6-month-old

non-PH mice were selected for age-matched compar-

ison with the mice at 3M after PH. Because the HBx

transgenic mice receiving PH developed tumors at the

mean age of 10.4 months (range 8.5–13.0; Fig. 1D), we

chose 12-month-old non-PH mice for age-matched

comparison with the mice at the time point of tumor

formation following PH. Western blot analysis was

performed as previously described (Teng et al., 2011).

Briefly, total proteins in mice liver tissues were

extracted with lysis buffer containing protease and

phosphatase inhibitor cocktail (Roche Diagnostics,

Mannheim, Germany). Equal amounts of proteins for

each sample were resolved on sodium dodecyl sulfate-

polyacrylamide gels and transferred to polyvinylidene

difluoride membranes. Membranes were incubated with

primary antibodies, followed by secondary antibodies,

Fig. 1. PH-accelerated tumor development in HBx transgenic mice. (A) Schematic overview of the experimental design of PH in HBx

transgenic and non-transgenic (normal) mice. PH was performed in 3-month-old HBx transgenic and non-transgenic mice. After PH, samples

for analyses of liver-to-bodyweight (Liver/BW) ratio (B) and serum ALT level (C) were harvested at 0 h, 4 h, 12 h, 3 days, 10 days, and

3 months until tumor formation in HBx transgenic and age-matched non-transgenic mice. Three mice were assayed at the time points of

0 h, 4 h, 12 h, 3 days, 10 days, and 3 months, and six mice were assayed when a tumor developed after PH. The various time points after

PH are shown in blue. (D) Statistical comparison of the age of tumor formation between PH (n = 8) and non-PH (n = 21) groups of HBx

transgenic mice showed that PH significantly accelerated tumor formation from the mean age of 16.9 to 10.4 months. Statistically

significant difference was indicated (*P < 0.05, ***P < 0.001).
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and then developed by an enhanced chemiluminescence

system (Amersham Pharmacia Biotech, Amersham,

UK). The primary antibodies used in this study were

anti-SOCS1 (ab83493), anti-SOCS5 (ab5

6649), anti-SOCS6 (ab157168), anti-Smad2 (ab33875),

anti-p-Smad2 (Ser467) (ab53100), anti-Smad3 (ab28

379), anti-HGF (ab83760), anti-Myc (ab32072; Abcam,

Cambridge, UK), anti-SOCS3 (2932), anti-STAT3

(9139), anti-p-STAT3 (Tyr705) (9145), anti-p-STAT3

(Ser727) (9134), anti-TGF-b (3711), anti-p-Smad3

(Ser423/425) (9520; Cell Signaling Technology, Dan-

vers, MA, USA), anti-SOCS2 (sc-9022), anti-SOCS7

(sc-5609), anti-PGC1-a (SC-13067), anti-Smad4 (sc-

7966), anti-VEGF-A (sc-152; Santa Cruz Biotechnol-

ogy, Santa Cruz, CA, USA), anti-SOCS4 (MAB5628;

R&D Systems, Minneapolis, MN, USA), anti-b-Cate-
nin (610153; BD Biosciences, Bedford, MA, USA), and

anti-b-Actin (MAB1501; Millipore, Billerica, MA,

USA). b-Actin was used as the internal control.

2.3. Statistical analysis

The significance of the age of tumor development

between PH and non-PH groups of HBx transgenic

mice was determined by unpaired t-test (*P < 0.05,

**P < 0.01, ***P < 0.001). The significance of protein

expression of each LR-related factor between HBx

transgenic and non-transgenic mice with or without

PH was determined by unpaired t-test. Data represent

the mean with standard deviation (SD) error bar. By

comparative analysis of the expression data between

PH and non-PH groups of mice, the LR-related fac-

tors whose expression was significantly changed and

strictly related to PH in the HBx transgenic mice were

identified.

3. Data accessibility

All data generated or analyzed during this study are

included in this published article and its supplementary

information files.

4. Results

4.1. The incidence and mean age of HCC

formation in HBx transgenic mice

To verify the role of HBx in tumorigenesis, we first

investigated the incidence and mean age of HCC for-

mation in HBx transgenic mice. As shown in Table 1,

the HBx transgenic mice developed HCC with a

100% incidence in livers of both males (n = 20) and

females (n = 18). None of non-transgenic mice was

observed to develop tumor. The tumor development

of HBx transgenic mice was faster in males (mean age

16.9 months; range 14.0–21.5 months) than in females

(mean age 21.2 months; range 14.0–27.0 months;

P < 0.05). Therefore, we chose male HBx transgenic

mice to perform PH for further experiments. The

HBx transgenic mice receiving PH were used as a

model to mimic the progression of HCC recurrence

after PH.

4.2. PH-accelerated tumor development in HBx

transgenic mice

To examine the effect of PH on HBx-mediated tumorige-

nesis, the liver-to-bodyweight ratio as well as serum ALT

level of both HBx transgenic and non-transgenic mice

were recorded at various time points until tumor forma-

tion after PH. As shown in Fig. 1B, the ratio of liver-to-

bodyweight showed no significant difference between

Table 1. The incidence and mean age of HCC formation in HBx transgenic mice.

Transgenic mice Gender

Number of

mice studied

Number of

mice with tumor Tumor incidence

Mean age of tumor

formation, months

HBx Male 20 20 100% 16.9

Female 18 18 100% 21.2

Fig. 2. Dynamic expression of LR-related SOCS family proteins in the progression of HBx transgenic tumorigenesis after PH. The

expression of SOCS family proteins in livers of HBx transgenic and non-transgenic mice with or without PH was examined by western

blotting at the indicated time points, followed by quantitative and statistical analysis (*P < 0.05, **P < 0.01, ***P < 0.001). The expression

of each SOCS protein in HBx transgenic livers, non-tumors (NT) or tumors (T) was correlated with that in non-transgenic (normal) livers. The

expression changes of each SOCS protein in HBx transgenic livers compared with non-transgenic livers between PH and non-PH groups of

mice are highlighted with the colored boxes corresponding to the age-matched comparison (blue boxes for PH mice at 0 h, 4 h, 12 h,

3 days, 10 days post-PH and 3-month-old non-PH mice; green boxes for PH mice at 3 months post-PH and 6-month-old non-PH mice;

magenta boxes for PH mice with tumors and 12-month-old non-PH mice). The upward and downward arrows above each box indicate

increased and decreased expression changes in the PH group compared with the non-PH group of mice, respectively. The number of mice

assayed in each group at each time point is shown in Figs S1 and S2.
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HBx transgenic and non-transgenic mice within

3 months after PH but it was significantly increased in

HBx transgenic mice compared with non-transgenic mice

upon tumor formation after PH. Serum ALT level was

significantly elevated in HBx transgenic mice compared

with non-transgenic mice at 10 days and tumor forma-

tion after PH (Fig. 1C). Interestingly, we observed that

the mean age of tumor formation in HBx transgenic mice

after PH was significantly accelerated from 16.9 months

(range 14.0–21.5) in the non-PH group (n = 21) to

10.4 months (range 8.5–13.0) in the PH group (n = 8;

Fig. 1D). None of non-transgenic mice developed tumor

during the study period after PH. The results of our ani-

mal experiments suggest that hepatocarcinogenesis was

accelerated in HBx transgenic mice after PH.

4.3. Dynamic expression of LR-related SOCS

family proteins in the progression of HBx

transgenic tumorigenesis after PH

To investigate the molecular basis of the acceleration of

HBx transgenic tumorigenesis after PH, the protein

expression level of SOCS family members (SOCS1–7) in
livers at various time points until tumor formation after

PH was examined by western blot analysis in both HBx

transgenic and non-transgenic mice (Fig. S1). For com-

parative analysis, the expression of SOCS family pro-

teins was also detected in the age-matched HBx

transgenic and non-transgenic mice without PH

(Fig. S1). As shown in Fig. 2, SOCS1 expression was

significantly downregulated in HBx transgenic livers

compared with non-transgenic livers at 12 h post-PH

rather than in the age-matched 3-month-old non-PH

transgenic livers. Conversely, although SOCS1 expres-

sion was significantly downregulated in 12-month-old

non-PH HBx transgenic livers compared with non-

transgenic livers, no significant difference of SOCS1

expression was observed between transgenic and non-

transgenic livers at the time point of tumor formation

after PH. Compared with non-transgenic livers, SOCS2

expression was significantly downregulated in 3-month-

old non-PH HBx transgenic livers but not in the trans-

genic livers at the time points within 10 days after PH.

Conversely, SOCS2 expression showed consistent down-

regulation in HBx transgenic tumors post-PH as well as

in the age-matched 12-month-old non-PH transgenic

livers compared with non-transgenic livers. The

expression of SOCS3 was significantly downregulated

in HBx transgenic livers compared with non-trans-

genic livers at the relatively early time points of 4 h,

12 h, and 3 days after PH rather than the age-

matched 3-month-old non-PH transgenic livers. Con-

versely, SOCS3 expression was significantly downregu-

lated in 12-month-old non-PH HBx transgenic livers

compared with non-transgenic livers but not in the

transgenic livers at the time point of tumor formation

after PH. The expression of SOCS4 was significantly

increased in HBx transgenic livers at 3 days post-PH

rather than in the age-matched 3-month-old non-PH

transgenic livers compared with non-transgenic livers.

However, no significant difference in SOCS4 expres-

sion was observed between HBx transgenic and non-

transgenic livers at the time point of tumor formation

post-PH, although SOCS4 expression was significantly

downregulated in the age-matched 12-month-old non-

PH transgenic livers compared with non-transgenic

livers. SOCS5 expression was significantly downregu-

lated in 12-month-old non-PH HBx transgenic livers

compared with non-transgenic livers but not in the

transgenic livers at the time point of tumor formation

after PH. No significant difference in SOCS6 expres-

sion was observed between HBx transgenic and non-

transgenic livers with or without PH during the study

periods. Compared with non-transgenic livers, SOCS7

expression was significantly downregulated in HBx

transgenic livers at the early time points of 4 and 12 h

and the late time point of 3 months as well as in

transgenic tumors after PH. However, SOCS7 expres-

sion was significantly upregulated in 6-month-old and

downregulated in 12-month-old non-PH transgenic liv-

ers compared with non-transgenic livers.

4.4. Dynamic expression of LR-related growth

and transcription factors in the progression of

HBx transgenic tumorigenesis after PH

Next, we examined the protein expression profiles of

several growth and transcription factors, including the

TGF-b/Smad pathway, VEGF-A, HGF, Myc, PGC1-

a, STAT3, and b-Catenin in livers of HBx transgenic

Fig. 3. Dynamic expression of LR-related TGF-b/Smad pathway in the progression of HBx transgenic tumorigenesis after PH. The

expression of TGF-b and its downstream Smad proteins was examined by western blotting at the indicated time points, followed by

quantitative and statistical analysis (*P < 0.05, **P < 0.01, ***P < 0.001). The expression of each signal molecule in HBx transgenic livers,

non-tumors (NT) or tumors (T) correlated with that in non-transgenic (normal) livers. The expression changes of each signal molecule in HBx

transgenic livers compared with non-transgenic livers between PH and non-PH groups of mice are highlighted, with the colored boxes

corresponding to the age-matched comparison as shown in Fig. 2. The upward and downward arrows above each box indicate the

increased and decreased expression changes in the PH group compared with the non-PH group of mice, respectively. The number of mice

assayed in each group at each time point is shown in Figs S1 and S3.
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and non-transgenic mice with or without PH by west-

ern blot analysis (Figs S2 and S3). As shown in Fig. 3,

compared with non-transgenic livers, TGF-b expres-

sion was significantly upregulated in transgenic tumors

after PH, although its expression was significantly

downregulated in 3-month-old and 6-month-old non-

PH transgenic livers. Smad2 expression was signifi-

cantly downregulated in HBx transgenic livers at 0 h

but upregulated in transgenic tumors after PH com-

pared with the non-PH transgenic livers. The expres-

sion of Ser467-phosphorylated Smad2 was significantly

downregulated in HBx-transgenic livers rather than in

the non-PH transgenic livers, compared with non-

transgenic livers at 12 h and 3 months post-PH,

although its expression was significantly downregu-

lated and upregulated in the age-matched 3- and 6-

month-old non-PH transgenic livers, respectively.

Smad3 expression was significantly downregulated in

HBx transgenic livers at 3 months post-PH but not in

the non-PH transgenic livers compared with non-trans-

genic livers. The expression of Ser423/425-phosphory-

lated Smad3 was significantly upregulated in HBx

transgenic livers at 3 days as well as in transgenic non-

tumors and tumors after PH rather than in the

non-PH transgenic livers compared with non-trans-

genic livers. Smad4 expression was significantly upreg-

ulated in HBx transgenic livers at 12 h and 3 months

post-PH but not in the non-PH transgenic livers com-

pared with non-transgenic livers.

As shown in Fig. 4, compared with non-transgenic

livers, VEGF-A expression was significantly downregu-

lated in HBx transgenic livers at 6 months and in

transgenic tumors after PH rather than the age-

matched transgenic livers. HGF expression was signifi-

cantly upregulated in HBx transgenic livers at 3 days

but downregulated in transgenic tumors after PH,

although its expression was significantly downregu-

lated in 3- and 6-month-old non-PH transgenic livers

compared with non-transgenic livers. Myc expression

was significantly upregulated in HBx transgenic livers

compared with non-transgenic livers at 12 h and

3 months post-PH but not in the age-matched non-PH

transgenic livers. PGC1-a expression was significantly

downregulated in HBx transgenic livers at 0 h and

3 months post-PH but not in the age-matched non-PH

transgenic livers compared with non-transgenic livers.

STAT3 expression was significantly upregulated in

HBx transgenic livers at 4 h post-PH but downregu-

lated in 3- and 6-month-old non-PH transgenic livers

compared with non-transgenic livers. The expression

of Tyr705-phosphorylated STAT3 showed no signifi-

cant difference between HBx transgenic and non-trans-

genic livers at any of the examined time points after

PH but it was upregulated in 12-month-old non-PH

transgenic livers compared with non-transgenic livers.

The expression of Ser727-phosphorylated STAT3 was

significantly downregulated in HBx transgenic livers at

12 h post-PH as well as in the age-matched 3-month-

old non-PH transgenic livers compared with non-trans-

genic livers. Compared with non-transgenic livers,

b-Catenin expression was significantly upregulated in

HBx transgenic livers at 0 h but downregulated in

transgenic livers at 12 h and in transgenic non-tumors

after PH. However, no significant difference of b-Cate-
nin expression was observed between HBx transgenic

and non-transgenic livers in the non-PH mice.

5. Discussion

Liver has the remarkable capacity to regenerate after

surgical removal or injury. The unique regenerative

property of liver constitutes a dilemma in surgical

treatment of HCC, considering the potential role of

PH-induced LR in the acceleration of tumorigenesis in

the remnant liver, which harbors precancerous lesions

such as HBV infection. In this study, we used HBx

transgenic mice to mimic the surgical resection of

HBV-related HCC patients. This HBx transgenic

mouse model provides a more natural course of tumor

development in chronic HBV infection. Previous stud-

ies were usually performed on normal rodents either

receiving transplanted tumor cells or using chemicals

to induce tumor development (de Jong et al., 1995;

Picardo et al., 1998). Using this model, we observed

that the mean age of tumor formation in HBx trans-

genic livers was accelerated from 16.9 to 10.4 months

after PH, implying that PH-induced LR may acceler-

ate the progression of HBx-induced tumorigenesis, a

Fig. 4. Dynamic expression of LR-related growth and transcription factors in the progression of HBx transgenic tumorigenesis after PH. The

expression of several LR-related growth and transcription factors was examined by western blotting at the indicated time points, followed

by quantitative and statistical analysis (*P < 0.05, **P < 0.01). The expression of each LR-related factor in HBx transgenic livers, non-

tumors (NT) or tumors (T) correlated with that in non-transgenic (normal) livers. The expression changes of each LR-related factor in HBx

transgenic livers compared with non-transgenic livers between the PH and non-PH groups of mice are highlighted, with the colored boxes

corresponding to the age-matched comparison as shown in Fig. 2. The upward and downward arrows above each box indicate the

increased and decreased expression changes in PH group compared with non-PH group of mice, respectively. The number of mice assayed

in each group at each time point is shown in Figs S1 and S3.
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condition mimicking the observation of de novo recur-

rence of HBV-related HCC after surgical resection.

Our results may provide an explanation for the high

de novo recurrence of HBV-related HCC after PH,

probably through induction of the sequential changes

of LR-related SOCS family proteins, growth factors,

and transcription factors, which promote growth on

the precancerous remnant liver (Fig. 5; Chok et al.,

2011; Iizuka et al., 2003; Sonnenblick and Zahavi,

2017).

Activation of LR after PH has been reported to be

mediated by some important clusters of networks:

cytokines, metabolic signals, and tight regulation of

growth factors and its receptors (Kurinna and Barton,

2011). However, the mechanism of LR in de novo

HCC recurrence after PH is still poorly understood

and the prediction biomarkers are not well defined. In

this study, the results revealed that the dysregulation

of LR-related SOCS family proteins may play one

role. The expression of three SOCS proteins (SOCS1,

SOCS3, and SOCS7) was remarkably downregulated

in livers of HBx transgenic mice compared with non-

transgenic mice from the early time points (4 h, 12 h,

and 3 days) to the late time points (3 months) after

PH in comparison with the age-matched non-PH mice.

This result is consistent with the anti-tumor role of

SOCS family proteins in LR after PH. By acting on

cytokines and growth factors that promote hepatocyte

proliferation, mice deficient in either SOCS1 or SOCS3

were shown to exhibit an accelerated rate of LR after

PH (Gui et al., 2011; Riehle et al., 2008). In addition,

SOCS1 and SOCS3 have been implicated in HCC

(Niwa et al., 2005; Yoshida et al., 2004; Yoshikawa

et al., 2001). The gene loss and epigenetic silencing of

SOCS1 and SOCS3 frequently occurred in HBV-

related HCC patients (Niwa et al., 2005; Zhang et al.,

2014). Moreover, one recent study reported that HBx

could downregulate the expression of SOCS1 through

enhancing the methylation of SOCS1 gene promoter

(Fu et al., 2016). The biological function of SOCS7

protein remains to be determined. Considering that

SOCS family proteins function as a terminator of LR,

the suppression of SOCS1, SOCS3, and SOCS7 expres-

sion in remnant livers may be involved in the

Fig. 5. Proposed schematic model for the role of PH-induced LR in the acceleration of HBx transgenic tumorigenesis. In the HBx transgenic

mouse model receiving PH, the expression level of several LR-related genes, whose protein products exhibit either suppressive or

promotive effect on LR, is either downregulated (downward arrows) or upregulated (upward arrows) in the remnant livers from the early

time points (0 h, 4 h, 12 h, 3 days, and 10 days; blue-colored) to the late time point (3 months; green-colored) until tumor formation

(magenta-colored) after PH in comparison with the non-PH mice. The combined effect of downregulation of the indicated suppressive

molecules and upregulation of the indicated promotive molecules at the indicated stages following PH may induce a LR-initiated growth

promotion on the remnant livers, contributing to the acceleration of HBx transgenic tumorigenesis.
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accelerated tumor development in HBx transgenic mice

after PH.

Besides SOCS family proteins, in this study we

examined the expression of LR-related TGF-b and its

downstream Smad proteins. The TGF-b/Smad path-

way plays essential roles in regulation of a wide variety

of cellular functions, including proliferation, differenti-

ation, migration, and apoptosis (Drabsch and ten

Dijke, 2012). Several studies have suggested that dys-

regulation of this pathway contributes to all stages of

liver disease progression, from initial liver injury

through inflammation and fibrosis to cirrhosis and

HCC (Fabregat et al., 2016; Giannelli et al., 2014;

Meindl-Beinker et al., 2012). Consistent with these

findings, our results showed that the expression of

TGF-b, Smad2, Ser423/425-phosphorylated Smad3,

and Smad4 was remarkably increased in livers of HBx

transgenic mice compared with non-transgenic mice

from the early time points (4 h, 12 h, 3 days, and

10 days) to the late time points (3 months) even up to

tumor formation after PH in comparison with the age-

matched non-PH mice. The sustained activation of the

TGF-b/Smad pathway during the entire period follow-

ing PH implies that HBx may affect the TGF-b/Smad

pathway, leading to tumor progression.

In this study, several LR-related growth and tran-

scription factors were also investigated. HGF, Myc,

and b-Catenin are important for efficient LR through

driving cell cycle progression and cell proliferation

after PH (Fausto et al., 2006; Kurinna and Barton,

2011; Monga et al., 2001; Sanders et al., 2012). Con-

sistently, our results revealed that the expression of

HGF, Myc, and b-Catenin was significantly upregu-

lated in HBx transgenic livers compared with non-

transgenic mice at both the early (0 h, 12 h, and

3 days) and late (3 months) time points after PH in

comparison with the age-matched non-PH mice,

implying that HBx may enhance the progression of

HCC after PH by positively regulating these signal

molecules. STAT3 is rapidly induced in livers in the

first few hours after PH and is required for the tran-

scriptional activation of many immediate/early growth

response genes (Cressman et al., 1995; Moh et al.,

2007). In addition, STAT3 has been reported to act as

an oncogenic factor to promote tumor growth in liver

tumorigenesis (Wang et al., 2011). Consistent with

these reports, our data also showed that the expression

of STAT3 was significantly upregulated in HBx trans-

genic livers compared with non-transgenic livers at

both the early (4 h) and late (3 months) time points

after PH in comparison with the age-matched non-PH

mice, suggesting that STAT3 may function as a tran-

scriptional activator at the early stage and an

oncogenic factor at the late stage of HBx transgenic

tumorigenesis after PH.

6. Conclusions

In this study we demonstrated that use of PH as a

curative therapeutic treatment in the HBx transgenic

mice could accelerate tumor development, an outcome

which is similarly observed in clinical practice. Until

now, PH has been a potentially curative procedure for

the treatment of HCC. Although diagnostic methods

and therapeutic strategies for HCC have been

improved in the past decade, the survival and postsur-

gical recurrence rates are still high. The HBV-infected

hepatocyte seems to become a pre-existing precancer-

ous lesion that can disrupt the critical regulators (such

as SOCSs, TGF-b/Smad, HGF, Myc, STAT3, and b-
Catenin) in both physiological and tumorigenic pro-

cesses. The underlying mechanisms by which PH acti-

vates hepatocyte pre-existing precancerous lesions and

leads to the enhanced HBx tumorigenesis still need

further investigation. Based on our results, the acceler-

ation of the recurrence of HBV-infected HCC after

PH should be carefully verified, and markers for HCC

recurrence could be examined in post-PH surgical

specimens to predict the recurrence, which also pro-

vides a benefit for HCC patients from the use of

neoadjuvant or adjuvant therapy for HBV-infected

HCC after PH.
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