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Abstract

Hepatocellular carcinoma (HCC) is the third most common cause of cancer death worldwide and 

most patients with HCC have limited treatment options. Focal Adhesion Kinase (FAK) is 

overexpressed in many HCC specimens, offering a potential target for HCC treatment. However, 

the role of FAK in hepatocarcinogenesis remains elusive. Establishing whether FAK expression 

plays a role in HCC development is necessary to determine whether it is a viable therapeutic 

target. In this study, we generated mice with hepatocyte-specific deletion of Fak and investigated 

the role of Fak in an oncogenic (c-MET/β-catenin, MET/CAT)-driven HCC model. We found that 

deletion of Fak in hepatocytes did not affect morphology, proliferation or apoptosis. However, 

Fak deficiency significantly repressed MET/CAT-induced tumor development and prolonged 

survival of animals with MET/CAT-induced HCC. In mouse livers and HCC cell lines, Fak was 

activated by MET, which induced the activation of Akt/Erk and up-regulated Cyclin D1 and tumor 

cell proliferation. CAT enhanced MET-stimulated FAK activation and synergistically induced the 

activation of the AKT/ERK-Cyclin D1 signaling pathway in a FAK kinase-dependent manner. In 

addition, FAK was required for CAT-induced Cyclin D1 expression in a kinase-independent 

fashion.
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Conclusion—Fak is required for c-Met/β-catenin-driven hepatocarcinogenesis. Inhibition of 

FAK provides a potential strategy to treat HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the most common type of liver cancer. HCC is the fifth 

leading cancer and the third most common cause for cancer death in the world (1). The 

overall survival of patients with HCC is less than 10%. HCC is also the most rapidly 

increasing cancer in the United States, resulting in more than 12,000 deaths per year (1). The 

major causes of HCC are liver disease due to viral hepatitis, alcohol use, and non-alcoholic 

steatohepatitis (NASH) (2).

HCC can be treated to achieve long-term survival by surgical resection, liver transplantation 

and locoregional therapy if patients are diagnosed at an early stage (3). However, a majority 

of patients with HCC present with advanced disease and treatment options are limited (4). 

The current most effective targeted therapeutic agent for advanced HCC, Sorafenib, only 

increased survival from 7.9 months to 10.7 months (5). Therefore, it is urgent to develop 

newer and more effective therapeutic strategies and agents to treat HCC. To achieve this 

goal, it is necessary to elucidate the molecular signaling pathways which drive or mediate 

the development of HCC.

FAK is a non-receptor tyrosine kinase, which can be phosphorylated and activated by 

integrins and growth factors (6, 7). Activation of FAK can target multiple downstream 

signaling pathways (e.g., protein kinase B (PKB or AKT), extracellular receptor kinase 

(ERK) and Ras-related C3 botulinum toxin substrate (Rac)), thereby regulating different 

cellular functions, including cell survival, proliferation and cell migration (8). FAK has been 

shown to play an important role in tumorigenesis and cancer progression in several tissues, 

including breast (9), intestine (10), and brain (11). FAK was reported to be overexpressed in 

HCC specimens (12, 13), offering a potential target to treat HCC. However, the role of FAK 

in hepatocarcinogenesis has not been established. Studying the role of FAK in 

hepatocarcinogenesis by in vivo models is critical to determine whether FAK is a suitable 

candidate target for treating HCC.

The oncoproteins c-MET and β-catenin play critical roles in hepatocarcinogenesis and their 

signaling pathways are frequently dysregulated in HCC (14–16). Co-activation of c-MET 

and β-catenin often occurs in HCC (15). Co-delivery of c-MET (MET) and constitutively 

active β-catenin (ΔN90-β-catenin, CAT) into mouse livers using the Sleeping Beauty 

Transposon system efficiently and rapidly induces primary hepatic tumors (15, 17, 18). 

Therefore, this model (referred to here as MET/CAT) is useful to study the functions of 

genes in hepatocarcinogenesis because of its clinical relevance and efficiency.

In this study, we investigated the role of Fak in MET/CAT-induced mouse models of 

hepatocarcinogenesis. We found that specific deletion of Fak in hepatocytes decreases HCC 
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development and tumor proliferation in MET/CAT-induced HCC. Importantly, Fak deletion 

prolongs survival in animals with MET/CAT-induced HCC. Furthermore, we demonstrated 

that the deletion of Fak in hepatocytes significantly decreases activation of Akt, Erk and 

Cyclin D1 in MET/CAT-treated livers. Our data suggest that Fak is involved in the 

pathogenesis of HCC and inhibition of FAK may be a promising strategy to treat HCC.

Materials and Methods

Mice and Treatment

All animals received humane care according to the “Guide for the Care and Use of 

Laboratory Animals” (http://oacu.od.nih.gov/ac_cbt/guide3.htm). The procedures for all 

animal experiments were approved by the Institutional Animal Care and Use Committee at 

Loyola University Chicago. To generate mice with hepatocyte-specific Fak-deficiency, 

Fakflox/flox mice (purchased from MMRRC, Cat # 009967) were mated to Alb-Cre mice 

(JAX, Cat # 003574). The resulting offspring Alb-Cre; Fakflox/+ mice were then mated to 

generate the Alb-Cre and Alb-Cre; Fakflox/flox littermates. Detailed information on 

genotyping of the mice can be found in the supporting information. The mice were housed 

in micro-isolator cages in a room illuminated from 7:00 AM to 7:00 PM (12:12-hr light-dark 

cycle), and allowed access to water and chow ad libitum.

For the MET/CAT-induced HCC model (19), 55 µg of total plasmids, encoding the Sleeping 

Beauty transposase (HSB2) and transposons with oncogenes MET/CAT and gaussia 

luciferase (Gluc) (22.5µg pT3-EF1α-c-MET(human) + 22.5µg pT3-EF1α-ΔN90-β-catenin 

(human)+ 5µg pT3-Gluc+ 5µg HSB2) (15, 17), were injected hydrodynamically into age- 

and gender-matched mice. Mice were maintained on the standard diet and sacrificed after 3 

days or 7 weeks. The liver weight and body weight of each mouse were measured. Some 

mice were injected hydrodynamically with MET (22.5µg pT3-EF1α-c-MET (human) + 

22.5µg pT3-EF1α + 5ug pT3-Gluc + 5µg HSB2) or CAT (22.5µg pT3-EF1α-Δ90-β-catenin 

(human) + 22.5µg pT3-EF1α + 5µg pT3-Gluc + 5µg HSB2) to study activation of FAK by 

MET or CAT. Some mice were injected hydrodynamically with pT3 (45µg pT3-EF1α + 5µg 

pT3-Gluc + 5µg HSB2) to serve as controls.

Cells and treatment

Huh7, HepG2, and HEP3B cells were maintained in Dulbecco's modified Eagle's (DMEM) 

high glucose medium (Thermo scientific, Waltham, MA) supplemented with 10% FBS, 

penicillin, and streptomycin (Sigma-Aldrich, St. Louis, MO) in a humidified atmosphere of 

5% CO2 at 37°C. Cells were plated in 6-well plates at 30–40% density 24h before treatment 

with 20ng/ml human growth factor (HGF) (Thermo scientific, Waltham, MA) for 15 

minutes and 1h. Total cell lysates were prepared and used for Western blotting.

For FAK shRNA experiments, cells were infected with lentiviral pLKO.1 puro particles 

which contain FAK or scrambled shRNA and selected with 10µg /ml puromycin for 5 days. 

They were then subjected to 20ng/ml HGF treatment for 15minutes or 1h. Lentiviral pLKO.

1 puro particles against human FAK shRNA (Table S1), and control scrambled shRNA 
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(Sigma-Aldrich) were packaged with pCMV-dR8.2 dvpr (Addgene) and pCMV-VSVG 

(Addgene).

For β-catenin transfection experiments, Huh7 or HEP3B cells were transfected with pT3-

EF1α-Δ90Ncatenin or control pT3-EF1α plasmids by lipofectamine 2000 (Invitrogen) 

according to the manufacturer’s instructions. Twenty-four hr after transfection, some cells 

were treated with 20ng/ml HGF for 1h. Total cell lysates were collected 24 hours after 

transfection and used in Western blotting.

Isolation and culture of primary mouse hepatocytes

Hepatocytes from Alb-Cre and Alb-Cre;Fakflox/flox mice were isolated by the non-

recirculating two-step perfusion method as previously described (20). The hepatocytes were 

then cultured in Williams’ medium E supplemented with Hepatocyte Maintenance 

Supplement Pack (Life Technologies, Grand Island, NY) overnight and Western blotting 

was done to examine expression of Fak and Gapdh.

Western Blotting

Western blotting was performed as previously described (21). Detailed information can be 

found in the supporting information. Primary antibodies including those for c-MET, FAK, p-

FAK (Y397), p-FAK (Y576/577), GAPDH, Src, p-Src, Pyk2, p-Pyk2, p-AKT (ser473), 

AKT, p-ERK, ERK, and Cyclin D1 were purchased from Cell Signaling (Danvers, MA). β-

catenin antibody was purchased from BD Transduction Labs (San Jose, CA). p-β-catenin 

(Y654) antibody was purchased from Life Technology (Grand Island, NY).

TUNEL staining

TUNEL staining was performed as previously described (21). The apoptotic index was 

scored in at least 5 fields at 400× magnification/mouse and reported as mean ± SD. Three 

mice were used in each group.

Immunohistochemical (IHC) and immunofluorescence (IF) staining

IHC and IF staining were performed as previously described (21). Detailed information can 

be found in the supporting Information. Cells with positive staining were scored in at least 5 

fields at ×400 or ×200 magnification and reported as mean ± SD. Three mice were used in 

each group.

Statistical Analysis

Statistical analysis was carried out using GraphPad Prism V software. Data are presented as 

mean ± standard deviation (SD). Statistical significance was calculated with a Student’s t 

test. P < 0.05 was considered to be significant. The means ± SD are shown in the figures 

where applicable.

Shang et al. Page 4

Hepatology. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Results

Deletion of Fak in hepatocytes does not affect morphology, histology, proliferation or 
apoptosis in mouse liver

To determine the role of Fak in hepatocarcinogenesis in vivo, we first generated mice with 

hepatocyte-specific deletion of Fak (Alb-Cre; Fakflox/flox). Alb-cre; Fakflox/flox mice express 

Cre recombinase from the albumin promoter, which is specifically expressed in hepatocytes. 

Alb-Cre; Fakflox/flox mice are viable, fertile and indistinguishable from wild-type mice, 

suggesting FAK is not required for normal liver development. We confirmed that expression 

of Cre recombinase in hepatocytes removes the FAK allele between 2 loxP sites (Fig. 1A). 

As hepatocytes comprise about 80% of the total liver cell population, we expected to see 

deletion of FAK in the majority of liver cells in Alb-Cre; Fakflox/flox mice (referred to here 

as HepΔFak). Western blotting results confirmed our hypothesis (Fig. 1B). We further 

isolated hepatocytes from HepΔFak and control Alb-Cre mice (referred to here as HepWT) 

and verified complete deletion of Fak protein in the hepatocytes of HepΔFak mice (Fig. S1 

and 1B). There was no significant difference in morphology and histology of livers between 

HepWT and HepΔFak mice (Fig. 1C, 1D, and S2). Furthermore, Fak deficiency did not affect 

cell proliferation or apoptosis in mouse liver (Fig. 1E and 1F). These results suggest that 

deletion of Fak in hepatocytes does not affect mouse liver homeostasis.

Deficiency of Fak in hepatocytes suppresses MET/CAT-induced HCC development

To study the role of Fak in hepatocarcinogenesis, we hydrodynamically injected age- and 

gender-matched HepWT and HepΔFak mice (Fig. S3A) with plasmids encoding the Sleeping 

Beauty transposase (HSB2) and transposons with oncogenes MET/CAT (15, 17). 

Immunohistochemical staining confirmed successful delivery of MET (recognized by an 

antibody specific for human c-MET) and CAT (with high expression or nuclear localization 

of β-catenin) in the mouse livers (Fig. S3B and Table S2). Interestingly, a majority of the 

hepatocytes with high MET expression co-expressed CAT (Fig. 2A and Table S2), 

suggesting that hydrodynamic injection equivalently delivered both plasmids into the same 

cells.

Mice were sacrificed 7 weeks after the injection and their livers were collected and 

analyzed. Intriguingly, we found that the overall tumor load in HepΔFak mice was 

significantly decreased compared with HepWT mice (Fig. 2B, and S3C). The relative liver 

weight versus body weight in HepΔFak mice was decreased by 1.5-fold compared to HepWT 

mice (0.1±0.34 vs.0.04±0.13) (Fig. 2C). The size of the tumors was also significantly 

decreased in the livers of HepΔFak mice compared to those of HepWT mice (Fig. 2B and 2D, 

and S3D). Immunohistochemical staining signals for alpha-fetoprotein (AFP), a common 

HCC marker, were significantly lower in the livers of HepΔFak mice compared to those of 

HepWT mice (Fig. 2E and S3E). Importantly, the HepWT mice with a liver tumor burden 

died at the age of 60–70 days, while all of HepΔFak mice were still alive at the age of 90 

days (Fig. 2F). The data indicate that deficiency of FAK in hepatocytes suppresses MET/

CAT-induced HCC development and prolongs survival of animals with HCC.
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Fak deficiency in hepatocytes decreases proliferation in MET/CAT-induced HCC

Fak has been shown to regulate cell survival and proliferation (6, 22). Suppression of HCC 

development by deletion of Fak could be due to increased apoptosis or decreased 

proliferation of tumor cells (23). To determine whether deficiency of Fak affects apoptosis 

in MET/CAT-induced HCC, we performed TUNEL staining in the livers from HepWT and 

HepΔFak mice injected with MET/CAT. We did not find significant differences in apoptosis 

in livers when comparing HepWT and HepΔFak mice (Fig. 3A and 3B). We then analyzed 

proliferation in the MET/CAT-injected livers from HepWT and HepΔFak mice by Ki67 and 

BrdU staining. The number of Ki67 and BrdU positive cells was significantly decreased in 

tumors but not in areas without tumor in Fak-deficient livers compared to WT livers (Fig. 

3C and 3D, and S4). These results demonstrate that Fak deficiency in hepatocytes decreases 

cell proliferation in MET/CAT-induced HCC.

Fak is activated by MET but not CAT in mouse liver

The kinase activity of FAK plays a critical role in its functions (24, 25). Phosphorylation of 

FAK at Tyr397 can recruit and activate Src family kinases (22, 26). Src activation results in 

phosphorylation of additional sites on FAK and leads to its full activation (27). The mutually 

activated FAK/Src complex then initiates multiple downstream signaling pathways (6). We 

therefore examined whether Fak is phosphorylated by MET/CAT. We found that 

phosphorylation of Fak was significantly increased in the livers from mice which were 

injected with MET/CAT after 7 weeks compared to livers from control mice (Fig. 4A). To 

determine whether Fak could be activated by MET/CAT before tumor development, 

phosphorylation of Fak at Tyr397 was examined in the mouse livers 3 days after 

hydrodynamic injection of MET/CAT. Phosphorylation of Fak was significantly increased 

in those livers compared to controls (Fig. 4B). Furthermore, hydrodynamic injection of MET 

alone, but not CAT alone, was sufficient to activate FAK in mouse liver (Fig. 4C and 4D). 

Our data indicate that overexpression of MET activates FAK in mouse livers.

Fak deficiency in hepatocytes decreases activation of Akt and Erk in MET/CAT-induced 
HCC

FAK can phosphorylate and activate a number of oncoproteins which promote cell growth 

and proliferation, such as AKT and ERK (6, 7). We reasoned that deficiency of Fak may 

inhibit cell proliferation and development of HCC by inactivating Akt or Erk, as it does in 

many other tissues (9–11). We therefore examined the expression of p-Akt and p-Erk in 

MET/CAT-treated livers collected from HepWT and HepΔFak mice. As expected, we found 

that the levels of both phosphorylated-Akt and -Erk were significantly increased in HepWT 

livers after MET/CAT-treatment. However, the levels of these two proteins were reduced in 

the livers of HepΔFak mice compared to those of HepWT mice (Fig. 5A), suggesting that 

deletion of FAK may suppress MET/CAT-induced HCC through inhibiting Akt and Erk.

MET has been shown to activate AKT and ERK in HCC cells (28). We therefore assessed 

whether FAK mediates activation of AKT and ERK by MET. We found that MET or its 

ligand HGF can induce activation of Fak in mouse livers (Fig. 4C) or the liver cancer cell 

lines Huh7 and HepG2 (Fig. 5B and S5). Furthermore, knockdown of FAK attenuated 
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activation of AKT and ERK by HGF in Huh7 and HepG2 cells (Fig. 5B and 5C). These data 

suggest that FAK mediates the activation of AKT and ERK induced by MET in HCC cells.

Src plays an important role in regulating the activation of AKT and ERK (29). We thus 

examined whether deletion of FAK suppresses activation of AKT and ERK through 

inhibiting Src activation. Interestingly, we found that phosphorylation of Src was 

comparable in the livers between HepΔFak and HepWT mice (Fig. S6), suggesting that 

suppression of AKT and ERK activation caused by Fak deletion may not be caused by the 

inhibition of Src activation.

The combination of CAT and MET has a synergistic effect on activation of FAK in HCC 
cells

Fak has been shown to be required downstream of Wnt/c-Myc signaling for Akt activation, 

intestinal regeneration and tumorigenesis (10). We thus examined whether β-catenin 

activates FAK in HCC cells. We found that overexpression of CAT did not enhance the 

phosphorylation of FAK, AKT or ERK in Huh7 or Hep3B cells (Fig. 6A). These data 

suggest that CAT may not be sufficient to activate FAK in HCC cells.

An interaction of c-MET with β-catenin has been reported in liver cells (30, 31). HGF/C-

MET can phosphorylate β-catenin at tyrosine 654 and induce β-catenin nuclear translocation 

and activation (30, 31). On the other hand, activation of β-catenin can increase c-MET 

protein expression (32). Therefore, it is possible that the combination of MET and CAT 

might have a synergistic effect on FAK activation. Indeed, we found that the combination of 

CAT and HGF or MET synergistically activates FAK in Huh7 cells (Fig. 6B) or mouse liver 

(Fig. 6C). Correspondingly, phosphorylation of β-catenin at tyrosine 654 was also enhanced 

by co-delivery of HGF or MET and CAT in Huh7 cells or mouse liver (Fig. 6B and 6C). 

These results suggest that the combination of MET and CAT has a synergistic effect on 

FAK activation in HCC cells.

FAK mediates Cyclin D1 regulation by MET or CAT in HCC cells

Cyclin D1, a downstream target of the PI3K/AKT, MAPK and Wnt/β-catenin pathways, is a 

key regulator of cell proliferation (33). Overexpression of Cyclin D1 has been related to the 

development and progression of HCC (34). Cyclin D1 is increased in MET/CAT-induced 

tumors and has been shown to mediate MET/CAT-induced hepatocarcinogenesis (18). 

Therefore, we speculated that suppression of AKT and ERK caused by FAK deletion might 

decrease Cyclin D1 expression. Indeed, CyclinD1 induction by MET/CAT was significantly 

attenuated by a deficiency of Fak in mouse livers (Fig. 7A). In addition, knockdown of FAK 

significantly suppressed Cyclin D1 induction by HGF in Huh7 and HEPG2 cells (Fig. 7B). 

Furthermore, the PI3K/AKT inhibitor, LY294002, or the MEK/ERK inhibitor, 

GSK1120212, decreased Cyclin D1 expression in Huh7 and HEPG2 cells (Fig. 7C and S7). 

These data suggest that FAK mediates Cyclin D1 induction by HGF/c-MET through the 

AKT and ERK pathways. Finally, as Cyclin D1 is a well-characterized target of activated β-

catenin (35), we tested whether FAK mediates Cyclin D1 induction by CAT. Knockdown of 

FAK abrogated the induction of Cyclin D1 by CAT in HCC cells (Fig. 7D), although FAK 

activity and expression were not enhanced by CAT (Fig. 6A). These results suggest that a 
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basal level of FAK is required for CAT-stimulated Cyclin D1 expression (Fig. 7D), which 

might be independent of AKT or ERK as neither AKT nor ERK was activated by CAT (Fig. 

6A).

Fak deficiency in hepatocytes does not result in compensatory expression of Pyk2 in 
mouse liver

Pyk2 is the other member of the FAK subfamily of cytoplasmic tyrosine kinases that shares 

significant sequence homology and a similar structural organization with FAK (36). Several 

reports showed that deletion of FAK can lead to increased expression of endogenous Pyk2, 

which compensates for Fak functions in embryonic fibroblasts, adult endothelial cells or 

mammary cancer stem cells (37–39). We therefore examined whether Fak deletion results in 

compensatory expression of Pyk2 in mouse livers. There were no significant changes in the 

expression of Pyk2 or p-Pyk2 in the livers between HepΔFak and HepWT mice (Fig. S8). 

These data suggest that Fak deficiency in hepatocytes does not lead to a compensatory 

expression of Pyk2.

Discussion

Effective therapeutic strategies are desperately needed for the treatment of HCC. c-MET and 

β-catenin signaling pathways are frequently dysregulated in human HCC samples (14, 15, 

40). Co-activation of c-MET and β-catenin often occurs in HCC (15) and co-delivery of 

MET and CAT using the Sleeping Beauty Transposon system efficiently and rapidly 

induced HCC in mice (15, 17, 18). HCC development in these mice resembles the 

pathogenesis of human HCC, providing a useful model system to study the role of signaling 

pathways in HCC initiation, progression and drug-response. In this study, we found that Fak 

deficiency suppresses MET/CAT-induced hepatocarcinogenesis and delays animal mortality 

by MET/CAT-induced HCC, suggesting that inhibition of FAK may be a promising strategy 

to treat HCC. It remains to be determined whether inhibition of Fak suppresses MET/CAT-

induced tumor initiation, tumor progression, or both. Future studies will address this 

question using a hepatocyte-specific inducible Fak knockout mice.

The molecular mechanisms by which MET/CAT induces HCC are largely unknown. Our 

study has demonstrated that Fak deficiency in hepatocytes largely blocks HCC development 

induced by MET/CAT. This indicate that Fak is a key mediator of MET/CAT-induced 

hepatocarcinogenesis. c-MET directly interacts with the FERM domain of FAK and 

phosphorylates FAK in MEFs and HEK293 cells (41). Our data indicate that c-MET also 

phosphorylates FAK in mouse liver and HCC cells. In addition, we found that knockdown 

of FAK attenuates the activation of AKT and ERK, the two major targets of c-MET, with 

the treatment of HGF in HCC cells. Therefore, we suggest that in HCC cells c-MET might 

directly bind to and activate FAK, which is critical for activating AKT and ERK. We also 

found that Cyclin D1 induction by MET/CAT is significantly attenuated by Fak deficiency 

in mouse liver. As Cyclin D1 is a downstream target of the PI3K/AKT and MAPK pathways 

and plays a key role as a regulator of cell proliferation (33), these data suggest that FAK 

might mediate c-MET-driven tumor proliferation and development by regulating Cyclin D1 

through the AKT and ERK pathways.
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Our results showed that CAT alone does not enhance expression of p-FAK (Y397), p-AKT, 

or p-ERK in mouse liver and HCC cells, suggesting CAT does not directly phosphorylate 

FAK to enhance its kinase activity in liver cells. However, we found that the combination of 

CAT and MET has a synergistic effect on FAK activation. The underlying mechanisms 

remain to be determined. However, c-MET has been reported to interact with and 

phosphorylate β-catenin in liver cells (30, 31), and we found that the combination of MET 

and CAT enhances phosphorylation of β-catenin at tyrosine 654. Therefore, it is possible 

that activation FAK by c-Met phosphorylates β-catenin and enhances β-catenin’s nuclear 

translocation and function (42–44). Phosphorylated β-catenin might also facilitate c-Met 

activation to promote FAK activity. Thus Met-FAK-CAT might form a feed-forward loop in 

Met/CAT-induced HCC. Inactivation of FAK might break such a loop and inhibit HCC. 

However, without c-Met, basal levels of FAK are required for CAT-induced Cyclin D1 

expression in HCC cells, which might be independent of its kinase activity. Interestingly, 

some specific Wnt targets, including glutamine synthetase, regucalcin, and axin-2, were not 

affected by Fak deletion in MET/CAT-induced tumors (Fig. S9). These data suggest that 

FAK might specifically regulate some downstream targets of β-catenin, such as Cyclin D1, 

through both kinase-dependent (such as in Met/CAT treatment) and kinase-independent 

(such as in CAT-only transduction) pathways. Activated β-catenin binds to TCF4 and 

transcriptionally activates Cyclin D1 in tumor cells (45). Future studies are needed to 

determine whether the kinase-dependent and independent activities of FAK play a role in the 

transcriptional regulation of Cyclin D1 by the β-catenin/TCF4 complex, and whether a FAK 

kinase-independent function is involved in HCC development.

In conclusion, our study shows that Fak plays a critical role in MET/CAT-driven 

hepatocarcinogenesis (Fig. 7E). Inhibition of FAK may offer an effective strategy to protect 

against HCC development. The normal liver function of mice with hepatocyte-specific Fak 

deficiency is reassuring. A number of FAK inhibitors have been developed and are being 

studied in phase I or phase II clinical trials for multiple solid tumors (46, 47). These 

inhibitors might be useful for treating HCC, especially in patients showing overexpression 

of c-MET and activated β-catenin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank Drs. Manuel Diaz, Peter Breslin, Mitchell Denning, and Tarun Patel (Loyola University Chicago) for 
helpful discussions and advice, Drs. Robert Wiltrout (NCI) and Xin Chen (UCSF) for providing plasmids for the 
MET/CAT model, and Dr. Fillippo Giancotti (SKI) for providing FAK shRNA and lentiviral packaging plasmids.

Financial Support: This work is supported in part by AASLD Liver Scholar Award (W Qiu), NIH grants 
RO1HL095896 (J Zhang) and CA184652 (W Qiu).

Abbreviations

FAK focal adhesion kinase
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HCC hepatocellular carcinoma

CAT constitutively active β-catenin

TUNEL terminal deoxynucleotidyl transferase-mediated deoxyuridinetriphosphate nick 

end labeling

WT wild type

HGF human growth factor

H&E hematoxylin and eosin

PKB protein kinase B

ERK extracellular receptor kinase

Rac Ras-related C3 botulinum toxin substrate
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Figure 1. Deletion of Fak in hepatocytes does not affect morphology, histology, proliferation or 
apoptosis in mouse liver
(A) Genotyping of Alb-Cre, Alb-Cre; FAKflox/+, and Alb-Cre; FAKflox/flox mice. (B) 
Protein expression of Fak and Gapdh in whole livers and isolated hepatocytes of Alb-Cre 

(HepWT) and Alb-Cre; Fakflox/flox (HepΔFak) mice was determined by Western blotting. (C) 
Photographs of livers from HepWT and HepΔFak mice at 7 weeks of age. (D) Representative 

pictures of H&E-stained sections for (C). (E) Left, hepatic proliferation in the livers of 7 

week old HepWT and HepΔFak mice was examined by immunohistochemistry for Ki67 
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protein expression. Right, quantification of Ki67 staining (n=3). (F) Left, hepatic apoptosis 

in the livers of 7 week old HepWT and HepΔFak mice was examined by TUNEL staining. 

Right, quantification of TUNEL staining for (E) (n=3).

Shang et al. Page 14

Hepatology. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. Deletion of Fak suppresses tumor development and prolongs survival in the MET/
CAT-induced HCC mouse model
(A) Representative pictures of co-staining of c-MET and β-catenin protein expression from 

the livers of HepWT mice 3 days after hydrodynamic injection of MET/CAT (magnification, 

×200). (B) Photographs of livers of HepWT and HepΔFak mice 7 weeks after injection of 

MET/CAT. (C) Liver weight/body weight ratio was analyzed in the mice from (B) (n=6). 

(D) Histological analysis of the livers of HepWT and HepΔFak mice 7 weeks after injection of 

MET/CAT by H&E staining. (E) HCC in the livers of HepWT and HepΔFak mice 7 weeks 

after injection of MET/CAT was examined by immunohistochemistry for AFP. (F) Survival 

curves of HepWT and HepΔFak mice after of MET/CAT (n=4).
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Figure 3. Fak deficiency decreases hepatocyte proliferation but does not affect apoptosis in 
MET/CAT-induced liver tumors
(A) Apoptosis in the livers of HepWT and HepΔFak mice 7 weeks after injection of 

MET/CAT was examined by TUNEL staining. (B) Quantification of TUNEL staining for 

(A) (n=3). (C) Hepatocyte proliferation in the livers of HepWT and HepΔFak mice 7 weeks 

after injection of MET/CAT was examined by immunohistochemistry for Ki67 and 

immunofluorescence for BrdU. (D) Quantification of Ki67 and BrdU staining for (C) (n=3).
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Figure 4. Fak activation is increased in mouse livers after delivery of MET/CAT or MET alone
(A) Protein expression of p-Fak (Y397), p-Fak (Y576/577) and Gapdh in the livers of 

HepWT mice 7 weeks after hydrodynamic injection of MET/CAT or pT3 control. (B) Protein 

expression of p-Fak (Y397), c-Met, β-catenin and Gapdh in the livers of HepWT mice with 

or without introduction of MET/CAT assayed 3 days after hydrodynamic injection. (C) 
Protein expression of p-Fak (Y397), c-Met and Gapdh in the livers of HepWT mice 3 days 

after hydrodynamic injection with MET or pT3 control. (D) Protein expression of p-Fak 

(Y397), β-catenin and Gapdh in the livers of HepWT mice 3 days after hydrodynamic 

injection with CAT or pT3 control.
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Figure 5. FAK inhibition abrogates HGF/c-MET-mediated AKT and ERK activation in HCC 
cells
(A) Protein expression of Fak, p-Akt, Akt, p-Erk, Erk and Gapdh in the livers of HepWT and 

HepΔFak mice 7 weeks after injection of MET/CAT. (B) Protein expression of FAK, p-FAK, 

p-AKT, AKT, p-ERK, ERK and GAPDH in Huh7 cells infected with scrambled shRNA, 

FAK shRNA#1 or FAK shRNA#2 lentiviral particles and then treated with 20ng/ml HGF 

for 15 or 60 minutes. (C) Protein expression of FAK, p-AKT, AKT, p-ERK, ERK and 

Shang et al. Page 18

Hepatology. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



GAPDH in HEPG2 cells treated as in (B), except with FAK shRNA#3 instead of FAK 

shRNA#2.
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Figure 6. The combination of CAT and MET has a synergistic effect on FAK activation in mouse 
liver and HCC cells
(A) Protein expression of p-FAK, FAK, p-AKT, AKT, p-ERK, ERK and GAPDH in Huh7 

and HEP3B cells transfected with CAT or control plasmids. (B) Protein expression of FAK, 

p-FAK, β-catenin, p-β-catenin (Y654) and GAPDH in Huh7 cells transfected with CAT or 

control plasmids, and after 24 hours treated with 20ng/ml HGF for 60 minutes. (C) Protein 

expression of p-Fak, p-β-catenin (Y654), and Gapdh in the livers of HepWT and HepΔFak 

mice 3 days after injection of pT3, MET, CAT or MET/CAT.
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Figure 7. FAK mediates Cyclin D1 regulation by MET or CAT in HCC cells
(A) Cyclin D1 mRNA expression level in the livers of HepWT and HepΔFAK mice 7 weeks 

after injection of MET/CAT. (B) Protein expression of FAK, Cyclin D1 and GAPDH in 

Huh7 and HEPG2 cells infected with scrambled shRNA or FAK shRNA#1 lentiviral 

particles, then treated with 20ng/ml HGF for 15 or 60 minutes. (C) Protein expression of p-

AKT, AKT, p-ERK, ERK, Cyclin D1 and GAPDH in Huh7 cells treated with 10 µM 

LY294002 or 500 nM GSK1120212 for 24 hours. (D) Protein expression of FAK, Cyclin 

D1 and GAPDH in Huh7 cells infected with scrambled shRNA, FAK shRNA#1 or FAK 
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shRNA#2 lentiviral particles, then transfected with CAT or control plasmids. (E) A 

schematic model: hydrodynamic injection of MET into hepatocytes results in Fak activation. 

CAT does not activate FAK directly but the combination of CAT and MET has a synergistic 

effect on Fak activation. Fak activation regulates MET- or CAT-mediated Cyclin D1 

induction, acting through either Akt- and Erk-dependent or -independent pathways, thereby 

promoting hepatocarcinogenesis.

Shang et al. Page 22

Hepatology. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


