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Shp2 Deletion in Hepatocytes Suppresses 
Hepatocarcinogenesis Driven by Oncogenic β-Catenin, PIK3CA 
and MET

Jacey J. Liu1,#, Yanjie Li1,2,#, Wendy S. Chen1, Yan Liang1, Gaowei Wang1, Min Zong1, Kota 
Kaneko1, Ruiyun Xu2, Michael Karin3, and Gen-Sheng Feng1,*

1Department of Pathology, and Division of Biological Sciences, Moores UCSD Cancer Center, 
University of California San Diego, La Jolla, CA, USA

2Department of Hepatobiliary Surgery, 3rd affiliated Hospital, Sun Yat-sen University, Guangzhou, 
China

3Departments of Pharmacology and Pathology, University of California San Diego, La Jolla, CA, 
USA

Abstract

Background and Aims—Shp2 is an SH2-tyrosine phosphatase acting downstream of receptor 

tyrosine kinases (RTKs). Most recent data demonstrated a liver tumor-suppressing role for Shp2, 

as ablating Shp2 in hepatocytes aggravated hepatocellular carcinoma (HCC) induced by chemical 

carcinogen or Pten loss. We further investigated the effect of Shp2 deficiency on liver 

tumorigenesis driven by classical oncoproteins c-Met (receptor for HGF), β-catenin and PIK3CA.

Methods—We performed hydrodynamic tail vein injection of two pairs of plasmids expressing c-

Met and ΔN90-β-catenin (MET/CAT), or c-Met and PIK3CAH1047R (MET/PIK), into WT and 

Shp2hep−/− mice. We compared liver tumor loads, and investigated the pathogenesis and molecular 

mechanisms using multidisciplinary approaches.

Results—Despite the induction of oxidative and metabolic stresses, Shp2 deletion in hepatocytes 

suppressed hepatocarcinogenesis driven by overexpression of oncoproteins MET/CAT or MET/

PIK. Shp2 loss inhibited proliferative signaling from c-Met, Wnt/β-catenin, Ras/Erk and PI3K/Akt 

pathways, but triggered cell senescence following exogenous expression of the oncogenes.
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Conclusions—Shp2, acting downstream of RTKs, is positively required for hepatocyte-intrinsic 

tumorigenic signaling from these oncoproteins, even if Shp2 deficiency induces a tumor-

promoting hepatic microenvironment. These data suggest a new and more effective therapeutic 

strategy for HCCs driven by oncogenic RTKs and other upstream molecules, by inhibiting Shp2 

and also suppressing any tumor-enhancing stromal factors produced due to Shp2 inhibition.

Lay Summary—Primary liver cancer is a most malignant disease with no effective therapeutic 

means available. We show here that a cytoplasmic tyrosine phosphatase Shp2 is required for liver 

tumorigenesis driven by two oncoproteins that are implicated in human liver cancer. This, together 

with our previous studies, uncovers the complexity in mechanisms of liver tumorigenesis, by 

deciphering the pro- and anti-tumor effects of Shp2 in mouse models.

Graphical abstract
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Introduction

Primary liver cancer, mainly hepatocellular carcinoma (HCC), is a most malignant disease 

worldwide. While the overall cancer mortality and incidences are decreasing, liver cancer 

incidences are increasing rapidly in the United States1. The lack of effective therapeutic drug 

is evidently due to poor understanding of the complicated mechanisms of 

hepatocarcinogenesis.

Ptpn11 encodes a cytoplasmic tyrosine phosphatase Shp2 that can dock directly on ligand-

activated receptor tyrosine kinases (RTKs) through its two SH2 domains2, which 

immediately implicated a putative role of Shp2 in dephosphorylation and inactivation of 

RTKs. However, genetic and biochemical data have disclosed a positive effect of this 

phosphatase in augmenting cytoplasmic signaling through the Erk pathway, proximal to 

RTKs2,3. Consistently, Ptpn11/Shp2 has been identified as the first proto-oncogene that 

encodes a tyrosine phosphatase, with dominant active mutations detected in leukemia 

patients with or without Noonan Syndrome4,5. In contrast, our most recent experiments 

demonstrated a tumor-inhibitory role for Shp2 in liver cancer, because ablating Shp2 in 

hepatocytes triggered hepatocellular adenoma (HCA) in aged mice and also enhanced HCC 

development induced by diethylnitrosamine (DEN)6. Simultaneous deletion of Shp2 and 
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Pten in hepatocytes dramatically accelerated and enhanced non-alcoholic steatohepatitis 

(NASH) and liver tumorigenesis7, indicating concerted tumor-inhibitory activities of Shp2 

and Pten in guarding hepatic homeostasis and functions. Consistent with the animal data, 

concomitant Pten and Shp2 deficiencies were detected in HCC patients with poor 

prognosis7. These results indicate an anti-oncogenic role of Shp2 in the liver, in contrast to 

its pro-leukemogenic effect in the hematopoietic system. Similarly, several other groups 

reported that deleting some classical oncoproteins, such as c-MET, EGFR, β-catenin, Ikkβ 
and Jnk1/2 and Akt1/2, ironically exacerbated DEN-induced HCC development, although 

the underlying mechanisms are not fully understood8–10.

To further dissect Shp2 functions in liver cancer, we examined the effect of Shp2 deficiency 

in mouse tumor models induced by c-MET and an oncogenic β-catenin mutant (MET/CAT). 

Co-activation of MET and β-catenin signaling has been detected in human HCC patients11, 

and hydrodynamic tail vein injection of MET/CAT oncogenes has been shown to efficiently 

induce HCC development in mice11–13. Surprisingly, Shp2 removal in hepatocytes 

suppressed HCC driven by MET/CAT injection, in spite of the hepatic inflammation and 

fibrosis, and increased oxidative stress in Shp2-deficient liver. Shp2 deletion also inhibited 

liver tumorigenesis driven by co-expression of c-MET and PIK3CA (MET/PIK), suggesting 

a requirement of Shp2 in relay of these oncogenic signals in the liver.

Materials and Methods

Experimental mice

The Shp2hep−/− (Shp2fl/fl:Alb-Cre+) mouse line in C57BL/6 background was generated by 

breeding Shp2fl/fl mouse with Albumin-Cre transgenic mice, as previously described6,14. All 

animal studies were conducted on male Shp2fl/fl (WT) or Shp2fl/fl:Alb-Cre(Shp2hep−/−) mice 

at age of 6–23 weeks. Mice were group-housed (2–5 mice per cage) expect for less than 5% 

of mice were single-housed in later time period due to death of cage-mates. All mice were 

maintained under a 12 h light/dark cycle with free access to water and standard mouse chow. 

The animal protocols (S09108) and all of the experimental procedures were approved by the 

Institutional Animal Care and Use Committee (IACUC) of the University of California San 

Diego. For Hydrodynamic injection, plasmids (met: PT3EF1aH-hMet; ctnnb1/β-catenin: 

PT3EF1aH-β-catenin; pik3ca: PIK3CA-H1047R∆f-PT3EF5a; sleeping beauty 
transposase(SB): pCMV/SB) were kindly provided by Dr. X. Chen at UCSF. Oncogene-

expressing constructs were delivered by hydrodynamic tail vein injection into mice at 6–8 

weeks of age, as described previously12.

Statistical analysis

For RNA-seq analysis, significant differences in gene expression were identified by 

FDR<0.05, and enriched pathways or gene sets were identified by P<0.05 or FDR-q<0.05. 

For other studies, statistical analysis was done using GraphPad Prism 7. Statistical 

significance between means was calculated by student’s t test. P value <0.05 was considered 

significant (*P<0.05; **P<0.01; ***P<0.001).
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Results

Shp2 is required for MET/β-catenin-driven hepatocarcinogenesis

In previous experiments, we generated a mutant mouse line with hepatocyte-specific Shp2 

deletion (Shp2hep−/−)14. Shp2 deficiency, while impairing hepatocyte proliferation following 

partial hepatectomy14, also triggered HCA development in old mice and exacerbated DEN-

induced HCC6. In this study, we induced liver tumorigenesis in WT control and Shp2hep−/− 

mice, following hydrodynamic tail vein injection of two plasmids that express human MET 

(hMET) and a truncated β-catenin mutant, ΔN90-β-catenin (MET/CAT), together with the 

SB transposase13,15. By examining the liver phenotype at different time points, we detected 

multiple tumor nodules in control mice 8 weeks after injection of the oncogenes (Fig. 1A). 

However, Shp2 deficiency in hepatocytes resulted in marked reduction of tumor burdens 

induced by MET/CAT, as evaluated by the liver versus body weight ratios, tumor incidences, 

and the maximal sizes of tumor lesions (Fig. 1B). Histological analysis indicated that the 

tumors were mainly HCC (Fig. 1A, and Supplementary Fig. 1). Thus, removing Shp2 in 

hepatocytes efficiently suppressed MET/CAT-driven liver tumorigenesis, in sharp contrast to 

the previous data showing that Shp2 deficiency dramatically aggravated DEN-induced HCC 

development in the same Shp2hep−/− mouse line6. We examined the pathogenic process 

following oncogene injection, and found that tumor nodules were visible in WT mice by 5 

weeks and progressed rapidly at 8 weeks (Fig. 1A). Tumor nodules were barely detectable in 

oncogene-injected Shp2hep−/− livers, with some lesions observed, including scalloped edges 

and slightly lumpy surface, as described previously6.

Shp2 is also necessary for MET/PIK3CA-induced liver tumorigenesis

We then examined the effect of Shp2 loss on liver tumorigenesis driven by another pair of 

oncogenes, hMET and PIK3CAH1047R (MET/PIK). PIK3CA represents dominant active 

mutants of the p110α catalytic subunit of phosphatidylinositol-3-kinase (PI3K), which have 

been detected in several types of cancer16. Chen and colleagues demonstrated17 that 

hydrodynamic delivery of PIK3CA alone induced hepatic steatosis but not tumorigenesis, 

while co-transfection of PIK3CA with hMET or NRasV12 robustly induced liver tumor. 

Consistently, we detected liver tumors in WT mice at 12 weeks after injection of MET/PIK 

(Fig. 2A). Unlike the MET/CAT combination that induced tumor nodules clearly visible on 

liver surface, MET/PIK triggered non-alcoholic fatty liver disease (NAFLD) and diffused 

tumors in the liver. At 6 weeks following MET/PIK transfection, the WT mice developed 

NAFLD and progressed rapidly, with tumors first detected around 9 weeks post injection. 

The Shp2hep−/− mice exhibited significantly decreased susceptibility to MET/PIK-driven 

liver tumorigenesis, as evaluated by the ratio of liver to body weights and pathological 

analysis (Fig. 2A–B). Shp2 deletion also caused the liver less susceptible to MET/PIK-

induced NAFLD, as revealed by less lipid accumulation during the time period and Oil-red-

O staining of liver sections (Fig. 2A,C). When examined at 15 weeks, we did observe a few 

tumor nodules in some Shp2hep−/− livers (Supplementary Fig. 2A). However, 

immunoblotting detected Shp2 protein in the tumor tissues, with the surrounding hepatic 

tissues being Shp2-negative (Supplementary Fig. 2B). Thus, the tumors were likely grown 

from hepatocytes that escaped Cre-mediated Shp2/Ptpn11 deletion in Shp2hep−/− livers, 
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reinforcing the requirement of Shp2 for MET/PIK-driven liver tumorigenesis. Similarly, a 

previous report showed presence of β-catenin in tumor cells in ctnnb1hep−/− livers18.

We then asked if Ikkβ a kinase that activates NF-κB pathway, is also required for MET/

CAT- or MET/PIK-driven liver cancer. Like Shp2 loss, deleting Ikkβ was shown to 

exacerbate DEN-induced HCC development19,20, although a positive role of NF-κB 

signaling in driving HCC was also reported21. Similar tumor burdens were detected in WT 
control and Ikkβhep−/− mice, examined at 8 or 12 weeks after transfection of MET/CAT and 

MET/PIK, respectively (Supplementary Fig. 3A–C). As revealed by Oil-Red-O staining, 

Ikkβ loss did not have a significant impact on NAFLD induced by MET/PIK 

(Supplementary Fig. 3B). Therefore, despite similar aggravating effects of Ikkβ and Shp2 

deficiencies on DEN-induced HCC6,19, Ikkβ loss in hepatocytes did not have significant 

impact on liver tumorigenesis driven by either MET/CAT or MET/PIK. Together, these 

results define a specific requirement of endogenous Shp2 in liver tumorigenesis at least 

driven by these two pairs of oncogenes.

Shp2hep−/− liver is characterized by impaired proliferative capacity and increased oxidative 
and metabolic stresses

To explore the mechanism underlying the unique Shp2 function, we conducted RNA-seq 

analysis to compare the transcriptomes in WT and Shp2hep−/− livers, at day 0, 3 and 7 after 

delivery of MET/CAT or MET/PIK oncogenes. Overall, deleting Shp2 in hepatocytes caused 

dramatic changes in hepatic gene expression, before and after transfection of the oncogenes 

(Fig. 3A). We first analyzed the baseline transcriptomes in WT and Shp2hep−/− livers at day 

0, to understand why Shp2 loss makes hepatocytes unsusceptible to the oncogenic effect of 

these potent oncoproteins. GSEA analysis showed that the cluster 1 highly expressed in WT 
livers was enriched for gene sets in mRNA transcription and processing (Fig. 3B), including 

Srsf7, Hnrnpa2b1, Tra2b, Fus and Rbmx, with Srsf7, Tra2b and Hnrnpa2b1 identified as 

Myc targets22. The expression of these genes required for cell proliferation was in general 

decreased in Shp2hep−/− livers (Supplementary Fig. 4A–B), consistent with the previous data 

that Shp2 removal suppressed hepatocyte proliferation14. In particular, the expression of 

pik3ri, jun, and fos, genes downstream of the HGF/c-Met pathway, was downregulated in 

Shp2-deficient livers (Fig. 3C). Shp2 ablation also caused changes in expression of genes in 

the Wnt/β-catenin pathway, and most of the genes predicted to be upregulated by Wnt 

signaling expressed at higher levels in WT than Shp2hep−/− livers (Fig. 3D). Together, these 

results suggest a negative impact of Shp2 loss on the basal levels of signaling through the 

HGF/c-Met and Wnt/β-catenin pathways in the liver.

Relative to the WT control, the genes in cluster 2 highly expressed in Shp2hep−/− livers were 

featured by increased oxidative stress and reprogramming of metabolic pathways (Fig. 3B, 

Supplementary file 2). In particular, the highly expressed genes included nsdhl, dhcr24, 
hsd17b7 and cyp51a1 in cholesterol metabolism, mgst1, gstk1 and gpx1 in response to 

oxidative stress, and the PPARα pathway that regulates lipid metabolism (Fig. 3B, 

Supplementary file 2). Also highly expressed in Shp2-deficient livers were genes of nuclear 

receptor heterodimers PXR/RXR, LXR/RXR and FXR/RXR involved in modulation of 

metabolic processes (Fig. 3E). Together, the RNA-seq data suggest that Shp2 deletion 
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caused downregulation of hepatocyte proliferation potential, reprogramming of metabolic 

pathways and increased oxidative stress in the liver, before oncogene transfection.

Shp2 deletion disturbed multiple signaling events induced by MET/CAT or MET/PIK

The cluster 3 in MET/CAT-transfected WT livers did not provide much information except 

some genes involved in coagulation system and metabolism, such as F11, PLG, LIPC and 

OTC (Fig. 3B, Supplementary file 3). We then used IPA to compare the day 0 and 3 

transcriptomes in WT and Shp2hep−/− livers separately (Fig. 4A). MET/CAT transfection 

triggered DNA damage response, coagulation, and fibrotic processes in both genotypes, in 

particular the z-score of G2/M checkpoint regulation calculated by IPA was lower in the WT 
liver (WT: −2; Shp2hep−/−: −1.667). Genes related to the checkpoint control and cell cycle 

progression, such as Plk1, Cdc25, Top2a, Cyclin B1 and Cyclin B2, were more abundantly 

expressed in the WT than the mutant livers, suggesting that Shp2 deletion affected the 

checkpoint passing and entry into M phase23. In contrast, upregulation of checkpoint 

regulators, including p21 and Brca1, in Shp2hep−/− livers further suggests defective entry 

into M phase24,25. This point was reinforced by upregulation of p53 signaling (Fig. 4A) and 

positive regulation of p53 target genes (Supplementary Fig. 4E). Thus, although MET/CAT 

injection promoted cell proliferation in both genotypes, Shp2 deficiency led to suppression 

of cell cycle progression. In addition, we observed more severe inflammatory and immune 

responses in MET/CAT-transfected Shp2hep−/− livers, such as IL-10 signaling and dendritic 

cell maturation (Fig. 4A). Next, we compared the transcriptomes between WT and Shp2hep

−/− livers at day 3 after MET/CAT transfection, and identified enrichment of gene sets in 

inflammatory response, leukocyte recruitment and cytokine secretion in Shp2hep−/− livers 

(Supplementary file 5). Of note, the downstream targets in NF-κB pathway was upregulated 

in Shp2hep−/− liver (Fig. 4D), accompanied by downregulation of Myc targets (Fig. 4E, 

Supplementary file 6). Impaired signaling to Myc pathway is likely one mechanism for 

inhibition of tumorigenesis in MET/CAT-transfected Shp2hep−/− liver.

The cluster 4 in MET/PIK-transfected WT livers at day 3 included genes in DNA replication 

and G2/M transition pathways, such as Aurora B and PLK1 (Fig. 3B). We then compared 

the day 0 and 3 transcriptomes in WT and Shp2hep−/− livers separately, using GSEA and 

IPA. MET/PIK injection triggered higher enrichment of several cell cycle-related pathways 

in WT livers (Fig. 4B), consistent with the identification of cluster 4 (Fig. 3B). In contrast, 

p53 signaling and cell cycle inhibitors such as Gadd45g and p21, were upregulated by 

MET/PIK in Shp2hep−/− livers (Fig. 4C), suggesting relative cell cycle suppression by Shp2 

loss. MET/PIK injection also induced immune response in the liver of both genotypes (Fig. 

4C; Supplementary file 11,12), likely due to stress response to oncogene overexpression. In 

comparison of the day 3 transcriptomes between Shp2hep−/− and WT livers, we found that 

Shp2 deletion caused increase in fatty acid metabolism and oxidative stress in response to 

MET/PIK (Fig. 4F, Supplementary file 7), consistent with the oxidative stress observed even 

in untreated Shp2hep−/− livers.

We further analyzed the gene expression profiles 7 days after oncogenes’ delivery. A GFP-

expressing plasmid was also injected into WT and Shp2hep−/− livers as vector control, and 

the transcriptomes after the vector injection were very similar to the day-0 untreated livers in 
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both genotypes (Supplementary Fig. 4D). The transcriptomes were very similar at day 3 and 

7 in WT or Shp2hep−/− livers injected with the same oncogenes, but the differences in gene 

expression between the two genotypes remained very significant at day 7 after injection of 

the vector, MET/CAT or MET/PIK. Commonly enriched in untreated and vector-injected 

Shp2hep−/− livers were genes involved in redox reaction, metabolic and apoptosis pathways 

(Fig. 3F). Genes upregulated in MET/CAT-injected WT livers at day 7 were enriched in 

RNA transcription related genes and genes transcriptionally targeted by NF1 (Neurofibromin 

1), a negative regulator of Ras (Fig. 4G). Enriched in MET/CAT-injected Shp2hep−/− livers 

were genes in immune response pathways and targets of GABPA (GA binding protein 

transcription factor, alpha subunit) (Fig. 4G). MET/PIK transfection induced cell cycle 

progression related pathways in WT liver, while Shp2hep−/− liver was featured by elevated 

immune response (Fig. 4H). The target genes of Myc and SP1 were downregulated in MET/

PIK-injected Shp2hep−/− livers (Fig. 4H), suggesting impaired cell proliferation in the mutant 

liver.

Shp2 deficiency down-regulates central proliferative signals and MET expression

The results described above suggest ironically that Shp2 loss in hepatocytes triggered a 

tumor-promoting microenvironment in the liver. Thus, the inhibitory effect of Shp2 loss on 

the oncogenes-driven tumorigenesis is likely attributed to suppression of cell-intrinsic 

oncogenic signaling. To address this issue, we interrogated the central proliferative signaling 

events in these two animal tumor models. Immunoblotting of liver lysates demonstrated that 

exogenous MET/CAT expression induced marked increase of p-Erk signals (Fig. 5A), while 

MET/PIK injection enhanced p-Akt levels (Fig. 5B). Shp2 loss suppressed MET/CAT-

induced p-Erk and MET/PIK-induced p-Akt activation, as examined at different time points 

(Fig. 5A–B). However, the induction of these proliferative signals by MET/CAT or 

MET/PIK was not affected by Ikkβ deletion (Supplementary Fig. 3D–E), consistent with the 

similar tumorigenic phenotypes in WT and Ikkβhep−/− livers (Supplementary Fig. 3A–B).

We then examined the exogenous expression of hMET, β-catenin and PIK3CA in the liver at 

different time points. hMET- or Δβ-catenin-positive colonies expanded progressively in WT 
livers, but these signals were detected in Shp2hep−/− livers only at day 7 and disappeared at 

week 5 and 8 (Fig. 5C). p-Erk signal was detected by immunostaining in WT but not in 

Shp2-deficient hepatocytes at week 5 and 8 (Fig. 5D). The p-Erk signal detected in mutant 

liver lysates (Fig. 5A) is likely from non-parenchymal cells, as observed in Fig. 5D. Similar 

differences in hMET expression were observed between WT and Shp2hep−/− livers at week 

6, 9 and 12 after MET/PIK injection (Fig. 5E). At week 10, hMET-positive colonies formed 

in WT liver were also CD133-positive, which were not seen in Shp2hep−/− liver 

(Supplementary Fig. 5A). Reduced expression of c-MET was even detected at day 3 after 

plasmid injection (Supplementary Fig. 5B–C), suggesting that Shp2 deficiency resulted in 

downregulation of the upstream RTK, c-MET. Similarly, previous experiments demonstrated 

significantly reduced levels of c-Kit and PDGFRβ in Shp2-deficient hematopoietic cells and 

fibroblasts, respectively26,27. Therefore, the Shp2 function in promoting RTK signaling is at 

least in part contributed by its ability to sustain the upstream RTK expression or stability, 

with the underlying mechanism to be elucidated.
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We also determined the impact of Shp2 loss on Wnt/β-catenin signaling, by examining p-β-

catenin levels and expression of downstream target genes. Phosphorylation of endogenous β-

catenin at Ser33/37/Thr41 was not affected by MET/CAT transfection in WT or Shp2hep−/− 

livers (Fig. 5A). However, glutamine synthetase (Gl Syn)-expressing hepatocytes expanded 

beyond the perivenous areas progressively in WT but not in Shp2hep−/− livers (Fig. 5D).

Shp2 modulates mitogenic signaling elicited by HGF and Wnt3a in the liver

We further investigated the impact of Shp2 removal on HGF and Wnt signaling following 

portal vein administration of the ligands into the liver. Injection of HGF potently stimulated 

p-Met, p-Erk and p-Akt signals, but these signals were abolished or diminished in Shp2hep

−/− livers (Fig. 6A), confirming the requirement of Shp2 in mitotic signaling. Wnt3a plus R-

spondin1 stimulation did not alter Ser/Thr phosphorylation of β-catenin, nor its nuclear 

translocation in WT or Shp2hep−/− livers (Supplementary Fig. 6). However, the ligand 

injection induced low level of p-Erk signal in WT liver, which was abolished by Shp2 loss 

(Fig. 6A). Consistently, treatment of isolated primary hepatocytes by HGF or Wnt3a in vitro 
induced higher p-Erk signal in WT than Shp2-deficient hepatocytes (Fig. 6B). qRT-PCR 

analysis also demonstrated variably impaired expression of Wnt target genes, such as ccnd1, 
cldn1, fst, jun, myc, mitf and enpp2, in Shp2-deficient hepatocytes following HGF and/or 

Wnt3a stimulation (Fig. 6C).

Shp2 removal promotes cell senescence induced by oncoproteins

We explored whether Shp2 deficiency in hepatocytes promoted cell senescence in response 

to transfection of the oncogenes. Staining of liver sections demonstrated significantly 

increased signals for the primary senescence marker SA-β-galactosidase (β-gal) in Shp2hep

−/− livers, compared to WT livers, at 7 and 12 days after transfection of MET/CAT or MET/

PIK, respectively (Fig. 7A, Supplementary Fig. S7). Consistently, qRT-PCR analysis 

detected higher expression of cell cycle inhibitors p16 and p19 in Shp2hep−/− than control 

liver lysates, in response to expression of the oncogenes (Fig. 7B). Meanwhile, dividing cell 

numbers were decreased in Shp2hep−/− livers compared to WT livers, as assessed by Ki67 

and HNF4α staining (Fig. 7C). β-gal signals diminished in Shp2hep−/− liver at week-3, and 

were barely detectable at week-5 post-injection (Supplementary Fig. 7), suggesting 

clearance of cells undergoing senescence. Together, these results suggest that deleting Shp2 

in hepatocytes not only inhibited proliferative signaling but also induced cell senescence, 

collectively contributing to the suppression of hepato-oncogenesis induced by MET/CAT or 

MET/PIK.

Discussion

The requirement of Shp2 in liver tumorigenesis driven by MET/CAT or MET/PIK identified 

in this study is in sharp contrast to the liver tumor-inhibitory role of Shp2 recently observed 

in the same Shp2hep−/− mouse line6,7. The paradoxical pro- and anti-oncogenic effects of 

Shp2 in HCC development are apparently associated with the nature of oncogenic signals, 

cellular context and microenvironment. Although removing Shp2 or Ikkβ similarly 

exacerbated DEN-induced HCC development6,19, Ikkβ deficiency did not exhibit significant 

impact on hepatic tumorigenesis induced by these two pairs of oncogenes. We also found 
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that in contrast to the effect of Shp2 loss, β-catenin deficiency dramatically aggravated 

MET/CAT-driven HCC28, although DEN-induced tumorigenesis was similarly enhanced in 

Shp2hep−/− and ctnnb1hep−/− livers8.

The data reported here argue that Shp2, acting immediately downstream of RTKs, is indeed 

an indispensable promoter for RTK-driven liver tumorigenesis. Consistently, a most recent 

report indicated that inhibiting Shp2 by siRNA or chemical inhibitor suppressed 

proliferation of RTK-driven tumor cells in vitro but had no significant impact on growth of 

cancer cells that were transformed by further downstream signaling molecules29. One 

important mechanism for Shp2 acting positively downstream of c-Met is its ability to 

maintain stable expression of the upstream RTK. Similar to this observation, we have found 

in previous studies that PDGFRβ was downregulated in Shp2-deficient fibroblast cells27, 

and c-Kit expression was suppressed in Shp2-deficient hematopoietic cells30.

However, the mechanism of Shp2 activities in cell signaling is likely more complicated than 

its functional interplay with RTKs, which is evidenced by its multi-faceted roles in liver 

tumorigenesis. Shp2 loss led to downregulation of Ras-Erk signaling, a negative impact on 

cell proliferation and survival. However, deleting Shp2 enhanced Stat3 activity6, and 

induced higher expression of IL-6 and other inflammatory cytokines in the hepatic stroma. 

Furthermore, Shp2 acts to coordinate FGF15/19 and bile acid signaling in control of bile 

acid biosynthesis31. Therefore, Shp2hep−/− mice manifested hepatic injuries, cholestasis, 

fibrosis, and inflammation, thereby creating a hepatic microenvironment conducive for liver 

tumorigenesis. Now, one unnerving question is why these chronic liver damages did not 

exacerbate tumorigenesis in Shp2hep−/− mice driven by MET/CAT or MET/PIK, which 

deliver potent oncogenic signals. A possible explanation is that suppression of intracellular 

RTK signaling by Shp2 deletion outweighed the tumor-promoting effect of the tumor-

promoting microenvironment created in Shp2hep−/− liver. This proposal ensues that 

oncogenic activation of critical intracellular signaling pathways is the driving force, and the 

microenvironment provides conducive signals for liver tumorigenesis. Supporting this theory 

is the data that MET/CAT-driven HCC was indeed exacerbated in ctnnb1hep−/− liver, in 

which a tumor-promoting microenvironment was generated by β-catenin deficiency28.

Since additional deletion of Shp2 enhanced hepatocarcinogenesis in Ptenhep−/− livers7, it is 

also hard to understand why Shp2 deletion suppressed MET/PIK-driven tumorigenesis. In 

theory, deletion of Pten or overexpression of PIK3CA should similarly promote the 

PI3K/Akt pathway. One possibility is that Shp2-promoted Ras-Erk signaling is stringently 

required for MET/PIK and MET/CAT-driven liver tumorigenesis. In particular, Shp2 is a 

critical player downstream of c-Met, a common partner for these two pairs of oncoproteins. 

The RNA-seq data suggest common and distinct mechanisms for liver tumorigenesis driven 

by MET/CAT and MET/PIK, respectively. Obviously, more work needs to be done to 

elucidate the disclosed pro- and anti-tumorigenic effects of Shp2 in the liver.

The fact that Shp2 is an essential mediator of oncogenesis driven by c-Met, β-catenin and 

PIK3CA allows us propose a molecular targeted therapy by pharmaceutical inhibition of this 

tyrosine phosphatase for HCC patients with dominant active mutations or over-expression of 

RTKs and other upstream molecules that require Shp2 in signal relay. However, inhibiting 
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Shp2 will inevitably generate a milieu of tumor-promoting molecular and cellular factors in 

the liver. These microenvironmental effectors produced secondary to inhibition of the 

primary oncogenic signals may be responsible for rapid tumor recurrence observed in the 

clinic. Simultaneous suppression of the primary and secondary tumorigenic signals may be a 

most effective means, to achieve lasting therapeutic benefits for liver cancer patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Mouse liver tumor was induced by hydrodynamic transfection of 2 

oncogenes.

• Shp2 loss suppresses liver tumorigenesis driven by MET/β-catenin or MET/

PIK3CA.

• Shp2 deficiency triggers a tumor-promoting hepatic microenvironment.

• An effective therapy must block both cell-intrinsic and stromal oncogenic 

signals.
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Fig. 1. Shp2 deletion suppresses MET/CAT-induced hepatocellular cancer
(A). Macroscopic images and H&E staining of mouse liver sections at day 7 and week 4, 6 

and 8 post-hydrodynamic injection of hMET and Δβ-Catenin (MET/CAT) constructs. Scale 

bars: 1 cm (macroscopic); 100 μm (microscopic).

(B). Liver versus body weight ratios were measured at various time points (n=3, day-7; week 

4 and week 6; n=8, week 8). Tumor incidences and maximal tumor sizes (n=8) were 

measured for WT and Shp2hep−/− mice at week 8 post-injection, and compared using 

student’s t test. ***P<0.001, ****P<0.0001.
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Fig. 2. Shp2 loss inhibits MET/PIK3CA-induced liver tumorigenesis
(A). Representative macroscopic images and H&E staining of mouse liver sections at 

various time points post injection of hMET and PIK3CA (MET/PIK) constructs. Scale bars: 

1 cm (macroscopic), 100 μm (microscopic).

(B). Liver versus body weight ratios of MET/PIK-transfected mice were measure at various 

time points (n=3, D-7; n=4, Wk-6; n=4, Wk-9; n=7, Wk-12) (**** P<0.0001 by t test).

(C). Oil-Red-O staining of liver sections at week 12 post-injection of MET/PIK. Scale bars: 

100 μm.
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Fig. 3. Comparative analysis of transcriptomes in WT and Shp2hep−/− livers
(A). Heatmap visualizing the FPKM values for differentially expressed genes across all 6 

groups (n=3): WT and Shp2hep−/− livers before (Day-0) or after (Day-3) transfection of 

MET/CAT or MET/PIK, with red and blue indicating high and low gene expression, 

respectively. Highly expressed gene clusters are highlighted and numbered.

(B). GSEA analysis showing the most enriched gene sets in each highly expressed gene 

cluster.

(C). Comparison of baseline transcripts of HGF/c-Met targets between WT and Shp2hep−/− 

livers at Day 0. For each target gene, x- and y-axis values are its FPKM values in WT liver 

Liu et al. Page 15

J Hepatol. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and Shp2hep−/− livers, respectively. Printed in red are the genes expressed at significantly 

lower levels in Shp2hep−/− than WT livers.

(D). Comparison of transcript levels of Wnt target genes between Shp2hep−/− and WT livers 

at Day 0. Red, blue and grey colors indicate the genes down-regulated, up-regulated or not 

affected by the Wnt pathway.

(E). Ingenuity Pathway Analysis showing the top-ranked positively regulated pathways in 

Shp2hep−/− livers, relative to WT controls at Day 0.

(F). Overlap of differentially expressed genes (DEGs) in both Day-0 WT vs. Shp2hep−/− 

livers, and GFP Day-7 WT vs. Shp2hep−/− livers. The numbers indicate DEGs identified in 

both or only one comparison. Pathway analysis was performed on the DEGs from indicated 

groups.
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Fig. 4. Transcriptomic analysis of MET/CAT- or MET/PIK-transfected WT and Shp2hep−/− livers
(A)–(C). IPA of Day-3 MET/CAT-transfected WT or Shp2hep−/− livers versus Day-0 WT or 

Shp2hep−/− livers (A); Top-ranked up-regulated gene sets in Day-3 MET/PIK-transfected 

WT or Shp2hep−/− livers versus Day-0 WT or Shp2hep−/− livers (B); IPA of Day-3 MET/PIK-

transfected WT or Shp2hep−/− livers versus Day-0 WT or Shp2hep−/− liver (C).
(D). Heatmap representation of TNFa-induced NF-kB target genes. Gene expression 

variations are presented by fold change of expression with red and blue indicating increase 

and decrease respectively, compared to genotype-matched Day-0 controls.
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(E)–(F). Enrichment plots of gene set: CACGTG_V$MYC_Q2 comparing Day-3 MET/

CAT-transfected Shp2hep−/− and WT livers (E); gene sets: 

Hallmark_Fatty_Acid_Metabolism and Go_Oxidation_Reduction_Process comparing Day-3 

MET/PIK-transfected Shp2hep−/− and WT livers (F).
(G). GSEA analysis of DEGs between MET/CAT-transfected Shp2hep−/− and WT livers at 

Day 7.

(H). GSEA analysis of DEGs identified by comparing MET/PIK-WT livers versus GFP-WT 
liver at day 7, or MET/PIK-Shp2hep−/− livers versus GFP-Shp2hep−/− livers at day 7.
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Fig. 5. Shp2 loss suppresses critical proliferative signaling events induced by the injected 
oncogenes
(A). Immunoblotting of liver lysates for the exogenous human c-Met and ΔN90-β-catenin 

(Δβ-cat), and p-Erk and Erk proteins at various time points after injection of MET/CAT, or a 

GFP vector control (* the endogenous β-catenin).

(B). Immunoblotting was performed for liver lysates collected at different time points after 

MET/PIK injection, to evaluate c-Met, p110α, and other signaling proteins as indicated, 

with a GFP vector control included.

(C). Immunostaining for exogenous c-Met and β-catenin on liver sections at day 7, week 5 

and 8 post injection of MET/CAT. Scale bars: 100 μm.

(D). Immunostaining of glutamine synthetase (Gl syn) and p-Erk on liver sections prepared 

at day 7, week 5 and 8 post MET/CAT injection. Scale bars: 100 μm.
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(E). Immunostaining of WT and Shp2hep−/− liver sections for exogenous c-Met at day 7, 

week 6, 9 and 12 post MET/PIK injection. Scale bars: 100 μm.
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Fig. 6. Shp2 deficiency affects HGF and Wnt3a signaling in vivo and in vitro
(A). WT and Shp2hep−/− livers were stimulated through portal vein with HGF or Wnt3a plus 

R-Spondin1 in vivo. Immunoblotting of liver lysates was performed to examine 

phosphorylation of c-Met and β-Catenin and more downstream effectors, using antibodies as 

indicated.

(B). WT and Shp2−/− primary hepatocytes were isolated and then stimulated with HGF or 

Wnt3a plus R-Spondin1 for 2 or 5 minutes in vitro. Immunoblotting of cell lysates was 

performed to examine phosphorylated and total proteins of the components in HGF/c-Met 

and Wnt pathway, using indicated antibodies.

(C). qRT-PCR was performed to evaluate transcript levels of Wnt pathway target genes in 

WT and Shp2−/− primary hepatocytes stimulated with Wnt3a plus R-spondin1 (Wnt3a+R-S) 

or Wnt3a plus R-spondin1 and HGF (HGF+Wnt3a+R-S) for 1 hr (n=3, #P<0.05, +P<0.05 

by t test)
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Fig. 7. Shp2 deficiency promotes oncogene-induced cell senescence
(A). Representative SA-β-galactosidase staining of WT and Shp2hep−/− liver sections at 

day12 after injection of MET/CAT or MET/PIK constructs. Percentage of SA-β-Gal-positive 

cells versus total cells is presented on the right as mean ± SE (n=3–4). Scale bars: 200 μm, 

**P<0.01, ****P<0.0001 by t test.

(B). qRT-PCR was performed to determine relative expression of the genes as indicated 

(n=3–4). *P<0.05, **P<0.01 by t test.
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(C). Representative images of co-staining of HNF4α and Ki67 of liver sections on day 12 

post injection. Percentage of Ki67+ cells in total HNF4α+ cells was quantified and presented 

as mean ± SE (n=3–4). Scale bars: 100 μm, *P<0.05, **P<0.01 by t test.
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