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Deciphering multi-faceted roles of Shp2 in liver tumorigenesis 

 

 

by 

 

 

Jijun Liu 

 

 

Doctor of Philosophy in Biology 

 

 

University of California San Diego, 2022 

 

 

Professor Gen-Sheng Feng, Chair 

 

Shp2 is an SH2-tyrosine phosphatase acting downstream of receptor tyrosine kinases 

(RTKs) as a positive regulator of signal transduction. Despite its proto-oncogenic role, recent data 

demonstrated a liver tumor-suppressing role for Shp2, as ablating Shp2 in hepatocytes aggravated 

hepatocellular carcinoma (HCC) induced by chemical carcinogen.  I further investigated the 

possible multi-faceted roles of Shp2 by examining the effect of hepatocyte specific ablation of 

Shp2 on oncogene-induced autochthonous liver tumor formation. Despite the induction of hepatic 

oxidative and metabolic stresses, Shp2 deletion in hepatocytes suppressed hepatocarcinogenesis 
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driven by overexpression of oncoproteins Met/β-catenin or Met/PI3K-p110α. Mechanistically, 

Shp2 loss inhibited proliferative signaling from oncogenic pathways and triggered cell senescence 

following exogenous expression of the oncogenes. Further, I demonstrated that the catalytic 

activity of Shp2 was essential for relay of oncogenic signals from RTK in HCC and that chemical 

inhibition of Shp2 robustly suppressed HCC driven by RTK. However, in contrast to a tumor-

promoting hepatic niche generated by genetic deletion of Shp2 in hepatocytes, pharmacological 

Shp2 inhibition had a tumor-suppressing effect on liver metastasized tumor progression. 

Mechanistically, the Shp2 inhibitor enhanced an innate anti-tumor immunity by downregulating 

inflammatory cytokines, suppressing the CCR5 signaling axis and upregulating interferon-

β secretion. Collectively, this dissertation study dissected multi-faceted roles of Shp2 in 

hepatocarcinogenesis, as well as provided preclinical evidence of anti-tumor activity of Shp2 

pharmacological inhibition through both cell-autonomous and nonautonomous mechanisms.  
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Chapter 1. Introduction 

1.1. Hepatocellular carcinoma 

Hepatocellular carcinoma (HCC), the dominant type of liver cancer, is the seventh most 

frequently occurring cancer and the second leading cause of cancer-related mortality (1), with an 

even increasing overall disease burden worldwide in the past decade. Risk factors for HCC 

includes cirrhosis, viral hepatitis B and C infection, alcohol consumption, fatty liver disease and 

diabetes, aflatoxin and aristolochic acid (reviewed in (2)). Integrated studies reveal a substantial 

heterogeneity of HCC molecular pathologies. TERT, CTNNB1 and TP53 are the most frequently 

mutated genes in HCC patients but there is a wide variety of genetic alterations have been shown 

to associate with HCC (3, 4). Moreover, HCC has not shown an addiction to any genetic alterations. 

Collectively, the heterogeneity of molecular pattern drastically increases the difficulty of 

developing targeted therapeutics for HCC.   

Treatment options vary depending on tumor extent, underlying liver diseases and liver 

function. For early-stage HCC, curative treatments such as ablation, resection and transplantation 

should be considered, while locoregional treatments, such as transarterial chemoembolization 

(TACE) and transarterial radioembolization (TARE), better suit intermediate-stage HCC (5).  

However, treatment options are limited to systemic therapeutics including kinase and immune 

checkpoint inhibitors for advanced-stage HCC. So far, systemic therapies are rather limited and of 

unsatisfactory efficacy, contributing to the high mortality of HCC patients. The first-line systemic 

drug, sorafenib, prolongs overall survival for only 2-3 months in advanced patients (6, 7), with no 

other approved kinase inhibitors outperforming sorafenib (8). Immunotherapy has relatively low 

efficacy on advanced HCC – immune checkpoint inhibitors nivolumab, pembrolizumab, and 

nivolumab plus ipilimumab have been approved by FDA but only to be used as second-line 
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treatment after sorafenib (9). Fortunately, the combination of the anti-PDL1 antibody atezolizumab 

and the VEGF-neutralizing antibody bevacizumab has shown survival advantage superior to 

sorafenib, which makes this combination a new first-line therapy (10). Despite the new therapy, 

more efficacious mechanism-based treatment is urgently needed, which requires comprehensive 

understanding of molecular mechanisms in HCC pathogenesis. 

 

1.2. Protein Tyrosine Phosphatase 

Signal transmission through signaling cascades are the most basic mechanism to regulate 

cellular processes such as proliferation, survival, differentiation and apoptosis etc.. Tyrosyl 

phosphorylation and dephosphorylation are the most common molecular processes for regulating 

signal transduction and therefore kinases and phosphatases play critical roles in signaling cascades. 

Members of protein tyrosine phosphatases (PTPs) superfamily contain a PTP catalytic domain as 

well as a conserved motif of C-xxxxx-R (C-cysteine, R-Arginine, x-any amino acid) as catalytic 

site (11). Amino acid residue cysteine initiates a nucleophilic attack on the phosphate group of the 

substrate as the first step of tyrosine dephosphorylation reaction, followed by transferring of a 

proton from Asp residue on PTP to now unoccupied tyrosyl group and the exit of dephosphorylated 

substrate. Finally, the phosphate group leaves and PTP is regenerated (11, 12). Cys-based PTPs 

are subdivided into three classes and most of Cys-based PTPs reside in Class I depending on a 

similar topology and catalytic mechanism. Classical PTPs are one of the subclasses reside in Cys-

based Class I PTPs and the members of this subclass are of highest homogeneity in sequence and 

structure of phosphorylated-tyrosine(pTyr) specific PTP domain (13, 14). The function of PTPs in 

signaling cascades is not simply shutting off the signaling, but rather varies depending on cellular 

context–positively and negatively regulatory roles of PTPs in cell signaling have been revealed. 
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1.3. Src homology-2 domain containing phosphatase/Shp2 

1.3.1. Shp2 structure 

Src homology-2 domain containing phosphatase or Shp2, encoded by gene PTPN11, is 

distributed to Classical non-receptor protein tyrosine phosphatases (NRPTPs) family (11). Shp2 is 

ubiquitously expressed in various vertebrate cells. Structurally, Shp2 contains two N-terminal Src 

homology-2 domains (N-SH2 and C-SH2, respectively), followed by pTyr specific PTP domain, 

and a C terminal tail with tyrosyl phosphorylation sites and a proline-rich motif (15). Phosphatase 

activity of Shp2 is under regulation by an elegant “molecular switch” mechanism, which was 

uncovered by biochemical assays and the crystal structure of Shp2 (16-18). Under basal conditions, 

N-SH2 of Shp2 is docked on PTP domain and blocks substrate access. Upon stimulation of 

upstream signaling components, a phosphotyrosyl peptide binds to and alters the conformation of 

N-SH2, followed by the release of PTP domain that allows the entry of substrate (15, 18). The 

fine-tuned regulation of Shp2 activity by the autoinhibition mechanism enables Shp2 to exert 

appropriate developmental and physiological functions, whereas disturbance of the mechanism 

leads to occurrence of several human diseases. 

 

1.3.2. Shp2 functions as protein tyrosine phosphatase 

Most of the molecular functions of Shp2, if not all, require its phosphatase activity through 

PTP domain. PTP domain of Shp2 consists of 4 loops (P-loop, pY-loop, WPD-loop, and Q-loop) 

which line up the active grove. Besides, each loop is responsible for some specific roles of Shp2 

activity, which are executed by specific amino acid residues. Y279 in the pY-loop constricts 

catalytical site depth, while C459 and R465 on the PTP signature motif (C459-xxxxx-R465) in the 

P-loop kicks off the nucleophilic attack on substrate and stabilizes the phosphotyrosine-enzyme 
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complex, respectively (15, 18, 19). Opposed to a more conventional view that sees PTPs as 

negative regulators of signaling as they remove phosphate groups, Shp2 displays rather positive 

regulatory role in signaling cascades. The promoting role of Shp2 in Ras/mitogen-activated protein 

kinase (MAPK) pathway is extensively studied, which accounts for many of Shp2’s physiological 

and pathological roles. Ras/MAPK pathway is a major signaling cascade in mammalian cell that 

transmits signals emanated from a wide range of cell surface receptors to modulate a variety of 

cell processes. Evidence at cellular and tissue level is there to support the signal-enhancing 

function of Shp2 in Ras/MAPK pathway, which include that the absence of Shp2 or catalytically 

dead Shp2 mutant blunts MAPK activation induced by grow factors, and that hyperactivating Shp2 

mutations associated with aberrant MAPK activation are responsible for leukemogenesis (20) and 

Noonan syndrome (21). 

The critical mediatory role of Shp2 catalytic activity in signaling cascade raises great 

interests in the search for the corresponding substrates of Shp2, the candidates of which are mainly 

Ras regulators. The following studies mainly examined two hypotheses: (i)Shp2 dephosphorylates 

and inhibits negative regulator of Ras, or (ii)Shp2 dephosphorylates and activates positive 

regulator of Ras. Sprouty and p120-RasGAP (Ras GTPase-activating protein) are Ras/MAPK 

inhibitors whose inhibitory function have been proposed to be impaired, either directly or 

indirectly, by Shp2-mediated dephosphorylation. Sprouty reduces Ras activity by associating with 

Growth Factor Receptor Bound Protein 2 (Grb2) and therefore hinders the formation of 

Grb2/SOS1 Ras-activating complex (22). This inhibitory role of Sprouty has been shown to be 

impaired by dephosphorylation mediated by Shp2 (23, 24). p120-RasGAP is recruited to 

phosphorylated receptor or scaffolding protein through its SH2 domains to rapidly inactivate Ras-
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GTP, and this interaction can be disturbed by Shp2 via dephosphorylation of the p120-RasGAP 

docking sites (25-27). 

In line with the hypothesis that Shp2 dephosphorylates and attenuates activating function 

of Ras activators, evidence suggesting a connection between Shp2 and Ras positive mediator 

emerged in 2002 (28). Following up, Ren et al. and Zhang et al. reported that Shp2 

dephosphorylates adaptor protein to impede recruitment of Src inhibitor, C-Terminal Src Kinase 

(Csk), to the vicinity of Src, though two groups proposed distinct direct substrates for Shp2 (29, 

30). Further, Shp2 has been shown to directly dephosphorylate Ras to store its associate with Raf 

and to activate downstream MAPK signaling cascade (31). 

 

1.3.3. Shp2 functions as scaffolding protein 

Through its two SH2 domains and its phosphorylatable tyrosine residue at C-terminus, 

Shp2 is able to act as a scaffolding protein rather than a phosphatase in order to get involved in 

signaling events. Shp2 can recruit Grb2/SOS1 complex to activated tyrosine kinase receptor, 

through phosphorylated Try542 residue, leading to activation of Ras signaling (32). Shp2 also 

binds to insulin receptor substrate 1 (IRS-1) to bring kinases in proximity of IRS-1 for its 

phosphorylation at inhibitory serine residue, which provides a mechanism for negative regulation 

of insulin signaling (33).  

 

1.3.4. The function of Shp2 in development and physiology 

  The pleiotropic impacts of Shp2 in mammalian cell and its ubiquitous expression pattern 

across tissues indicate that Shp2 may be involved in multiple developmental and physiologic 

processes. Indeed, experimental evidence suggests that the requirement of Shp2 in murine embryo 
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development occurs as early as at blastocyst stage (E6.5), when Shp2 null embryos experience 

blastocyst inner cell death and fail to maintain trophoblast giant cell (34). Besides, Shp2 is also 

shown to have regulatory role in the switch from stem cell self-renewal to differentiation, not only 

in embryonic stem cell but also in many stem cells and progenitors. Due to the embryonic lethality 

of Shp2 deletion, tissue specific Shp2-deleted models were widely developed and led to 

discovering a board spectrum of developmental and physiological roles of Shp2 in various tissues 

(reviewed in Ref.(35)). Notably, Shp2 critically impacts the survival, differentiation and functions 

of hematopoietic stem cells (36) and blood cell lineages, including T cell development and 

differentiation (37, 38), mast cell chemotaxis (39), megakaryocyte development and platelet 

production (40). These functions of Shp2 might confer a causal association on Shp2 mutation with 

hematological disorder, which will be discussed later. 

Shp2 has also been shown to play roles in maintaining metabolic homeostasis. Notably, 

Shp2 is involved in modulating insulin signaling (33, 41, 42), but this modulator role is 

dichotomous, depending on cell and tissue types. For example, hepatic Shp2 deficiency improves 

glucose intolerance and insulin sensitivity (43), while Shp2 loss in skeletal muscle causes insulin 

resistance and aggravates glucose intolerance (44). 

  With the discovery of gain-of-function and loss-of-function mutations of Shp2, the 

connection between these mutations with human diseases has gained great attentions. Germline 

PTPN11 mutations are found to cause two related, but distinguishable syndromes, namely Noonan 

Syndrome and Leopard Syndrome. Firstly, Noonan Syndrome (NS) is a genetic disorder which 

causes developmental defects in the patient, including growth retardation, unusual facial features 

and cardiac defects. Leopard Syndrome (LS) was first considered a variant of NS due to the 

phenotypic similarity between LS and NS except for the distinct cardiac defective phenotypes (45, 
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46). More than 45% of NS are caused by missense Shp2 mutations (45). Most of the NS-associated 

Shp2 mutations are gain-of-function mutations (47), whereas LS-causing PTPN11 mutations are 

substantially loss-of-function (48). Notably, animal models mimicking human NS reveal that 

clinical traits of NS are often linked to Ras/MAPK/Erk hyperactivation, in consistence with Shp2’s 

positive regulatory role in Ras/MAPK signaling (49-51). More interestingly, a significantly higher 

incidence rate of cancer has been described in PTPN11-associated NS (52, 53).  

Consistent with the positive regulatory role of Shp2 in Ras/MAPK pathway, in multiple 

reports mutations in Shp2 are causally linked to development of tumors albeit only for several 

specific tumor types. Somatic point mutations of Shp2 have been found to cause 35% of cases of 

juvenile myelomonocytic leukemias (JMML), a rare chronic myeloproliferative/myelodysplastic 

disorder that occurs in young children. JMML-associated Shp2 mutations are mainly gain-of-

function mutations targeting N-SH2 and PTP domain to lift the autoinhibitory conformation and 

increase Shp2 basal activity (54, 55). Apart from Shp2 mutations, other drivers of JMML involve 

activating mutations of Nras or Kras and inactivating mutations of RasGAP NF1. Shp2, Ras and 

NF1 mutations are mainly mutual exclusive, implying that Ras/MAPK pathway exclusively drives 

JMML (56). Shp2 mutations also occur in childhood acute myeloid leukemia (AML) as well as in 

some solid tumors such as neuroblastoma and lung cancer, albeit in substantially low frequency 

(57, 58). Moreover, evidence for implication of abnormal Shp2 activity in development of various 

tumor types has emerged in the past decade (59-62). In the context of liver, our lab previously 

showed that Shp2 is required for activation of proliferative signals in liver regeneration (27). 
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1.3.5. Hepatoprotective function of Shp2 

In previous work our lab has generated hepatocyte-specific Shp2 knocked out (Shp2hep-/-) 

mouse and shown Shp2 deletion hinders MAPK/Erk pathway activation (27). However, Shp2hep-/- 

mice also exhibit chronic hepatic damages, fibrosis, necrosis, inflammation and spontaneous 

hepatocellular adenoma (HCA) formation accompanied by steatosis in aged liver, as well as 

display an aggravated phenotype of HCC driven by chemical carcinogen diethylnitrosamine (DEN) 

(63). Concurrent deletion of Shp2 and Pten induced a severe phenotype of NASH-associated HCC 

(64). Simultaneous removal of Shp2 and Ikkβ even induced spontaneous HCC development by 

causing circadian disorders (65). Thus, the hepatic Shp2 functions appear to be pleiotropic with 

both pro- and anti-oncogenic effect. Of note, several other conventionally known oncogenes, 

including Met (66, 67), β-Catenin (68, 69), Stat3 (70, 71) and Jnk (72, 73), demonstrate similar 

pleiotropic roles specifically in liver, indicating the complexity of liver tumor pathology which is 

collectively contributed by hepatocyte-autonomous factors and environmental impacts (74).  

 

1.3.6. Discovery and functions of allosteric Shp2 inhibitor 

Last generation of Shp2 inhibitors that mainly targeted PTP domain are of poor selectivity, 

due to the highly conserved sequence of the catalytic site among PTPs, as well as unfavorable cell 

permeability and oral bioactivity due to the nature of functional chemical groups that the inhibitors 

are composed of (75, 76). Recent Shp2 inhibitor discovery utilizes the strategy of targeting 

allosteric pocket and has achieved marked success in discovering highly selective, orally active 

Shp2 allosteric inhibitors, of which four are currently in clinical trials (JAB-3068, TNO155, RMC- 

4630, and RLY-1971). The first successful allosteric Shp2 inhibitor, SHP099, was identified by 

Novartis in 2016, and proven to suppress Ras/MAPK pathway activation and cell growth of RTK-
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dependent cancer cell lines (77). It functions through binding to the allosteric pocket surrounded 

by N-SH2, C-SH2 and PTP domain and locking Shp2 in the auto-inhibitory conformation (77, 78). 

Beyond SHP099, chemically optimized SHP099 derivatives have emerged with improved potency 

and capability to overcome resistance conferred by activating PTPN11 mutations.  

In consistency with Shp2’s cellular function of relaying signals from multiple RTKs to Ras, 

Shp2 inhibitor is demonstrated to suppress Ras/MAPK-dependent tumor growth by impeding 

upstream RTK-induced GTP reload on Ras (79-81). Moreover, Shp2 inhibitor re-instates 

sensitivity to Ras/MAPK pathway inhibitors in resistance-developed Ras-dependent tumors, by 

shutting down the alternatively activated RTK/Ras pathway bypassing the primary inhibitor 

(BRAF inhibitor (82), ALF inhibitor (83), MEK inhibitor (81, 84, 85) and etc.). Allosteric Shp2 

inhibitor combined with anti-tumor immunity booster also displays promising effects. Shp2 

interference augments the proportion of cytotoxic T cell compartment as well as cytotoxic factor 

secretion, and synergizes with anti-PD-1 treatment in controlling the growth of a murine colon 

cancer model (86), possibility owing to Shp2 functioning downstream of PD-1. Shp2 inhibitor also 

synergizes with CSF1R (receptor of the colony-stimulating factor-1) inhibitor to potentiate anti-

tumor immunity from the myeloid cell compartment, via shifting macrophage polarization towards 

M1-type or blocking eat-me-not signal in macrophage (87, 88). 

 

1.4. Tyrosine kinase receptor Met 

Met is a cell surface tyrosine kinase receptor bound by ligand Hepatocyte Growth Factor 

(HGF). Activated by HGF binding, Met then initiates downstream signaling cascade that leads to 

several biological events, such as cell proliferation, cell invasion and inhibition of apoptosis 

(reviewed in (66)). Mechanistically, HGF binding triggers Met dimerization and phosphorylation 
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of two tyrosine residues in its intracellular segment, which provides docking site for SH2 domain-

containing proteins, such as Growth Factor Receptor-Bound Protein 2 (Grb2), Grb2-Associated 

Binding protein 1 (Gab1), Shp2 and etc.(reviewed in (89)). The HGF/Met axis plays a pivotal role 

in liver tumor development and metastasis. Met overexpression is detected in 20-48% of human 

HCC samples (90), and is in association with poor prognosis (91, 92). Elevated expression of Met-

dependent signature genes is linked to decreased survival and exacerbated metastasis in a cohort 

of HCC patients (93). Consistently, overexpression of Met efficiently droves HCC development 

in transgenic mice (94), but ablating Met in hepatocytes also exacerbates HCC development 

induced by chemical carcinogen diethylnitrosamine (DEN) in mice (95), suggesting complex 

tumorigenic mechanisms in the liver. Met-targeted therapy is currently an active area of anti-HCC 

therapeutics research, with selective Met inhibitor tepotinib currently in clinical trial II, which has 

demonstrated anti-tumor activity against Met-overexpressing advanced HCC (96, 97). 

 

1.5. Suppressor of cytokine signaling-1 (Socs1) and Socs3 

Suppressor of cytokine signaling (SOCS) proteins are a family of proteins that mostly 

function in a classic negative feedback loop to inhibit cytokine signaling. Socs1 and Socs3 belong 

to this family and both of them consist of a kinase inhibitory region (KIR), responsible for 

inhibiting JAK directly (98), an SH2 domain, which enables its binding to phosphotyrosine-

containing target protein (99), as well as a SOCS box which recruits ubiquitin ligase for 

ubiquitination and degradation of target proteins (100). The SH2 domain of Socs3 shares similar 

binding specificity with that of Shp2 and thus the two molecules compete for binding molecular 

partners (101-104). Socs3 is reported to be involved in liver regeneration and chemically induced 

hepatocarcinogenesis, mechanistically through its implication in the signal transducer and 
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activator of transcription 3 (STAT3)- and the mitogenic extracellular signal-regulated kinase 1/2 

(Erk1/2)-pathway (105). Furthermore, Socs1 is shown to inhibit Met expression and signaling 

(106). 

 

1.6. Hydrodynamic transfection 

Hydrodynamic transfection, which combines hydrodynamic gene delivery and Sleeping 

Beauty (SB) transposase-mediated somatic integration, is a mature, widely accepted and utilized 

in vivo transfection method for long-term gene expression. A physiological solution containing 

plasmid DNA of interest and SB transposase encoding plasmid is prepared for this method. This 

method features a fast-speed (5-9 seconds) tail vein injection of a substantial volume (2-3ml or 

equivalent to 10% mouse body weight) of physiological solution, for forcing all the solution to 

rapidly enter the heart via inferior vena cava. The large volume of solution would over-stretch 

myocardial fibers and cause cardiac congestion, resulting in backflow of solution into liver 

specifically, making liver the major organ being transfected (transfection efficiency: 10-40% in 

liver versus <0.1% in other organs). The hydrodynamic pressure remains with the solution in liver, 

which permeabilizes capillary endothelium and cell membrane of closely associated parenchymal 

cells, enabling uptake of plasmids by parenchymal cells, or hepatocytes. Once inside hepatocytes, 

expressed SB transposase facilitates integration of gene of interest carried by plasmids into 

hepatocyte genome. Hydrodynamic transfection can transiently transfect 10-40% of hepatocytes 

and achieve stable, long-term transfection in approximately 2-10% of hepatocytes. By constructing 

plasmids that work compatibly with SB transposase integration system, overexpression, 

knockdown and knockout of targeted genes in hepatocyte are made possible in a significantly 

shorter timeframe than that generation of transgenic mouse. Inevitably, hydrodynamic pressure 
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leads to liver injury. However, liver usually heals itself in a week. Overall, hydrodynamic 

transfection is a reliable, flexible and cost-effective in vivo transfection method for generation of 

novel mouse hepatocarcinogenesis models.  
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Chapter 2. Results 

2.1. Shp2 is required for Met/Cat-induced liver tumorigenesis 

Hepatocyte specific Shp2-deleted mouse strain was obtained by crossing Shp2flox/flox 

mice with Albumin-Cre transgenic mice (27). With this Shp2hep-/- mouse strain, previous studied 

conducted in Feng lab demonstrated that hepatic Shp2 deficiency impaired hepatocyte 

proliferation following partial hepatectomy (27), also triggered HCA development in old mice 

and exacerbated DEN-induced HCC (63). I first investigated the role of hepatic Shp2 in RTK-

driven liver tumorigenesis by comparing the tumor outcome in WT versus in Shp2hep-/- mouse. 

Liver tumor was induced by hydrodynamic tail vein injection of two plasmids that encodes 

human Met and a constitutively active β-catenin truncated mutant, ΔN90-β-catenin (Met/Cat) 

respectively, together with the Sleeping Beauty (SB) transposase-encoding plasmid. This SB 

transposase-mediated transfection system delivered by hydrodynamic injection stably 

transfected the proto-oncogenes into approximately 10% of hepatocytes without transfecting 

other liver cell types (107). We monitored liver phenotype along the time course and detected 

multiple tumor nodules in control mice 8 weeks after injection of the oncogenes, but not in 

Shp2hep-/- mouse (Figure 1A). Hepatic Shp2 deficiency 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 (Figure 1B). Histological analysis by 

experienced histopathologist indicated that the tumors were mainly HCC (Figure 1A). 

Suppression of Met/Cat-driven liver tumorigenesis by Shp2 depletion in hepatocyte suggested 

a strong requirement of Shp2 in this oncogene-induced liver tumor formation, which showed 

sharp contrast to the previous data showing that Shp2 deficiency dramatically aggravated DEN-

induced HCC development in the same Shp2hep-/- mouse line (63), despite that previously found 
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physiological features of Shp2hep-/- liver including scalloped edges and slightly lumpy surface 

were also displayed in oncogene-transfected Shp2-depleted liver (Figure 1A). 
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Figure 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 hydrodynamically transfection of Met and ΔN90-β-catenin (Met/Cat). Scale bars: 1 cm 

(macroscopic); 100 μm (microscopic). 

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

week 4 and week 6; n=8, week8). Tumor incidences and maximal tumor sizes (n=8) were 

measured for WT and Shp2hep-/- mice at week 8 post-injection. Data are mean values ± SD and 

P values were calculated by unpaired two-tailed Student’s T-test, ns or no annotation, not 

significant, ***P < 0.001, ****P<0.0001.  
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2.2. Shp2 is also necessary for Met/Pik-induced liver tumorigenesis 

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

of oncogenes, MET and PIK3CAH1047R (Met/Pik). PIK3CAH1047R encodes for the hyperactive 

mutant of p110α catalytic subunit of phosphatidylinositol-3-kinase (PI3K), which have been 

detected in several types of cancer (108). Previous study demonstrated that hydrodynamic 

delivery of PIK3CAH1047R together with MET or NRASG12V robustly induced liver tumor 

accompanied by hepatosteatosis (109). Consistently, we detected liver tumors in WT mice at 12 

weeks after injection of Met/Pik (Figure 2A). Distinct from Met/Cat-tumor, Met/Pik triggered 

non-alcoholic fatty liver disease (NAFLD) and diffused liver tumors with undefined nodule 

boundary. The Shp2hep-/- mice were less susceptible to Met/Pik-driven liver tumorigenesis, as 

evaluated by liver to body weight ratio and pathological analysis (Figure 2A, B). Shp2 deletion 

also protected liver from Met/Pik-induced NAFLD, as revealed by less lipid droplet 

accumulation (Figure 2C).  

 

2.3. Shp2 deficiency down-regulates central proliferative signals and Met expression 

Given the widely known positive regulatory role of Shp2 for Ras activation, we 

wondered if Shp2 also plays a regulatory role in the intrinsic oncogenic pathways involved in 

Met/Cat and Met/Pik. 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 pErk signals (Figure 3A,B), while 

Met/Pik injection enhanced pAkt levels (Figure 3C,D). However, Shp2 loss suppressed both 

pErk and pAkt activation, as examined at different time points (Figure 3). We also determined 

the impact of Shp2 loss on Wnt/β-catenin signaling. Phosphorylation of endogenous β-catenin 
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at Ser33/Ser37/Thr41, phosphorylation earmarking β-catenin for ubiquitin-mediated 

degradation (110), was not affected by either oncogenic Met and ΔN90-β-catenin transfection 

or Shp2 depletion (Figure 3A). However, due to Met/Cat overexpression, hepatocytes 

expressing β-catenin downstream target glutamine synthetase (GS) expanded beyond the 

perivenous areas progressively in WT but not in Shp2hep-/- livers (Figure 3B), indicating 

overactivation of β-catenin downstream signals. 

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

at different time points. Exogenous Met- or β-catenin-positive colonies expanded progressively 

in WT livers, but these signals were detected in Shp2hep-/- livers only at day 7 but not at week 5 

and 8 (Figure 4A). Downregulation of Met expression were observed in Shp2hep-/- livers as early 

as on day 3, and became more observable at week 6, 9 and 12 after Met/Pik injection (Figure 

4B), in consistency with Met expression pattern in Met/Cat-transfected Shp2hep-/- liver. 

Similarly, previous experiments demonstrated significantly reduced levels of c-Kit and 

PDGFRβ, cell surface tyrosine kinase receptors (RTKs), in Shp2-deficient hematopoietic cells 

and fibroblasts, respectively (111, 112). Therefore, the Shp2 function in mediating 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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Figure 2. Shp2 loss inhibits Met/Pik-induced liver tumorigenesis 

A. Representative macroscopic images and H&E staining of mouse liver sections at various 

time points post transfection of Met and PI3K p110α (Met/Pik). Scale bars: 1 cm (macroscopic), 

100 μm (microscopic). 

B. L/B 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). Data are mean values ± SD and P values were 

calculated by unpaired two-tailed Student’s T-test, ns or no annotation, not significant, 

****P<0.0001.  

C. Oil-Red-O staining of liver sections at week 12 post-injection of Met/Pik. Scale bars: 100 

μm. 
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Figure 3. Shp2 loss suppresses critical proliferative signaling events induced by the 

injected oncogenes 

A. Immunoblotting for indicated protein targets in Vector- or Met/Cat-transfected WT or 

Shp2hep-/- (KO) liver lysate at various time points after transfection. * Endogenous β-catenin. 

B. Immunostaining of glutamine synthetase (GS) and phosphorylated Erk (pErk) on sections of 

WT or Shp2hep-/- liver collected at day 7, week 5 and 8 post Met/Cat injection. Scale bars: 100 

μm. 

C. Immunoblotting for indicated protein targets in Vector- or Met/Pik-transfected WT or 

Shp2hep-/-(KO)  liver lysate at early or intermediate time points after transfection. 

D. Immunoblotting for indicated protein targets in Vector- or Met/Pik-transfected WT or 

Shp2hep-/-(KO)  liver lysate at late time point (Week-12) after transfection. 
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Figure 4. Shp2 loss downregulates expression of exogenous oncogenes 

A. Immunostaining for exogenous Met and β-catenin on sections of WT or Shp2hep-/- liver 

collected at day 7, week 5 and 8 post injection of Met/Cat. Scale bars: 100 μm. 

B. Immunostaining of WT and Shp2hep-/- liver sections for exogenous Met at day 7, week 6, 9 

and 12 post Met/Pik injection. Scale bars: 100 μm. 
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2.4. Shp2hep-/- liver is characterized by impaired proliferative capacity and increased 

oxidative and metabolic stresses 

To explore the mechanism underlying the unique Shp2 function that mediated 

oncogene-induced liver tumor, we conducted bulk 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 in comparison to its wildtype counterpart, both before and after transfection of the 

oncogenes (Figure 5A). We first analyzed the baseline transcriptomes in WT and Shp2hep-/- livers 

without oncogene overexpression (Day-0). GSEA analysis showed that the gene cluster 1 

highly expressed in WT livers was enriched for gene sets in mRNA processing (Figure 5A), 

including SRSF7, HNRNPA2B1, TRA2B, FUS and RBMX, with SRSF7, TRA2B and 

HNRNPA2B1 identified as Myc targets (113). Relative to the WT control, the genes in cluster 

2 highly expressed in Shp2hep-/- livers featured increased oxidative stress and reprogramming of 

metabolic pathways. 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. Along this line, we 

also found that genes of nuclear receptor heterodimers PXR/RXR, LXR/RXR and FXR/RXR 

involved in modulation of metabolic processes were upregulated by Shp2 ablation (Figure 5D). 

Together, the RNA-seq data suggest that Shp2 deletion caused downregulation of hepatocyte 

proliferation potential, reprogramming of metabolic pathways and increased oxidative stress in 

the liver, before oncogene transfection. Moreover, the expression of PIK3RI, JUN, and FOS, 

genes downstream of the HGF/Met pathway, was downregulated in Shp2-deficient livers 

(Figure 5B). Shp2 ablation also caused changes in expression of genes in the Wnt/β-catenin 
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pathway, and most of the genes predicted to be upregulated by Wnt signaling expressed at 

higher levels in WT than Shp2hep-/- livers (Figure 5C). Together, these results suggested a 

negative impact of Shp2 loss on the basal levels of signaling through the HGF/Met and Wnt/β-

catenin pathways in the liver, and also indicated the impact of Shp2 loss on hepatic environment 

by influencing oxidative stress status and reprogramming metabolic pathways. 

 

2.5. Shp2 deletion disturbed multiple signaling events induced by Met/Cat or Met/Pik 

Then we analyzed the transcriptomes of oncogene-transfected liver. Surprisingly, 

compared to baseline WT liver transcriptome, Met/Cat transfection did not lead to marked 

upregulations in cell growth and dividing related genes, but genes involved in complement and 

coagulation cascades, which may be a result of recovery process from hydrodynamic injection. 

Distinct from Met/Cat, Met/Pik-transfection led to high expression of genes in cluster 4, which 

were genes involved in DNA replication and G2/M transition pathways, such as AURKB and 

PLK1 (Figure 5A).  

We then used IPA to compare the transcriptomes in WT and Shp2hep-/- livers on day 3 

post oncogene-transfection (Figure 6A,D). Met/Cat transfection triggered DNA damage 

response, coagulation, and fibrotic processes in both genotypes, noting 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, CCNB1 and CCNB2, were more abundantly expressed in the WT than in mutant liver, 

while inhibitory checkpoint regulators including P21 and BRCA1 were upregulated in Shp2hep-

/- livers. In addition to cell cycle progress, Shp2 ablation upregulated genes involved in severe 

inflammatory and immune responses such as IL-10 signaling and dendritic cell maturation upon 
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Met/Cat-transfection (Figure 6A). Consistently, the downstream targets in NFκB pathway were 

upregulated in Shp2hep-/- liver (Figure 6B), implying activation of NFκB pathway, which might 

account for the stimulation of inflammatory response genes. Of note, Shp2hep-/- liver was also 

characterized by downregulation of Myc targets (Figure 6C), suggesting impaired Myc 

signaling, which is likely one mechanism for inhibition of tumorigenesis in Met/Cat-transfected 

Shp2hep-/- liver. Consistent with Met/Cat, upon Met/Pik transfection, several cell cycle-related 

pathways were more upregulated in WT than in Shp2hep-/- livers (Figure 6D,E), consistent with 

the identification of cluster 4 (Figure 5A). In the contrast, p53 signaling and cell cycle inhibitors 

such as GADD45G and P21, were upregulated by Met/Pik in Shp2hep-/- livers (Figure 6D), 

suggesting relative cell cycle suppression by Shp2 loss. 

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

GFP-encoding 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 both 

genotypes (Figure 7A). 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 and metabolic pathways (Figure 7B). Genes downregulated 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 (Figure 7C). 

Enriched in Met/Cat-injected Shp2hep-/- livers were genes in immune response pathways and 

targets of GABPA (GA binding protein transcription factor, alpha subunit) (Figure 7C). Met/Pik 

transfection induced cell cycle progression related pathways in WT liver, while Shp2hep-/- liver 
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was featured by elevated immune response (Figure 7D). The target genes of Myc and SP1 were 

downregulated in Met/Pik-injected Shp2hep-/- livers (Figure 7D), suggesting impaired cell 

proliferation in the mutant liver. 

Together these transcriptome changes suggested that Shp2 deletion affected hepatic cell 

checkpoint progression and M phase entry (114-116) in both Met/Cat- and Met/Pik-induced 

liver, by both downregulating cell cycle progression related gene expression and upregulating 

cell cycle suppressive regulator gene expression. The transcriptomic analysis indicated that the 

inhibitory effect of Shp2 loss on the oncogenes-driven tumorigenesis is likely attributed to 

suppression of cell-intrinsic oncogenic signaling. In addition, Shp2 loss led to hepatic 

environmental changes including increased oxidative stress and inflammation, and metabolism 

reprogramming, suggesting that Shp2 loss in hepatocytes was associated with formation of a 

tumor-promoting hepatic microenvironment, which is along the same line with the 

physiological changes in Shp2 depleted liver in our previous study (63). 
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Figure 5. Comparative analysis of transcriptomes in WT and Shp2hep-/- livers 

A. Upper: 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. 

Lower: GSEA analysis showing the most enriched gene sets in each highly expressed gene 

cluster. 

B. Comparison of baseline transcripts of HGF/Met targets between WT and Shp2hep-/- livers on 

Day 0. For each target gene, x- and y-axis values are its FPKM values in WT liver and Shp2hep-

/- livers, respectively. Genes expressed at significantly lower levels in Shp2hep-/- than WT livers 

are annotated. 

C. Comparison of transcript levels of Wnt target genes between Shp2hep-/- and WT livers on Day 

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

the Wnt pathway. 
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Figure 6. Transcriptomic analysis of Met/Cat- or Met/Pik-transfected WT and Shp2hep-/- 

livers 

A. IPA of Day-3 Met/Cat-transfected WT or Shp2hep-/- livers versus Day-0 non-transfected 

genotype-matched livers.  

B. Heatmap representation of TNFα-induced NFκB 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. 

C. Enrichment plots of gene set containing Myc target genes comparing Day-3 Met/Cat-

transfected Shp2hep-/- and WT livers. 

D. IPA of Day-3 Met/Pik-transfected WT or Shp2hep-/- livers versus Day-0 non-transfected 

genotype-matched livers.  

E. Top-ranked up-regulated gene sets in Day-3 Met/Pik-transfected WT or Shp2hep-/- livers 

versus Day-0 non-transfected genotype-matched livers.  
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Figure 7. Comparative analysis of transcriptomes between non-transfected and GFP-

transfected liver 

A. Overview heatmap of transcriptomes from Day-0 and GFP-transfected Day-7 WT and 

Shp2hep-/- livers. Red and blue represent high and low absolute expression level respectively. 

B. 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. 

C. GSEA analysis of DEGs between Met/Cat-transfected Shp2hep-/- and WT livers on Day-7 post 

transfection.  

D. GSEA analysis of DEGs identified by comparing Met/Pik-WT livers versus GFP-WT liver 

on day-7, or Met/Pik-Shp2hep-/- livers versus GFP-Shp2hep-/- livers on day-7. 
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2.6. 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, given the upregulation of p53 signaling and cell cycle 

progression inhibitors induced in oncogene-overexpressing Shp2hep-/- liver (Figure 6A,D). 

Staining of liver sections demonstrated significantly increased signals for the primary 

senescence marker SA-β-galactosidase (SA-β-gal) in Shp2hep-/- livers, compared to WT livers, 

on day-12 after transfection of Met/Cat or Met/Pik (Figure 8A). Consistently, qRT-PCR 

analysis detected higher expression of cell cycle inhibitors p16 and p19, and senescence-

associated genes mcp1, il-15 and csf1 in Shp2hep-/- than WT liver lysates, in response to 

expression of the oncogenes (Figure 8B). Meanwhile, proliferative hepatocyte numbers were 

decreased in Shp2hep-/- livers compared to WT livers, as assessed by proliferative marker Ki67 

and hepatocyte marker HNF4α staining (Figure 8C). SA-β-gal signals diminished in Shp2hep-/- 

liver at week-3, and were barely detectable at week-5 post-injection (Figure 8A), suggesting 

clearance of senescent cells. 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. 

  

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

We further investigated the impact of Shp2 deficiency on acute HGF/Met and Wnt 

signaling following portal vein administration of the ligands into the liver. Injection of HGF 

potently stimulated in vivo pMet, pErk and pAkt signals, but these signals were abolished or 

diminished in Shp2hep-/- livers (Figure 9A), confirming the requirement of Shp2 in 

HGF/Met/MAPK axis signaling. On the other hand, intraportal administration of Wnt3a plus 
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R-spondin1 did not stimulate changes in Wnt/β-catenin pathway direct indicator, such as 

Ser33/Ser37/Thr41 phosphorylation of β-catenin or its nuclear translocation, in WT or Shp2hep-

/- livers (Figure 10), whereas transcription of some Wnt targets were activated in WT rather than 

in mutant liver (Figure 9C). Surprisingly, Wnt ligands induced modest elevation of pErk in WT 

liver, which might be caused by the crosstalk between Wnt/β-catenin and Ras/Erk pathway. It 

has been reported that Wnt3a could induce Raf1-Mek-Erk axis activation, probably through 

Wnt-regulated Ras stabilization (117). Wnt3a-induced Erk phosphorylation was abolished by 

hepatic Shp2 loss (Figure 9A), probably owing to impaired Ras activity in absence of Shp2, 

which acted in parallel with Ras stability regulation. Consistently, in vitro HGF or Wnt3a 

stimulation induced higher pErk signal in WT than in Shp2-deficient isolated primary 

hepatocytes (Figure 9B).  

The impaired stimulation of Met/MAPK pathway in Shp2 depleted liver by either Met 

overexpression and HGF ligand stimulation supported a critical role of Shp2 in mediating 

Met/MAPK pathway. However, the activation result of Wnt/β-catenin pathway in Shp2 

depleted liver varied dependent on approaches of stimulation. Furthermore, the possible 

crosstalk between Met/MAPK and Wnt/β-catenin pathway made it even harder to segregate 

Shp2 function on Wnt/β-catenin pathway.  
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Figure 8. Shp2 deficiency promotes oncogene-induced cell senescence 

A. Representative SA-β-galactosidase staining of WT and Shp2hep-/- liver sections on day-12 

post Met/Cat or Met/Pik transfection.  Quantification was based on more than four randomly 

selected microscopic fields of view of each biological sample, n=3. 

B. Transcript level of senescence-associated genes in whole liver lysate, n=3-4. 

C. Representative images of co-staining of HNF4α and Ki67 of liver sections on day 12 post 

injection. Quantification was based on more than four randomly selected microscopic fields of 

view of each biological sample, n=3-4.  

Data are mean values ± SD and P values were calculated by unpaired two-tailed Student’s T-

test. ns or no annotation, not significant, *P<0.05, **P < 0.01, ****P<0.0001. 
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Figure 9. Shp2 deficiency affects HGF and Wnt3a signaling in vivo and in vitro 

A. Immunoblotting for indicated proteins in lysates of PBS-, HGF- or Wnt+R-S-treated WT or 

Shp2hep-/- livers. 

B. Immunoblotting for indicated proteins in lysates of control-, HGF- or Wnt+R-S-treated WT 

or Shp2-/- primary hepatocytes. 

C. Transcript expressions of Wnt/β-Cat downstream target genes in control or ligand-treated 

WT or Shp2hep-/- livers. Data are mean values ± SD and P values were calculated by unpaired 

two-tailed Student’s T-test. ns or no annotation, not significant, #,+P<0.05. 
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Figure 10. Cellular localization of β-Catenin after Wnt/R-spondin stimulation in vivo 

β-Catenin immunofluorescence staining of sections of WT and Shp2hep-/- livers that were 

stimulated in vivo with Wnt3a+R-spondin1 for 15 minutes. 
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2.8. Shp2 is stringently required for hepatocarcinogenesis driven by RTK signaling 

Based on the data obtained, we hypothesized that whether Shp2 is critical for mediating 

c-Met signaling, but rather dispensable in β-Catenin and PI3K signaling. To examine this 

hypothesis, we tested whether Shp2 loss has an impact on oncogenic β-Catenin and PI3K p110α 

(Cat/Pik)-induced hepatic tumorigenesis independent of Met. By evaluating liver/body weight 

ratios, tumor numbers and sizes 15 weeks later, we detected similar tumor burdens in Shp2hep-/- 

and WT livers (Figure 11A). Consistently, comparable levels of glutamine synthetase, 

phosphorylated Akt and Erk (pAkt and pErk) were detected in mutant and WT liver sections or 

lysates (Figure 11B,C). Lipid droplet accumulations, driven by overactivation of the PI3K 

pathway, were also similar in transfected WT and mutant livers (Figure 11D). Taken together, 

these results suggest that Shp2 is indeed necessary for relay of oncogenic signals from Met but 

is dispensable for hepato-oncogenesis driven by β-catenin and PI3K mutants. 

We also examined the impact of Shp2 deficiency on HCC induced by another pair of 

oncogenes, NrasG12V and Δβ-catenin (Ras/Cat). Notably, Shp2 deletion in hepatocytes did not 

impair but even aggravated Ras/Cat-induced tumors (Figure 12A,B), consistent with previous 

data showing a more severe tumor phenotype driven by DEN in Shp2hep-/- mice (63). Likewise, 

co-transfection of NrasG12V and a nuclear oncogene Myc (Ras/Myc) induced heavier tumor 

loads in Shp2hep-/- than WT livers (Figure 13A). Augmented cell proliferation and hence more 

aggressive tumor progression were detected, as evaluated by elevated proliferative marker Ki67 

and stemness marker CD133 levels in Shp2hep-/- compared to WT livers following Ras/Myc 

transfection (Figure 13B,C).  

To extend these observations, we evaluated growth of liver metastasized tumors 

following intrasplenic injection of MC38 colorectal cancer cells. Indeed, more aggressive tumor 
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metastasis was observed in Shp2hep-/- than WT livers (Figure 13D). In aggregate, these 

experiments, while disclosing a cell-intrinsic role of Shp2 in RTK-driven hepatocarcinogenesis, 

also revealed that genetic deletion of Shp2 in hepatocytes induced a hepatic microenvironment 

conducive for growth of both primary and metastasized liver tumors.   
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Figure 11. Hepatocyte Shp2 is dispensable for Cat/Pik-induced liver tumorigenesis 

A. Representative macroscopic liver images, and liver/body (L/B) weight ratios, numbers and 

maximal diameters of liver tumors induced by Cat/Pik in WT and Shp2hep-/- mice at week-15 

post transfection. n=4(WT), 3(Shp2hep-/-). Scale bar: 1 cm. 

B. Immunostaining of glutamine synthetase (GS) and phosphorylated Erk (pErk) on Cat/Pik-

transfected liver sections at 15 weeks post transfection.  

C. Immunoblotting of indicated proteins in whole liver lysate of Cat/Pik-transfected liver at 

week-15 with quantification of band intensity ratios. Western blot quantification was performed 

on four biological replicates and two technical replicates. 

D. Oil red O staining of Cat/Pik-transfected WT and Shp2hep-/- livers. 
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Figure 12. Genetic deletion of Shp2 in hepatocyte aggravates Ras/Cat-induced liver 

tumorigenesis 

A. Representative macroscopic liver images, L/B weight ratios, numbers and maximal 

diameters of Ras/Cat-induced tumors in WT and Shp2hep-/- mice at week-8 post transfection. n=5. 

Scale bar: 1 cm. 

B. Immunostaining of pErk and GS on Ras/Cat-transfected liver sections.  
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Figure 13. Genetic deletion of Shp2 in hepatocyte aggravates Ras/Myc-induced 

autochthonous liver tumor and metastasized liver tumor 

A. Representative macroscopic images and physiological parameters of Ras/Myc-transfected 

(week-5) WT and Shp2hep-/- livers. Scale bar: 1cm. 

B. Immunofluorescence staining of Myc and Ki67 on Ras/Myc-induced tumor areas in WT liver 

following DMSO or SHP099, with quantification of Ki67+ cell percentage in Myc+ tumor areas. 

Six randomly selected microscopic fields of view were quantified for each biological sample. 

n=5(DMSO), 4(SHP099). 

C. Immunostaining of Myc and CD133 in Ras/Myc-transfected liver. 

D. Representative macroscopic images and liver metastasis measurements of DMSO- and 

SHP099-pretreated WT liver on day-15 post injection of MC38 cells (20,000 cells per mouse). 

n=4. Scale bar: 1 cm. 

In A,D, Data are mean values ± SD and P values were calculated by unpaired two-tailed 

Student’s T-test. ns, not significant, *P < 0.05, **P < 0.01. 
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2.9. The catalytic activity is essential for Shp2 relay of oncogenic signal from RTK 

To dissect the biochemical mechanism underlying a pivotal role of Shp2 in RTK-

dependent tumorigenesis, we performed co-transfection of WT, Shp2C463S (catalytically 

inactive) or Shp2D61A (constitutively active) mutant with Met/Cat or Met/Pik oncogenes. Co-

delivery of WT or Shp2D61A mutant rescued the tumor phenotype in Shp2hep-/- mice by Met/Cat 

or Met/Pik, but Shp2C463S mutant failed to do so (Fig.14A-C). Further, co-transfection of the 

Shp2C463S mutant even suppressed Met/Cat-induced tumors in WT mice (Figure 14A). Together, 

these results indicate a stringent dependence of Shp2 on its catalytic activity in Met-driven 

oncogenic signaling in hepatocytes. Consistent with the rescued tumor phenotype, re-

expressing wild-type Shp2 in Shp2-deficient hepatocytes restored Met- and β-catenin-mediated 

signaling events and restored ectopic Met expression, which was not stably expressed in Shp2-

deficient hepatocytes (Figure 15A,B). Also, expressing the Shp2C463S mutant induced 

hepatocyte senescence, contributing to tumor suppression in WT liver (Figure 15C).  

As Suppressor of cytokine signaling 1 (Socs1) was shown to inhibit Met expression and 

signaling (106), we explored a possible role of Socs1 in mediating Shp2 modulation of Met 

activity. Expressing a dominant negative mutant of Socs1 (Socs1F59D) partially restored 

Met/Cat-induced tumor phenotype in Shp2hep-/- liver (Figure 16A). Meanwhile, expressing a 

dominant negative mutant (Socs3F25A) of Socs3, another member of the family, drove a more 

severe tumor phenotype (Figure 16A). However, co-transfection of Socs3F25A mutant with Δβ-

catenin, without including Met, did not rescue the tumor phenotype in Shp2hep-/- liver, 

suggesting that abrogating Socs1 or Socs3 functions played a permissive role in Met signaling 

but was not sufficient to drive HCC (Figure 16C). Met expression was fully rescued by co-

transfection with Socs3F25A mutant (Figure 16B,D), and a similar rescuing effect of the tumor 
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phenotype was observed by expressing an undegradable mutant MetY1003F (MetYF) (Figure 

17A,B), which induced abundant Met expression on cell surface and more aggressive tumor 

progression as revealed by CD133 expression (Figure 17C). Together, these data suggest that 

Shp2 transduced oncogenic signals at least in part by overcoming Socs3-mediated 

downregulation of Met expression and activity. 
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Figure 14. Rescuing effect of Shp2 expression on liver tumors induced by various 

oncogenes 

A. Representative macroscopic liver images, L/B weight ratios, numbers and maximal tumor 

diameters in WT or Shp2hep-/-(SKO) livers following co-transfection of Met/Cat with Shp2WT, 

Shp2CS or Shp2DA. n=6(WT Met/Cat),6(WT Met/Cat+Shp2CS),4(SKO Met/Cat),11(SKO 

Met/Cat+Shp2WT),4(SKO Met/Cat+Shp2CS), 4(SKO Met/Cat+Shp2DA). Scale bar: 1 cm. *,# 

indicate a significant difference between the annotated group versus WT Met/Cat group or 

versus SKO Met/Cat+Shp2WT group, respectively. 

B. Representative macroscopic images of WT and Shp2hep-/- livers transfected with Met/Pik in 

combination with wild-type or mutant Shp2 at week-12 post transfection. Scale bar:1 cm. 

C. Immunoblotting of indicated proteins in whole liver lysates of Met/Cat+Shp2-transfected 

liver. *no specific band can be detected with Socs1 antibody. #Upper and lower β-Catenin bands 

detect endogenous and exogenous (truncated) β-Catenin, respectively. 

 

 



 
 

41 

 

 

Figure 15. Effects of modulating hepatic Shp2 catalytic activity on oncogene-induced liver 

tumor 

A. Immunostaining of GS and pErk on sections of Shp2hep-/- liver transfected with Met/Cat plus 

wild-type or mutant Shp2.  

B. Immunofluorescence staining of Met in Shp2hep-/- liver transfected with MetWT/Cat or 

MetYF/Cat, with or without re-expression of Shp2WT. 

C. Detection of cell senescence by β-galactosidase staining of WT liver sections transfected by 

Met/Cat, with or without Shp2CS mutant.  
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Figure 16. Rescuing effect of Socs1/3 function abrogation on liver tumors induced by 

various oncogenes 

A. Representative macroscopic images and physiological parameters of Shp2hep-/- livers 

transfected with Met/Cat+Socs1F59D or Met/Cat+Socs3F25A at week-10 post transfection 

(tumorigenesis penetration ratio: 2/4 versus 3/4). n=4. Scale bar: 1cm. 

B. Immunofluorescence staining of Met on Met/Cat or Met/Cat+Socs3F25A transfected Shp2hep-

/- livers at week-8 post transfection.  

C. Representative macroscopic images of Shp2hep-/- liver transfected with Cat/Socs3F25A. Scale 

bar: 1cm. 

D. Immunoblotting of indicated proteins in whole liver lysates of (I)Met/Cat+Shp2-transfected 

liver or (J)Met/Cat+Socs1/Socs3-transfected liver. *no specific band can be detected with 

Socs1 antibody. #Upper and lower β-Catenin bands detect endogenous and exogenous 

(truncated) β-Catenin, respectively. 
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Figure 17. Rescuing effect of Shp2 or Met mutant expression on liver tumors induced by 

various oncogenes 

A. Representative macroscopic liver images and tumor incidence rates of Shp2hep-/- livers 

transfected with MetWT/Cat or MetYF/Cat. Scale bar: 1cm. 

B. Representative macroscopic liver images and tumor incidence rates of WT- livers transfected 

with MetWT/Cat or MetYF/Cat together with Shp2CS. Scale bar: 1cm. 

C. Immunofluorescence staining of Met and CD133 in WT and Shp2hep-/- liver transfected with 

MetWT or MetYF together with Cat. 
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2.10. Pharmaceutical inhibition of Shp2 robustly suppresses primary liver cancer 

Given a critical role of Shp2’s catalytic activity in mediating Met-induced oncogenesis, 

but also an opposite tumor-promoting environmental effect generated in Shp2hep-/- liver, we 

wanted to determine how a Shp2 inhibitor might influence HCC progression in mice. We first 

examined the effect of an allosteric Shp2 inhibitor (SHP099) in cultured HEK293T cells in 

vitro. As expected, treatment with this compound inhibited pErk signal stimulated by Met 

overexpression and HGF, the Met ligand (Figure 18A), but SHP099 failed to inhibit Ras-

induced pErk signal in Ras/Myc-transfected cells (Figure 18B). Next, we tested its therapeutic 

effect in mouse HCC induced by Met/Cat. When tumor nodules reached 2-3 mm, around 3 

weeks after oncogene transfection, the mice were injected intraperitoneally (i.p.) every day for 

three weeks (Figure 19A). SHP099 treatment effectively decreased tumor sizes and numbers, 

compared to the vehicle control (Figure 19B). Shp2 inhibition impaired pErk signal and reduced 

proliferation of Met+ tumor cells (Figure 19C,D). These results demonstrate a therapeutic effect 

of SHP099 in an autochthonous HCC model, although this treatment did not lead to a complete 

tumor remission in these mice. 

We further tested the therapeutic effect of SHP099 in liver tumors driven by Ras/Myc. 

The Shp2 inhibitor exhibited no significant suppression on tumor progression, tumor cell 

proliferation and pErk signals (Figure 20A-C). Meanwhile, treatment with Trametinib (Tram), 

a Mek inhibitor, showed a robust suppression of Ras/Myc-driven tumor progression (Figure 

20A). The poor efficacy of SHP099 on Ras/Myc-induced tumors was expected, as Shp2 was 

dispensable for Ras/Myc-driven HCC (Figure 13A). 
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Figure 18. Effect of SHP099 on HGF/Met-elicited signals 

A. Immunoblotting of signaling proteins in whole cell lysate of HEK293T cells overexpressing 

Met upon treatment of SHP099 (80μM) for 6hr with HGF (20ng/ml) short-term stimulation. 

B. Immunoblotting of signaling proteins in whole cell lysate of HEK293T cells overexpressing 

vector or Ras/Myc upon 6-hour SHP099 treatment. 
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Figure 19. Autochthonous liver tumor-inhibitory effects of SHP099 

A. Scheme of SHP099 treatment on Met/Cat-autochthonous liver tumor. 

B. Upper left: representative macroscopic liver images before and after 3-week treatment of 

SHP099 or DMSO. Arrows point at established tumor nodules. Scale bar: 1 cm. Upper right: 

size tracking of trackable tumor nodules. Lower: quantitative analysis of L/B weight ratios, 

tumor numbers and sizes post treatment. n=5. 

C. Immunostaining of pErk on Met/Cat-tumor areas following DMSO or SHP099 treatment. 

D. Immunofluorescence staining of Met and Ki67 on Met/Cat-tumor areas following DMSO or 

SHP099 treatment, with quantification of Ki67+ cell percentage in Met+ tumor areas. Six 

randomly selected microscopic fields of view were quantified for each biological sample. 

n=4(DMSO), 5(SHP099). 
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Figure 20. Effect of SHP099 of Ras/Myc-autochthonous liver tumor 

A. Upper left: representative macroscopic liver images of Ras/Myc-transfected WT mice before 

and after 3-week treatment of DMSO, SHP099 or Trametinib (Tram), which started when tumor 

sizes reached 2-3 mm. Upper right: size tracking of trackable tumor nodules. Lower: L/B weight 

ratio, tumor numbers and sizes. n=5(DMSO), 4(SHP099), 4(Trametinib). Scale bar: 1cm. 

B. Immunostaining of pErk on Ras/Myc-induced tumor areas following DMSO or SHP099 

treatment in WT liver. 

C. Immunofluorescence staining of Myc and Ki67 on Ras/Myc-induced tumor areas in WT liver 

following DMSO or SHP099, with quantification of Ki67+ cell percentage in Myc+ tumor areas. 

Six randomly selected microscopic fields of view were quantified for each biological sample. 

n=5(DMSO), 4(SHP099). 
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2.11. Pharmaceutical inhibition of Shp2 prevents metastasized tumor growth in the liver 

Given the more aggressive growth of metastasized tumors in Shp2hep-/- liver (Figure 

13D), we wondered if a Shp2 inhibitor had a similar effect of inducing a pro-tumorigenic niche 

in the liver as genetic removal of Shp2 in hepatocytes. To address this issue, we pre-treated WT 

mice with SHP099 before splenic injection of MC38 cells (Figure 21A). In contrast to genetic 

ablation of Shp2, we found that pre-treatment with SHP099 suppressed metastasized tumors in 

the liver, by evaluating tumor sizes and numbers (Figure 21B). The tumor-inhibitory effect of 

SHP099 pre-treatment was gradually diminished, as revealed by implanting tumor cells at day 

3 or 10 following the last injection of the compound (Figure 21C). However, pretreatment with 

Trametinib did not exhibit a similar inhibitory effect on metastasized tumor growth (Figure 

21D), suggesting a unique hepatoprotective effect of pharmaceutical Shp2 inhibition. We 

investigated how SHP099 pre-treatment remodeled the liver microenvironment. Hepatic 

inflammation was induced in Shp2hep-/- mice (63), featured by inflammatory and immune cell 

accumulation near portal triads and ballooning hepatocytes (Figure 22A). However, SHP099-

treated livers exhibited normal and healthy histology (Figure 22A). Liver fibrosis and enlarged 

gallbladder induced in Shp2hep-/- mice were not observed in SHP099-treated liver (Figure 

22B,C). 

We compared the effects of gene deletion and chemical inhibition on hepatic immune 

cell profiles in mice at 2-3 months of age. Flow cytometry showed that neither Shp2 deletion 

nor SHP099 treatment marked altered the percentages of major lymphoid or myeloid cell 

subsets in the CD45+ cell population (Figure 23A,B; 24A-C), whereas LSEC subpopulation 

percentage was drastically changed by Shp2 deletion (Figure 24D). However, the absolute 

numbers of most immune cell subsets increased significantly in Shp2hep-/- livers, which were 
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compromised by SHP099 treatment (Figure 25A-C). The numbers of proliferative (Ki67+) and 

activated (Granzyme B+, or CD69+) T cells and NK cells increased in Shp2hep-/- liver (Figure 

25D-E), and PD-L1 expression on macrophages and liver specific endothelial cells (LSEC) 

were upregulated (Figure 26A). Moreover, Shp2 deletion altered polarization of macrophages, 

favoring M1 polarization, another sign of enhanced inflammatory response in Shp2hep-/- liver 

(Figure 24E). In comparison to genetic deletion, pharmaceutical inhibition of Shp2 induced 

only modest alterations in immune cell profiles in WT mice (Figure 23; 24), and attenuated 

some drastic changes in cell composition in Shp2hep-/- livers (Figure 24D,E; 25).  
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Figure 21. Hepatoprotective effect by SHP099 pretreatment 

A. Scheme of SHP099 pretreatment on healthy WT liver. 

B. Representative macroscopic images and liver metastasis measurements of DMSO- and 

SHP099-pretreated WT liver on day-15 post injection of MC38 cells (20,000 cells per mouse). 

n=4. Scale bar: 1 cm.  

C. Representative macroscopic images and liver metastasis parameters of WT livers pre-treated 

with SHP099 followed by a 3-day or 10-day interval before MC38 intrasplenic transplantation 

(20000 cells per mouse). n=4(DMSO, SHP099 3d), 3(SHP099 10d). Scale bar: 1cm.  

D. Representative macroscopic images and liver metastasis parameters of WT liver pre-treated 

with DMSO or Trametinib (Tram), followed by intrasplenic transplantation of MC38 (20000 

cells per mouse). n=4(DMSO), 2(Tram). Scale bar: 1cm. 
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Figure 22. Effects by genetic and pharmaceutical inhibition of Shp2 on liver histology 

A. H&E staining of untreated WT versus Shp2hep-/- liver, and DMSO- versus SHP099-pretreated 

WT livers. Areas displaying infiltration of small-nucleus cells, ballooning hepatocytes and 

necrotic tissue are highlighted and enlarged to show details. 

B. Picrosirius red staining of DMSO/SHP099-pretreated Shp2hep-/- and WT liver. 

C. Observation of enlarged gall bladder in Shp2hep-/- liver indicating defective bile acid 

clearance caused by cholestasis. Scale bar: 1cm. 
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Figure 23. Effects by genetic and pharmaceutical inhibition of Shp2 on hepatic lymphoid 

immune profiles 

A-B. Percentage of major immune cell subsets (CD3+ T cell (T cell), CD4+ T cell, CD8+ T cell, 

B cell, NKT cell, NK cell) in the lymphoid compartment.  

C-E. Percentages of proliferative and activated CD4+ T, CD8+ T and NK cells. Abbreviations 

used in A-E include: Regulatory T cell(T reg), Granzyme B(GzmB).  

F. Representative flow cytometric pseudocolor plots showing the gating strategy for 

identification of lymphoid cell subsets. 
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Figure 24. Effects by genetic and pharmaceutical inhibition of Shp2 on hepatic myeloid 

immune profiles 

A-D. Percentage of (A-C) major immune cell subsets in the myeloid compartment or (D)liver 

specific endothelial cells(LSECs). Abbreviation used: MoMF, monocyte-derived macrophage.  

E. Percentages of polarized macrophages M1 (CD11c+ CD206- F4/80+) and M2a (CD11c- 

CD206+ F4/80+) of total macrophages in whole liver. 

F. Representative flow cytometric pseudocolor plots showing the gating strategy for 

identification of lymphoid, myeloid cell subsets and LSEC. 
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Figure 25. Effects by genetic and pharmaceutical inhibition of Shp2 on hepatic immune 

cell absolute number 

A-C. Absolute cell numbers of annotated immune subsets in whole liver. Abbreviation used: 

MoMF, monocyte-derived macrophage; T reg, Regulatory T cell. 

D-E. Absolute cell numbers of (D)proliferative or (E)activated T and NK cells in whole liver. 

Abbreviation used: GzmB, Granzyme B. 

Data are mean values ± SD and statistical analysis was performed by 2way ANOVA together 

with multiple comparisons by Two-stage linear step-up procedure of Benjamini, Krieger and 

Yekutieli. # indicates false discovery rate q<0.05 and #P<0.05. 
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2.12. Shp2 inactivation has multiple effects on the tumor immune environment 

As the analysis above suggested a potential effect of SHP099 in improving the hepatic 

immune environment, we further examined how SHP099 pretreatment influenced hepatic 

immune cells in tumor-bearing liver over the course of metastasized tumor progression, at day 

5, 7, 9 and 15 after tumor cell injection. The Shp2 inhibitor downregulated CD3+ T cell 

percentages in CD45+ cells, without changing the CD4+, CD8+ T cell frequency, relative 

CD4+/CD8+ ratio or T cell numbers (Figure 27A-C). The percentages of proliferative CD4+, 

CD8+ T cell and NK cells were upregulated by SHP099 pre-treatment, especially at early stages 

of tumor metastasis (Figure 28A,B,F), with similar ratios of GzmB+ and CD69+ cells (activated 

cells) in these subsets (Figure 28D-F). The Treg cell percentages were gradually increased 

during tumor progression (Figure 28C). However, CD8+/CD4+ T cell and CD8+ T/Treg ratios 

were not significantly altered by SHP099 pretreatment (Figure 27D,E), suggesting that SHP099 

only had modest impact on immunosuppression despite modulating Treg frequency.  

 In the hepatic myeloid compartment of tumor-bearing mice, SHP099 pretreatment 

upregulated the percentages of CD11b+ cells and dendritic cells (DC) but downregulated 

macrophage percentages, without significant impact on the percentages of other myeloid cells 

and LSECs (Figure 29A-D). Conventional macrophage polarization was marginally affected by 

SHP099 (Figure 29E). Interestingly, polarized M1 and M2a macrophages comprised low 

percentages of total macrophages in the liver, with the majority being CD11c-CD206- 

macrophages. M2b macrophages (F4/80+ CD11c- MHCII+) comprised the majority of hepatic 

macrophages (Figure 29E), which is an alternatively polarized macrophage group with 

proinflammatory and tumor-promoting activities (118). 
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We measured expression of proinflammatory factors in non-parenchymal cells of 

control and SHP099-pretreated tumor-bearing livers. On day 7 and 9 post tumor cell challenge, 

SHP099 pretreatment led to impaired expression of IL-1β, IL-6 and TNFα (Figure 30A), as 

well as M2b macrophage polarization marker LIGHT (Figure 30B), suggesting that SHP099 

downregulated inflammatory responses to metastasized tumor invasion. By measuring a full 

panel of CCL and CXCL chemokines, we detected a significant drop in CCL4 and CCL5 

expression in SHP099-pretreated livers (Figure 30C; 31; 32). Consistently, the expression of 

their corresponding receptors CCR2 and CCR5 were also downregulated by Shp2 inhibitor, 

accompanied by lower expression of IRF5, a master regulator for inflammatory response and 

CCL5 expression (Figure 30C). As CCL4/5-CCR2/5 axis and IRF5 are known to promote 

inflammation (119, 120), their reduced expression suggests that SHP099 ameliorated hepatic 

inflammatory response to tumor cell metastasis, leading to less severe tumor development. In 

contrast to SHP099 treatment, CCL5/CCR5 axis-related genes were upregulated in Shp2hep-/- 

livers (Figure 30D), revealing an association of the CCL5/CCR5 axis, inflammation and tumor 

progression. Together, these results revealed opposite environmental impacts, especially the bi-

directional regulation of CCL5/CCR5 signaling, induced by genetic deletion of Shp2 in 

hepatocytes and chemical inhibition of Shp2, leading to the pro- and anti-tumorigenic effects.  
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Figure 26. Effect by genetic and pharmaceutical inhibition of Shp2 on cell surface PD-L1 

expression on myeloid subsets and LSEC 

Data are mean values ± SD and statistical analysis was performed by 2way ANOVA together 

with multiple comparisons by Two-stage linear step-up procedure of Benjamini, Krieger and 

Yekutieli. # indicates false discovery rate q<0.05 and #P<0.05. 
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Figure 27. Effects of SHP099 on hepatic immune profiles under metastatic liver tumor 

stress 

A-C. (A)Percentage of lymphocyte subsets, (B)percentages of CD4+ and CD8+ T cells and 

(C)absolute cell numbers of CD3+ T, CD4+ T, CD8+ T cells comparing DMSO and SHP099 

pre-treated WT liver under MC38 metastasis stress.  

D-E. (D)Hepatic CD8+/CD4+ T cell ratio and (E)CD8+ T/Treg ratio measured in annotated 

groups. 

Data are mean values ± SD and statistical analysis was performed by unpaired two-tailed 

Student’s T-test. No annotation, not significant; *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 28. Effects of SHP099 on hepatic T cell activity under metastatic liver tumor stress 

A-B. Percentages of Ki67+ proliferative cells of (A)CD4+ and (B)CD8+ T cells in whole WT 

liver. 

C. Percentages of Treg cells (Foxp3+ CD4+) in total CD4+ T cells in whole WT liver. 

D-F. Percentage of stimulated (D)CD4+, (E)CD8+ T and (F)NKcells in whole WT liver. 

Abbreviation used: act. CD4+ Tem, activated CD4+ effector memory T cell; CD8+ Tem, 

activated CD8+ effector memory T cell. Data are mean values ± SD and statistical analysis was 

performed by unpaired two-tailed Student’s T-test. No annotation, not significant; *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 29. Effects of SHP099 on hepatic myeloid cell profiles under metastatic liver tumor 

stress 

A-D. Percentage of (A-C)major myeloid cell populations or (D)LSEC in whole WT liver. 

E. Left: Percentages of polarized macrophages M1 (CD11c+ CD206- F4/80+), M2a (CD11c- 

CD206+ F4/80+) and M2b (CD11c- MHCII+ F4/80+) in total macrophages in whole WT liver. 

Right: Representative FACS plots gated on macrophages showing separation of three polarized 

subsets. 
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Figure 30. Effects by genetic deletion or pharmaceutical inhibition of Shp2 on 

CCL5/CCR5 axis 

A-C. Transcript levels of (A)pro-inflammatory factors; (B)LIGHT; (C)CCL5/CCR5 axis-

related genes in isolated NPCs from pretreated whole WT liver.  

D. Transcript levels of CCL5/CCR5 axis-related genes in NPCs from whole liver.  

Data are mean values ± SD and P values were calculated by unpaired two-tailed Student’s T-

test. No annotation, not significant, *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 31. Effects of SHP099 on CC chemokine transcript expression in liver NPCs 

Data are mean values ± SD. Statistical analysis was performed by unpaired two-tailed Student’s 

T-test. No annotation, not significant, ***P < 0.001. 
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Figure 32. Effects of SHP099 on CXC chemokine transcript expressions in liver NPCs 

Data are mean values ± SD. Statistical analysis was performed by unpaired two-tailed Student’s 

T-test. No annotation, not significant, *P < 0.05, **P < 0.01, ***P < 0.001. 
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2.13. Shp2 inhibition enhances IFNβ secretion from liver macrophages 

CCR5 was most abundantly expressed in liver macrophages as measured by flow 

cytometry, with nearly 43% of the cell population being CCR5-positive. The second group was 

LSEC cells at 23% followed by CD8+ T cells at 16.8%, among all non-parenchymal cell types 

examined (Figure 33A). Largely overlapping cell surface expression of F4/80 and CCR5 

supported the abundant CCR5 expression on liver macrophages (Figure 33B). These data 

suggest a critical role of CCL5/CCR5 signaling in modulating macrophage functions, consistent 

with previous observations that the pro-tumor effect of tumor-associated macrophages (TAMs) 

was augmented by CCL5 in tumor microenvironment, which was abrogated by CCR5 inhibition 

and induced IFN production in macrophages (121). We examined if SHP099 treatment led to 

type I IFN induction. Drastically increased expression of IFNα1, IFNα2 and IFNβ1, as well as 

the expression and phosphorylation of IRF3, a transcription factor for type I IFNs, were detected 

in SHP099-pretreated liver (Figure 34A,B). Consistently, we detected significantly increased 

IFNβ secretion from isolated liver macrophages following SHP099 treatment in vitro (Figure 

34C), but not from isolated dendritic cells (Figure 34D), identifying macrophages as the main 

source of IFNβ. These results suggest that Shp2 inhibition enhanced IFNβ secretion from 

macrophages and also ameliorated inflammation through suppressing CCR5 signaling, 

generating an anti-tumor niche in the liver. Treatment with a CCR5 antagonist Maraviroc also 

promoted IFNα and IFNβ expression (Figure 35A), but did not stimulate IFNβ secretion from 

isolated macrophages (Figure 34C) or induce phosphorylation of IRF3 in vivo (Figure 35C), 

suggesting that suppressed CCR5 signaling and augmented IFNβ secretion from macrophages 

are two separate events induced by SHP099 pretreatment. 
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Maraviroc treatment did not significantly inhibit metastasized tumor growth in the liver 

(Figure 36A), which might be due to its failure to alleviate severe inflammation in tumor 

microenvironment and to cap the complementary upregulation of CCL5/CCR5 axis gene 

expression (Figure 36B,C). SHP099 pretreatment reduced surface CCR5 level and further 

restricted CCR5 expression to intracellular discrete puncta in macrophages, whereas in control 

and Maraviroc-treated liver, CCR5 was mostly dispersed in the cytoplasm, indicating that Shp2 

inhibition retained at least part of CCR5 in intracellular puncta of macrophages to hinder their 

recycling back to cell membrane (Figure 33B; 35B,D).  We also demonstrated that following 

splenic injection of MC38 cells, SHP099 treatment suppressed significantly metastasized tumor 

progression in the liver (Figure 37). This result further suggests a therapeutic effect of SHP099, 

through acting on both tumor cells and hepatic niche cells. Mechanistically, SHP099 attenuated 

oncogenic MAPK pathway in malignant cells and also enhanced IFNβ secretion from hepatic 

macrophages, consistent with our previous data on the liver tumor-suppressing effect of polyIC, 

an IFN inducer (122-124).  
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Figure 33. SHP099 alters expression pattern of CCR5 in hepatic macrophage 

A. Cell surface CCR5+ percentage in annotated non-parenchymal cell subsets in WT liver on 

day-7 post MC38 transplantation.  

B. Immunofluorescence staining of CCR5 (arrows: punctate CCR5 expression) and F4/80 in 

pretreated WT liver on day-9 post MC38 transplantation. Punctate CCR5+ F4/80+ cells were 

quantified based on six randomly selected microscopic fields of view for each biological sample. 

n=4(DMSO), 5(SHP099). Data are mean values ± SD. Statistical analysis was performed by 

unpaired two-tailed Student’s T-test. ***P < 0.001. 
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Figure 34. SHP099 stimulates type I interferons in liver 

A. Transcript levels of type I interferons and IRF3 in NPCs isolated from pretreated WT liver. 

B. Immunofluorescence staining of p-IRF3 and F4/80 in pretreated WT liver on day-7 post 

MC38 transplantation. p-IRF3+ cells were quantified based on six randomly selected 

microscopic fields of view for each biological sample. n=4.   

C-D. ELISA measurement of secreted IFNα and IFNβ level in culture supernatants of 

(C)isolated liver macrophages treated with compounds, or (D)untreated isolated liver 

macrophage versus isolated liver dendritic cells (DC). 
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Figure 35. Effects of Maraviroc on type I interferon stimulation and CCL5/CCR5 axis 

A. qRT-PCR measurement of mRNA levels of IFNA1, IFNA2, and IFNB1 in NPCs isolated 

from treated WT liver on day-7 post MC38 transplantation. 

B-C. Immunofluorescence staining of (B)CCR5 and F4/80; (C)p-IRF3 and F4/80 in sections of 

treated WT liver on day-9 post MC38 transplantation. Quantification was based on six randomly 

selected microscopic fields of view for each biological sample.  

D. Cell surface CCR5+ cell percentage in each polarized macrophage subset or total 

macrophage.  

Data are mean values ± SD and P values were calculated by unpaired two-tailed Student’s T-

test. ns or no annotation, not significant, **P < 0.01. 
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Figure 36. Maraviroc fails to confer hepatoprotective effect against metastasized liver 

tumor 

A. Representative macroscopic images and quantification of metastasized tumors in WT livers 

treated with DMSO or Maraviroc. Experiments were terminated on day-25 post intrasplenic 

MC38 transplantation (7,000 cells per mouse). n=4. Scale bar: 1 cm. 

B-C. Transcript levels of (B)pro-inflammatory factors and (C)CCL5/CCR5 axis-related genes 

in non-parenchymal cells isolated from treated WT liver on day-7 of MC38 metastasis. 

Data are mean values ± SD and P values were calculated by unpaired two-tailed Student’s T-

test. ns or no annotation, not significant, *P < 0.05. 
 



 
 

70 

 

Figure 37. Anti-tumor effect of SHP099 treatment started post MC38 transplantation 

Representative macroscopic images and quantification of metastasized tumor in WT livers. 

n=5(DMSO), 4(SHP099). Scale bar: 1cm. Data are mean values ± SD and P values were 

calculated by unpaired two-tailed Student’s T-test. *P < 0.05, ***P < 0.001. 
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2.14. Shp2 inhibition had minimal influence on primary splenic tumor 

We also investigated an effect of systemic SHP099 treatment in the spleen. Impaired 

phosphorylated Shp2 level, the indicator for Shp2 activity, was detected in SHP099-treated 

group right after SHP099 withdrawal (Figure 38A). However, the decrease in p-Shp2 level was 

reversed 8 days after SHP099 withdrawal (Figure 38B), which indicated SHP099 can exert its 

inhibitory function on spleen cells, however, in a reversible manner. SHP099 reduced both total 

macrophage percentage and M2b polarized macrophage ratios in the spleen (Figure 39A-B). 

However, given the low abundance of macrophages in spleen (<0.04% of total immune cells), 

SHP099-mediated regulation of macrophages might be marginal in the splenic 

microenvironment. In the lymphocyte compartment, unlike its effect in the liver, SHP099 failed 

to promote proliferation of T cells and NK cells in the spleen (Figure 39C). Moreover, 

SHP099’s impact on pro-inflammatory response, CCR5 pathway and type I interferon response 

was blunted compared to that in liver (Figure 40). Collectively, these results indicated SHP099 

failed to reshape tumor microenvironment in spleen as it did in liver. As a result, SHP099 had 

therapeutic efficacy on liver metastasized tumors but not MC38 tumors at transplantation site 

spleen (Figure 40). 
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Figure 38. Inhibitory effect of SHP099 in spleen 

A. Immunoblotting of p-Shp2 and quantification in whole spleen lysate of treated spleen.  

B. Flow cytometry measurement of p-Shp2 expression CD45+ cells in treated spleen. 
 

 

Figure 39. Effect of SHP099 on spleen immune profile 

A-C. Percentages of indicated immune cell subsets in treated spleen on day 5 of MC38 

transplantation. 
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Figure 40. Lack of therapeutic effect by SHP099 on splenic MC38 tumor 

A. mRNA level of indicated genes in whole spleen. 

B. Macroscopic images of day-15 MC38 tumor in spleen pretreated by DMSO or SHP099. 

Scale bar: 1cm. 
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Chapter 3. Discussion 

3.1. Discussion 

By combined use of genetic and pharmaceutical approaches, we deciphered Shp2 

function and mechanism in hepato-oncogenesis driven by RTK and other oncogenes and also 

identified Shp2 as a promising therapeutic target in liver cancer. Using a mutant mouse line 

with Shp2 selectively deleted in hepatocytes, we showed previously that Shp2 is critically 

required for development of autochthonous liver tumors driven by Met and β-Catenin (125), 

although the underlying molecular mechanism was unclear. In extending the previous 

observation, this study demonstrated that the catalytic activity of Shp2 was essential for its 

function in oncogenic signaling initiated from Met. In interrogating the biochemical mechanism, 

we identified Socs3 as a molecule involved in downregulation of Met-emanated oncogenic 

signaling and Met degradation. Socs3 consists of an SH2 domain, which enables its binding to 

phosphotyrosine-containing target protein, as well as a SOCS box which recruits ubiquitin 

ligase for ubiquitination and degradation of target proteins (100). The SH2 domain of Socs3 

shares similar binding specificity with that of Shp2 and thus the two molecules compete for 

binding molecular partners/targets (101, 102, 104); Socs3 is likely to compete with Shp2 for 

Met binding in control of Met stability. Indeed, we observed restoration of Met/Cat-induced 

tumor formation and steady Met expression by abrogating Socs3 function or expressing an 

undegradable Met mutant in the absence of Shp2 in hepatocyte (Figure 16A,B,D; Figure 17A,C). 

The partial rescue by inhibiting Socs3 function also suggest two separate mechanisms for Shp2 

function in Met signaling, i.e. sustaining Met expression and promoting Met-Ras-Erk signaling.  

This study also unveiled variable effects of hepatocyte-specific Shp2 removal on liver 

tumorigenesis driven by different oncogenes, which revealed cell-intrinsic and extrinsic 
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mechanisms of Shp2 functions. Despite its stringent requirement for Met-induced oncogenic 

signaling, Shp2 is dispensable for HCC development driven by mutant β-catenin and PI3K 

(Cat/Pik), Ras/Cat and Ras/Myc (Figure 11A; Figure 12A; Figure 13A). Further, this and 

previous experiments showed that deleting Shp2 in hepatocytes even aggravated liver 

tumorigenesis driven by Ras and other cytoplasmic/nuclear oncogenes, by inducing a tumor-

promoting microenvironment (Figure 12; Figure 13). Collectively, these data revealed a tumor-

suppressive role of Shp2 in shaping the microenvironment, in sharp contrast to its critical 

mediatory role in cell-autonomous oncogenic pathway (125, 126).  

Great efforts are being devoted to advancing Shp2-targeted oncological treatment in 

pharmaceutical industry, which has been facilitated by the discovery of an allosteric Shp2 

inhibitor (SHP099) that robustly suppressed proliferation of RTK-dependent cancer cells (77). 

Furthermore, several groups have demonstrated additive or synergistic tumor-inhibiting effects 

of Shp2 inhibitor and Mek or other oncogenic kinase inhibitors in a variety of cancer cell lines 

and animal tumor models (84, 127-129). However, the paradoxical pro- and anti-oncogenic 

effects of Shp2 in HCC raised a caution on inhibiting Shp2 in liver cancer treatment. In 

particular, the tumor-promoting hepatic microenvironment formed in Shp2hep-/- mice would 

even argue against Shp2 as a pharmaceutical target.  

To address this serious concern, we compared effects of genetic deletion and chemical 

inhibition of Shp2 in primary and metastasized liver tumors. Consistent with the gene deletion 

data, SHP099 treatment significantly suppressed progression of Met/Cat-induced liver tumors, 

validating a critical role of Shp2 in relay of cell-intrinsic oncogenic signal initiated by Met 

(Figure 19). Moreover, we found that chemical inhibition of Shp2 even exerted a tumor-

suppressive effect on metastasized liver tumors (Figure 21A,B), opposite to the pro-tumorigenic 
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effect observed in Shp2hep-/- liver. Mechanistically, Shp2 deletion in hepatocytes led to 

upregulation of inflammatory cytokines, increased immune cell infiltration, fibrosis and 

cholestasis, constituting a tumor-promoting hepatic niche (Figure 22; Figure 25A-C). In 

contrast, pharmaceutical Shp2 inactivation remedied the inflammatory environment by 

controlling immune population infiltration (Figure 25A-C) and reducing proinflammatory 

cytokine expressions, including IL-1β, TNFα and IL-6 (Figure 30A). We performed detailed 

analysis on the impact of Shp2 inactivation on hepatic immune cell subpopulations. Of note, 

only modest changes in adaptive immune subset composition were observed in SHP099-treated 

liver, which were not significant enough to illustrate the anti-tumorigenic effect (Figure 23A,B; 

Figure 27A,B). However, there was a significant upregulation of T cell and NK cell 

proliferation but not activation (Figure 28), indicating that SHP099 treatment triggered partial 

activation of anti-tumor adaptive immunity in response to liver metastasis stress. Although 

Shp2 was reported to interact with PD-1 in T cells, and Shp2 deficiency was shown to enhance 

T cell-mediated anti-tumor immunity (130, 131), we did not observe significant changes in 

immunosuppressive mechanisms as evaluated by PD-L1 levels and CD8+ T/Treg ratio in the 

liver following Shp2 inhibition (Figure 26; Figure 27E).  

These data prompted us to shift attention to potential roles and regulation of myeloid 

cells. In an unbiased search, we found that SHP099 selectively attenuated mRNA expression 

of the CCL5/CCR5 axis components in non-parenchymal cells, concomitant with impaired 

expression of proinflammatory factors (Figure 30A,C). In agreement with our data shown here, 

several groups reported that the CCL5/CCR5 signaling promoted hepatic fibrosis (132) and 

inflammation-associated HCC (133), and a possible Shp2 function in this axis (134). In 

specifying the immune cell subpopulation that is primarily impacted by Shp2 inhibition and 
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responsible for enhanced anti-tumor immunity, we found that macrophages constituted a largest 

portion that expressed CCR5 among all hepatic immune cell subpopulations (Figure 33A), 

suggesting that the CCR5 axis in macrophages is prone to be influenced by SHP099 treatment. 

Indeed, SHP099 treatment enhanced internalization and retention of CCR5 in sub-cellular 

perinuclear punctate structure in liver macrophages (Figure 33B), which hindered the activity 

of CCR5 signaling. Previous studies have also suggested that Shp2 plays a critical role in 

macrophages to regulate their polarization and inflammation-related secretory profiles (135-

137). CCR5 pathway stimulation leading to inflammation was reportedly dependent on MAPK 

pathway (138), implying Shp2 inhibition could impede CCR5 pathway activation directly 

through influencing MAPK pathway. 

 In this study, we observed a significant effect of type I IFN induction by SHP099, 

especially upregulated IFNβ secretion from macrophages (Figure 34A,C). Consistent with this 

observation, we showed previously that polyIC, a potent IFN inducer, effectively prevented 

HCC initiation and also suppressed tumor progression in combination with anti-PD-L1 

antibody (122-124). We believe that the tumor suppressive role of Shp2 inhibitor is associated 

with multiple effects and mechanisms, including downregulation of inflammatory cytokines, 

suppression of the CCR5 axis and upregulation of IFN signaling, which work in concert to 

enhance the hepatic anti-tumor innate immunity. In conclusion, this study demonstrates an 

encouraging therapeutic benefit of targeting Shp2 in primary and metastasized liver tumors. 
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Chapter 4. Summary and future direction 

4.1. Summary 

Here is a graphical abstract to summarize the important findings in this study (Figure 

41). In this study, we revealed the dual roles of Shp2 in the liver, which are its tumor promoting 

role in mediating intrinsic RTK/Ras/MAPK pathway, and its tumor suppressive role in 

maintaining hepatic environment homeostasis. Depending on the actual oncogenic drivers and 

environmental cues, one role may overweight its counterpart and lead to opposing tumorigenic 

result. We unveiled a possible mechanism for Shp2’s mediatory function for RTK/Ras/MAPK 

pathway, in which Shp2 competes with Socs3 for the binding to intracellular domain of Met to 

prevent Socs3-mediated Met degradation. 

Consistent with Shp2’s tumor promoting role, Shp2 pharmacological inhibition impairs 

RTK/Ras pathway to suppress hepatic tumor growth. Meanwhile, Shp2 inhibition also affects 

hepatic tumor microenvironment, whereas Shp2 genetic deletion in hepatocyte also causes 

tumor microenvironmental impacts but in a opposite direction as pharmacological inhibition. 

Shp2 genetic deletion embarks inflammation in liver microenvironment, which is reflected by 

increased immune cell infiltration and upregulation of M1-type polarization of macrophage, 

resulting in exacerbation of oncogene-driven Shp2-independent primary liver tumor and liver 

metastasized tumor. In sharp contrast, Shp2 pharmacological inhibition suppresses 

metastasized tumor formation. Mechanistic study showed that Shp2 inhibition has neglectable 

effect on lymphocyte cell composition and adaptive immunity. However, in myeloid 

compartment, Shp2 inhibition significantly alters polarization of hepatic Kupffer cells by 

downregulating M2b polarization and impedes activation of CCR5 pathway in macrophage, 
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collectively to alleviate inflammation. Shp2 inhibition also provokes type I interferon mediated 

anti-tumor immunity. 

Overall, multiple effects conveyed by Shp2 on liver microenvironment work in concert 

to enhance the hepatic anti-tumor innate immunity. All in all, Shp2 inhibitor has impacts on 

both intrinsic oncogenic pathway and tumor microenvironment to achieve its anti-tumor 

activity. More experiments are warranted to elucidate the complex molecular and cellular 

mechanisms and to further improve the efficacy, but this study has demonstrated an 

encouraging therapeutic benefit of targeting Shp2 in primary and metastasized liver tumors. 

Further, the solid discrepancy in environmental outcomes caused by genetic and 

pharmacological disturbance of Shp2 indicates a limitation of cell type-specific gene deletion 

data in predicting possible outcomes of pharmaceutical inhibition of the same gene product. 
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Figure 41. Graphical abstract 
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4.2. Future direction 

 The existing data generated more questions that await answers. First, we observed that 

Shp2 inhibitor treatment altered hepatic macrophage ratio and M2b polarization. However, it is 

likely that only one specific proinflammatory subset within M2b macrophages that is prone to 

regulation by Shp2. We are interested in further characterizing of this specific subset in the 

future, through identifying markers for this subset, and through determining the subset’s 

contribution to liver tumor. Also, we wonder if there are any other molecular targets beside 

Shp2 that can be exploited to downregulate this subset to further alleviate inflammation. 

Another future direction is to optimize anti-HCC therapeutic strategies by combining 

inhibition of Shp2 and another target. One staple candidate is immune checkpoint inhibitor. The 

idle adaptive immunity and increased regulatory T cell ratio upon Shp2 inhibitor treatment 

implies potential efficacy of combined treatment with immune checkpoint inhibitor. Second 

candidate is Ras/MAPK pathway inhibitors such as MEK inhibitor and ERK inhibitor. It was 

proven in other solid cancers that Shp2 inhibition combats the acquired resistance to MEKi or 

ERKi. Meanwhile, MEKi or ERKi have greater anti-tumor potency that can compensate for 

Shp2 inhibitor’s mild potency. Therefore, it is a worthwhile therapeutic combination to examine 

in HCC. 
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Chapter 5. Materials and methods 

5.1. 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 described (27, 63). 

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 the 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 protocol (S09108) and the experimental procedures were approved by the 

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

Diego.  

5.2. In vivo small molecule treatment  

SHP099 (Chemietek, Indianapolis, IN), Trametinib (GSK1120212, APExBIO, Houston, 

Texas) and Maraviroc (UK-427857, Irvine, CA) were administrated to experimental mice. 

SHP099, Trametinib and Maraviroc were all dissolved in DMSO to make stock solutions at 

100mg/ml, 10mg/ml and 90mg/ml, respectively. SHP099 was diluted (1:24) in Ringer’s 

solution as delivery vehicle and delivered through intraperitoneal injection. Trametinib was 

diluted (1:29) in Ringer’s solution as delivery vehicle and delivered through intraperitoneal 

injection at the dose of 0.25mg/kg BW(pre-treatment) or 3mg/kg BW(treatment for Nras/Myc 

tumor). Maraviroc was diluted in olive oil (1:8) as delivery vehicle and delivered through 

intraperitoneal injection. Pre-treatment of small molecules was performed on 2-3month-old 

male mice. SHP099 pre-treatment lasted for 14 days at 100mg/kg/q.d.. SHP099 treatment on 

post-MC38 transplantation mouse, Met/Cat- and Nras/Myc-tumor bearing mouse lasted for 10, 
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21 and 21 days respectively at at 100mg/kg/q.d.. Trametinib pre-treatment lasted for 14 days at 

0.25mg/kg/q.d.. Trametinib treatment on Nras/Myc-tumor bearing mouse lasted for 21 days at 

at 3mg/kg/q.d.. Maraviroc treatment on Met/Cat tumor was given at 30mg/kg, q.d. for first 7 

days and q.o.d. for the next 14 days. Maraviroc given to post-MC38 transplantation mouse was 

at 30mg/kg/q.d. from day-4 to day-8, and then q.o.d for the next 10 days. In SHP099/Maraviroc 

combo treatment given to Met/Cat, Nras/Myc or post-MC38 transplantation mouse, both drugs 

were administrated every other day on alternative days at 100 mg/kg (SHP099) and 30 mg/kg 

(Maraviroc) for 21, 21and 14 days, respectively. 

5.3. Hydrodynamic injection  

Oncogene-expressing constructs were delivered by hydrodynamic tail vein injection 

into mice at 6-8 weeks of age, as described in this article (139). Plasmids: met: PT3EF1aH-

hMet; ctnnb1/β-catenin: PT3EF1aH-β-catenin; pik3ca: PIK3CA-H1047R∆f-PT3EF5a; 

sleeping beauty transposase(SB): pCMV/SB were gifts from Dr. Xin Chen (Addgene plasmid 

# 86498, #86499). Plasmid encoding for nrasG12V (pT/Caggs-NRASV12) was a gift from Dr. 

John Ohlfest (Addgene plasmid # 20205). Plasmids encoding for other genes (ptpn11/Shp2; 

socs1; socs3; metY1003F) were constructed by cloning cDNA, which was reversely transcribed 

from HEK293T or MC38 cell, into pT3 vector under EF-1α promotor. Point mutations of genes 

to hydrodynamically deliver were made by Q5 Site-Directed Mutagenesis Kit (E0554S, New 

England Biolabs, Ipswich, MA). DNA plasmids were extracted from DH5α cells using 

GenElute HP Endotoxin-Free Plasmid Maxiprep Kit (NA0410, Sigma-Aldrich, St. Louis, MO). 

All constructs were diluted together with Sleeping Beauty transposase construct (SB) in PBS to 

final concentrations as below: Cat/Pik model: β-catenin: 10 μg/ml, pik3ca: 10 μg/ml, SB: 0.8 

μg/ml; NrasG12V/Cat model: β-catenin: 5 μg/ml, nrasG12V: 5 μg/ml, SB: 0.4 μg/ml;  
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NrasG12V/Myc model: myc: 0.25 μg/ml, nrasG12V: 4.75 μg/ml, SB: 0.2 μg/ml; NrasG12V/Pik 

model: nrasG12V: 10 μg/ml, pik3ca: 10 μg/ml, SB: 0.8 μg/ml; NrasG12V model: nrasG12V: 10 μg/ml, 

SB: 0.4 μg/ml; Met/Cat/Shp2(WT or mutant) model: met: 5 μg/ml, β-catenin: 5 μg/ml, shp2: 

10μg/ml, SB: 0.8 μg/ml; Met/Pik/Shp2(WT or mutant) model: met: 10 μg/ml, pik3ca: 10 μg/ml, 

shp2: 20 μg/ml, SB: 1.6 μg/ml; Met/Cat/Socs1(F59D) model: met: 5 μg/ml, β-catenin: 5 μg/ml, 

socs1F59D: 5μg/ml, SB: 0.6 μg/ml; Met/Cat/Socs3(F25A) model: met: 5 μg/ml, β-catenin: 5 

μg/ml, socs3F25A: 5μg/ml, SB: 0.6 μg/ml; Cat/Socs3(F25A) model: β-catenin: 5 μg/ml, socs3F25A: 

5μg/ml, SB: 0.4 μg/ml; MetY1003F/Cat model: metY1003F: 5 μg/ml, β-catenin: 5 μg/ml, SB: 0.4 

μg/ml; MetY1003F/Cat/Shp2(C463S) model: metY1003F: 5 μg/ml, β-catenin: 5 μg/ml, shp2C463S: 5 

μg/ml, SB: 0.6 μg/ml. Plasmid DNA-containing PBS solution was injected at 0.1 ml/g body 

weight through tail vein in 5-7 seconds.  

5.4. Intraportal vein injection  

Intraportal vein injection was performed on mice under anesthesia with isoflurane after 

6 hours of fasting. The mouse abdominal cavity was widely opened with portal vein exposed, 

and then ligand dissolved in sterile PBS was injected into portal vein in a 20-second interval. 

The mouse was then euthanized in 15 minutes and liver samples were snap-frozen on dry ice. 

Ligands and dose used: human Wnt3a (R&D, 5036-WN-010), 2 μg per mouse; mouse HGF 

(Sigma, SRP3300), 3.3 μg per mouse; mouse R-spondin 1 (R&D,7150-RS-025), 2 μg per 

mouse. 

5.5. Intrasplenic injection of MC38 cells and hemi-splenectomy  

MC38 cells were suspended in PBS and kept on ice. 50μl (Intrasplenic injection only) 

or 150μl (hemi-splenectomy+intrasplenic injection) PBS followed by 50μl MC38 suspension 
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were drawn into 1ml syringe (309628, BD, Franklin Lakes, NJ) through 30g needle (26437, 

EXELINT international, Redondo Beach, CA) immediately before intrasplenic injection. Mice 

were put under anesthesia and shaved at left subcostal area. For intrasplenic injection only, a 

left subcostal incision in line with left ear was made through skin and peritoneum. Then inferior 

half of spleen was expressed through the incision. Then injection of 100μl MC38 cell-

containing PBS solution was performed through the inferior end of spleen over a 1-2 minute 

time period. For hemi-splenectomy+injection, the procedure was performed as described in this 

article (140), except for minor modifications in the choice of materials mentioned elsewhere in 

this section. In all survival surgeries, mice were anesthetized with 2-3% isoflurane (502017, 

VetOne, Boise, ID) and were given Ethiqa XR (Fidelis Pharmaceuticals, North Brunswick 

Township, NJ) at 15μl/20g BW as analgesic. At the end of surgeries including laparotomy and 

intrasplenic injection, incision was closed by suture (5-0 Perma Hand silk suture, 682G, Ethicon, 

Bridgewater, NJ), followed by stapling skin (9mm Autoclip wound clip, 427631, BD). 

5.6. Laparotomy  

Laparotomy was performed to inspect liver tumor development. Mice were put under 

anesthesia and shaved at most of the abdominal surface. A 2cm incision was made down the 

middle of the abdomen through skin and linea alba. Liver was then expressed by applying gentle 

pressure downwards on both sides of the incision. After tumor inspection, liver was gently 

placed back to peritoneal cavity using moisturized (Ringer’s solution, 2B2324X, Baxter, 

Deerfield, IL) cotton applicator. The incision was then closed by suture. 
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5.7. Hepatic non-parenchymal cell isolation and staining  

Mouse liver was perfused with collagenase H (11074059001, Millipore Sigma, 

Burlington, MA) and then the perfused liver was passed through 100 micron cell strainer 

(431752, Fisher Scientific, Waltham, MA). The resulting cell suspension was centrifuged at 

50g for 5 minutes at 4°C and the supernatant containing hepatic non-parenchymal cells (NPCs) 

was saved. After one PBS wash, the NPCs were pelleted by centrifuging at 300g for 5 minutes 

at 4°C. NPCs were then resuspended in PBS and after ACK lysing buffer (A1049201, Thermo 

Fisher Scientific) treatment for 10 minutes at RT. NPCs were stained with 1:100 dilution of 

Live/Dead cell stain (L34957, Invitrogen, Waltham, WA) in PBS, washed with PBS and then 

stained with various surface marker antibodies (Table. 1) in staining buffer (PBS containing 2% 

FBS) for 30 minutes at 4°C. Stained cells were washed with staining buffer for twice, and then 

resuspended in PBS for FACS, or permeabilized with Foxp3 / Transcription Factor Staining 

Buffer Set (00-5523-00, Invitrogen), followed by staining with various intracellular target 

antibodies (Table. 1) at 4°C overnight. After two permeabilization buffer washes, NPCs were 

resuspended in PBS for FACS analysis. 

5.8. Flow cytometry and culture of sorted cells  

Flow cytometry analysis was run on BD LSRFortessa™ X-20 Cell analyzer (BD, 

Franklin Lakes, NJ). Cell sorting was run on BD FACS Aria II and BD FACS Aria Fusion. 

Sorted hepatic macrophage and dendritic cells were collected in pure heat inactivated FBS in 

15ml tube. Sorted cells were later transferred to 10% FBS RPMI culture medium and plated in 

96-well plate at 20k cells/well. SHP099 (20μM), Maraviroc(10μM) or CCL5(20ng/ml) were 
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then added to sorted cell culture. Cell culture supernatant for ELISA as well as cultured cells 

was collected after 16hr of treatment. 

5.9. In vitro stimulation of hepatocytes  

Primary hepatocytes were isolated from mice at the age of 2 months the day before 

stimulation, then cultured in collagen-coated tissue culture plate. The same ligands as the ones 

used in in vivo stimulation, HGF (20 ng/ml), Wnt3a (40 ng/ml) and R-Spondin1(40 ng/ml), 

were added into serum-free cell culture medium and remained in cell medium until harvest of 

cells. 

5.10. Cell culture and transfection  

MC38 cells were a gift from Karin Lab, UC San Diego. HEK293T cells were obtained 

from ATCC (CRL-3216, ATCC, Manassas, VA). MC38 and HEK293T cells were cultured in 

10% FBS DMEM (10313021, Gibco, Waltham, MA) supplemented by GlutaMax (35050-061, 

Gibco), Non-essential Amino Acid (M7145, Sigma-Aldrich) and Penicillin-Streptomycin 

(15140122, Gibco). DNA plasmid transfection of HEK293T cells was performed with 

Lipofectamine 3000 (L3000015, Invitrogen) in Opti-MEM (31985062, Gibco). 

5.11. Special staining  

Fresh liver tissues were embedded in Tissue-Tek OCT compound (Sakura Finetek, 

Torrance, CA) and frozen to tissue blocks for sectioning. Oil Red O staining was performed on 

fresh frozen tissue sections using Oil Red O solution (O1516, Sigma-Aldrich). For SA-β-

galactosidase staining, fresh frozen tissue sections were fixed by 4% Paraformaldehyde at 4°C 

for 24hr and then stained with freshly-made staining solution, which was 1x PBS at pH6.0 
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containing 1 g/L X-gal (ab144388, Abcam, Cambridge, United Kingdom), 1mM potassium 

ferrocyanide [K4Fe(CN)6], 5 mM potassium ferricyanide [K3Fe(CN)6], 2 mM MgCl2, overnight 

at 37°C. Sirius Red staining was performed on z-fix fixed paraffin-embedded sections using 

Picro-Sirius Red Staining kit (Statlab, Mckinney, Texas) according to manufacturer’s 

instruction. 

5.12. Immunoblotting and immunostaining  

 Immunoblotting was performed on liver tissue lysates or cultured whole cell lysates 

using standard protocols. Primary antibodies to human Met (8198, Cell Signaling Technology, 

Danvers, MA), p-Met (3126, CST), Akt (9272, CST), p-AktS473 (9271, CST), p-Erk (4370, 

CST), Erk (4695, CST), c-Myc (ab32072, Abcam), p-β-Catenin (9561, CST), GSK3β (9315, 

CST), p-GSK3α/β (9331, CST),  GAPDH (60004, Proteintech, Rosemont, IL), PI3K p110α 

(21890, Proteintech), β-Actin (A1978, Sigma-Aldrich), β-catenin (sc-7199, Santa Cruz 

Biotechnology, Dallas, Texas), Glutamine Synthetase (sc-74430, Santa Cruz Biotechnology), 

Nras (sc-31, Santa Cruz Biotechnology), Socs3 (sc-9023, Santa Cruz Biotechnology) and Socs1 

(sc-9021, Santa Cruz Biotechnology) were used. Blots were washed three times with 1x TBS 

with 0.1% Tween-20 and then incubated with secondary antibody (Sheep anti-mouse 84-848, 

Donkey anti-rabbit 20-303, Genesee Scientific, San Diego, CA). Blots were developed with 

ProSignal Pico ECL Reagent (20-300, Genesee Scientific) and imaged using Bio-rad 

ChemiDoc system. Immunohistochemical staining was performed on z-fix fixed paraffin-

embedded tissue sections using antibodies for Glutamine Synthetase (sc-74430, Santa Cruz 

Biotechnology), p-Erk (4370, CST). Immunofluorescence was performed on fresh frozen tissue 

sections fixed with 4% Paraformaldehyde or ice-cold methanol. Primary antibodies to F4/80 
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(14-4801-82, Invitrogen, Waltham, MA), CCR5 (bs-2514R, Bioss Antibodies, Woburn, MA), 

HNF4α (sc-8987, Santa Cruz Biotechnology), Ki67 (14-5698-80, Invitrogen), CD133 (14-

1331-80, Invitrogen), c-Myc (ab32072, Abcam), Met (8198, CST), p-IRF3 (29047, CST) and 

secondary antibody (Goat anti-rat A11007, Donkey anti-rat A21208, Goat anti-rabbit A11012, 

Donkey anti-rabbit A21206, Invitrogen) were used. Staining was finished by nuclear 

counterstain with Hoechst 33342 (H3570, Invitrogen) and mounting with Anti-Fade 

fluorescence mounting medium (ab104135, Abcam). 

5.13. RNA extraction and real-time qPCR analysis  

Total RNAs were extracted from snap frozen hepatic non-parenchymal cells using 

Trizol reagent (15596018, Thermo Fisher Scientific, Waltham, MA) and a purity (A260/A280 

value) over 1.9 was ensured before reverse transcription using MultiScribe Reverse 

Transcriptase (4311235, Applied Biosystems, Waltham, MA). Real-time qPCR was performed 

using PowerUp SYBR green master mix (A35776, Thermo Fisher Scientific). Primer sequences 

were summarized in Table. 2. Thermal profile used was: segment 1:50°C(2min)-95°C(2min); 

segment 2 (40 cycles):95°C(15s)-60°C(30s); segment 3 (Dissociation curve): 95°C(15s)-

60°C(1min)-95°C(15s). Results of real-time qPCR were normalized to ubc cDNA 

concentration in each sample. Each control or experimental group contained 3 or more 

biological samples. 

5.14. ELISA  

Expression level of IFNα (luex-mifnav2, InvivoGen, San Diego, CA), IFNβ (luex-

mifnbv2, InvivoGen), TNFα (430904, Biolegend, San Diego, CA), IL-1β (432604, Biolegend), 
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IL-6 (431301, Biolegend) and CCL5/RANTES(88-56009-22, Invitrogen) were measured by 

ELISA kits according to manufacturer’s instruction. 

5.15. RNA-sequencing analysis  

Total RNAs were extracted from mouse livers using RNeasy Microarray Tissue Mini 

Kit (73304, QIAGEN, Germantown, MD), and at least three mice were included for each group. 

RNA-sequencing (RNA-seq) was conducted at the IGM Genomics Center, University of 

California, San Diego. cDNA library was constructed using Illumina TruSeq Stranded mRNA 

Library Prep Kit (RS-122-2101, Illumina, San Diego CA) for day-0 and day-3 samples, and by 

Illumina TruSeq RNA Library Prep Kit v2 (15025062) for day-7 samples, and deep sequencing 

was performed using Illumina HiSeq 4000. All the RNA-seq raw data were aligned using STAR. 

We performed gene differential expression analysis using Cuffdiff and R package extraction of 

differential gene expression (EDGE), respectively. Gene Set Enrichment Analysis (GSEA), 

Preranked tool and Ingenuity pathway analysis (IPA, Ingenuity® Systems) softwares were used 

for pathway analysis. All of the sequencing data have been deposited to GEO (GEO Accession: 

GSE97996, GSE109544). 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. 

5.16. Statistical analysis  

Statistical analysis was done using GraphPad Prism 9. Statistical significance between 

means was calculated by Student’s T-test if not specified otherwise (*P<0.05; **P<0.01; 

***P<0.001). If the experiment involved two independent variables placing influences on 

dependent variable, statistical analysis was performed by two-way ANOVA together with 
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multiple comparisons by Two-stage linear step-up procedure of Benjamini, Krieger and 

Yekutieli. P value <0.05 was considered significant (#P<0.05; ##P<0.01; ###P<0.001).  
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Table 1. Antibodies used in flow cytometry 

Target Conjugate Manufacturer Cat. No. 

Mouse CD45 PerCP-Cy5.5 Biolegend 147706 

Mouse Granzyme B FITC Biolegend 515403 

Mouse NK1.1 APC Biolegend 108710 

Mouse CD8α PE-Cy7 Biolegend 100722 

Mouse CD19 APC-Cy7 Biolegend 115530 

Mouse CD4 BV605 Biolegend 100548 

Mouse CD69 BV711 Biolegend 104537 

Mouse Ly6c FITC Biolegend 128006 

Mouse F4/80 PB Biolegend 123124 

Mouse CD11c APC Biolegend 117310 

Mouse CD206 PE-Cy7 Biolegend 141720 

Mouse MHCII APC-Cy7 Biolegend 107628 

Mouse CD11b BV605 Biolegend 101257 

Mouse B220 BV711 Biolegend 103255 

Mouse CD44 APC Biolegend 103012 

Mouse CD3e FITC Biolegend 100204 

Mouse CD19 PE Biolegend 115508 

Mouse CCR5 PE Invitrogen 12-1951-81 

Mouse Ki67 PB Invitrogen 48-5698-82 

Mouse CD3e PE-Cy5 Invitrogen 15-0031-81 

Mouse Ly6G PE-Cy5 Invitrogen 15-9668-82 

Mouse SIRPα SB645 Invitrogen 64-1721-80 

Mouse Foxp3 APC Invitrogen 17-5773-82 

Mouse PD-1 APC-Cy7 Invitrogen 47-9985-80 

Mouse CD62L PE Invitrogen 12-0621-82 

 

  



 
 

96 

Table 2. Primer sequences 

Target (all mouse 

genes) 

Sequence (5’-3’) 

UBC-F CCCAGTGACACCATAGAGAATG 

UBC-R CTGGATGTTGTAGTCTGACAGG 

CXCL2-F GCCAAGGGTTGACTTCAAGA 

CXCL2-R CTTCAGGGTCAAGGCAAACT 

CXCL3-F CAGTGCCTGAACACCCTAC 

CXCL3-R GCAAACTTCTTGACCATCCTTG 

CXCL4-F CTTAGCTGTGTGTGTGTGAAGA 

CXCL4-R CCATTCTTCAGGGTGGCTATG 

CXCL5-F CTACGGTGGAAGTCATAGCTAAA 

CXCL5-R GCATTCCGCTTAGCTTTCTTT 

CXCL7-F GCGCTGCAGATGTACGAATA 

CXCL7-R CCATTCTTCAGTGTGGCTATCA  

CXCL9-F GGCAAATGTGAAGAAGCTGATG 

CXCL9-R TGAACGACGACGACTTTGG 

CXCL10-F CAGTGAGAATGAGGGCCATAG 

CXCL10-R GGATTCAGACATCTCTGCTCAT 

CXCL11-F CGGGATGAAAGCCGTCAAA 

CXCL11-R CCAGGCACCTTTGTCGTTTA 

CXCL12-F CCGAAATTAAAGTGGATCCAAGAG 

CXCL12-R GGCAGCCTTTCTCTTCTTCT 

CXCL13-F TGTTGTCGGTCTAAACATCATAGA 

CXCL13-R GGCACGAGGATTCACACATA 

CXCL14-F CTGCGAGGAGAAGATGGTTATC 

CXCL14-R CTTCTCGTTCCAGGCATTGTA 

CXCL15-F ATTTGGGAGACCTGAGAACAAG 
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Table 2. Primer sequences, continued 

Target (all mouse 

genes) 

Sequence (5’-3’) 

CXCL15-R TCACTGGAGTCCCGTAGAAA  

CXCL16-F GAGGCTGAGGCAAATGAGAA 

CXCL16-R CTGCAGTGAGGAAGAAGACAA 

CXCL17-F GTCCCTGTGATCACGTCAAG 

CXCL17-R CCAGGTGACATCGTTTGAGAA 

CCL3-F ACTCTGCAACCAAGTCTTCTC 

CCL3-R GATCTGCCGGTTTCTCTTAGTC 

CCL2-F AGTAGGCTGGAGAGCTACAA 

CCL2-R GTATGTCTGGACCCATTCCTTC  

CCL4-F ACTATGAGACCAGCAGTCTTTG 

CCL4-R AACTCCAAGTCACTCATGTACTC 

CCL5-F GCCCACGTCAAGGAGTATTT  

CCL5-R CTTGAACCCACTTCTTCTCTGG 

CCL17-F GAGTGCTGCCTGGATTACTT 

CCL17-R ACCAATCTGATGGCCTTCTTC 

CCL7-F CAAGAGCTACAGAAGGATCACC 

CCL7-R TCCTCGACCCACTTCTGAT 

CCL11-F CCAACACACTACTGAAGAGCTAC 

CCL11-R ATCCTGGACCCACTTCTTCT 

CCL12-F GATCTTCAGGACCATACTGGATAAG 

CCL12-R GAAGGTTCAAGGATGAAGGTTTG 

CCL19-F TGCCTGCTGTTGTGTTCA 

CCL19-R GCTGTTGCCTTTGTTCTTGG 

CCL20-F TTCCAGAGCTATTGTGGGTTTC  

CCL20-R GGATCAGCGCACACAGATT 
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Table 2. Primer sequences, continued 

Target (all mouse 

genes) 

Sequence (5’-3’) 

CCL22-F GGAGTTCTTCTGGACCTCAAA 

CCL22-R GAGTAGCTTCTTCACCCAGAC 

CCL24-F CATCACCAAGAAGGGCCATAA 

CCL24-R ACTTGGTTCTCACTGCCTTG 

CCL27a-F ATGTCGCGATTGAGGAGATAC 

CCL27a-R TCTGGCTTGTTGGAGACATC  

CCR5-F TCCGGAGTTATCTCTCAGTGT  

CCR5-R TCTCCTGTGGATCGGGTATAG 

CCR2-F GGCTATTGTTCATGCTGTGTTT 

CCR2-R ATAAGGGCCACAGGTGTAATG 

IL1b F ATCCCAAGCAATACCCAAAGA 

IL1b R  GCTTGTGAGGTGCTGATGTA 

LIGHT F TCCTGGGAGAAGCTGATACA  

LIGHT R CCATAACAGAGGTCCACCAATAC 

IRF3 F GTCTTAAGGAGCTGTTAGAGATGG 

IRF3 R TGGTCAGAGGTAAGGGAGATAG 

IRF5 F AGGAGCAAGTGGAACTCTTTG 

IRF5 R CATCTAGCAGCTGGTTCGTATAG 

IFNA1 F CTGCTGGCTGTGAGGAAATA 

IFNA1 R CACATTGGCAGAGGAAGACA 

IFNA2 F CTTTCCTCGTGATGCTGATAGT 

IFNA2 R CCTTCAAGGCCCTCTTGTT 

IFNB1 F GATGACGGAGAAGATGCAGAAG  

IFNB1 R CATCCAGGAGACGTACAACAATAG 

TNFa F AATGGCCTCCCTCTCATCAGTT 

TNFa R CCACTTGGTGGTTTGCTACGA 
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Table 2. Primer sequences, continued 

Target (all mouse 

genes) 

Sequence (5’-3’) 

IL6 F GAACAACGATGATGCACTTGC  

IL6 R TCCAGGTAGCTATGGTACTCC  
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