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Abstract: The ERK1/2 pathway is involved in epithelial-mesenchymal transformation and cell cycle of tumor cells in 
hepatocellular carcinoma (HCC). In the present study, we investigated the involvement of ERK1/2 activation on he-
patic stellate cells (HSCs). We identified ERK1/2 phosphorylation in activated HSCs of HCC samples. We found that 
tumor cells promoted the migration and invasion capacity of HSCs by activating ERK1/2 phosphorylation. Using high 
throughput transcriptome sequencing analysis, we found that ERK1/2 inhibition altered genes significantly corre-
lated to signaling pathways involved in extracellular matrix remodeling. We screened genes and demonstrated that 
the ERK1/2 inhibition-related gene set significantly correlated to cancer-associated fibroblast infiltration in TCGA 
HCC tumor samples. Moreover, inhibition of ERK1/2 suppressed tumor cell-induced enhancement of HSC migration 
and invasion by regulating expression of fibrosis markers FAP, FN1 and COL1A1. In a tumor cell and HSC splenic 
co-transplanted xenograft mouse model, inhibition of ERK1/2 suppressed liver tumor formation by downregulating 
fibrosis, indicating ERK1/2 inhibition suppresses tumor-stromal interactions in vivo. Taken together, our data indi-
cate that inhibition of ERK1/2 in tumor-associated HSCs suppresses tumor-stromal interactions and progression. 
Furthermore, inhibition of ERK1/2 may be a potential target for HCC treatment.
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Introduction

Hepatocellular carcinoma (HCC) is the most 
common primary liver cancer and the second 
leading cause of cancer-related death world-
wide [1]. The majority of patients with HCC are 
diagnosed at the advanced stage [2], and the 
lack of an effective treatment results in a poor 
overall prognosis, with a 5-year overall survival 
rate of 12% in China [3]. Despite the advance-
ment of modern medicine and radical hepatec-
tomy, the overall recurrence rate remains high 
and has not improved [4]. Therefore, the identi-
fication of novel therapeutic strategies and 
agents is required to improve the treatment 
and outcome of HCC patients [5].

Over 80% of HCC cases develop in the liver with 
fibrosis, and liver fibrosis is crucial in the occur-
rence, development and tumor microenviron-
ment (TME) of liver cancer [6]. Activated hepatic 
stellate cells (HSCs) are the main component of 
HCC-related fibroblasts; these cells produce 
extracellular matrix (ECM) proteins and play a 
key role in liver fibrosis [7]. Through interactions 
with cancer cells and various stimuli, HSCs 
change from quiescent to activated fibroblasts. 
Activated fibroblasts secrete cytokines that pro-
mote the invasiveness and viability of cancer 
cells and produce ECM proteins and inflamma-
tory cytokines to promote the progress of the 
TME, thus promoting the development of liver 
cancer [8]. α-Smooth muscle actin (α-SMA) is a 
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marker protein for HSC activation in tumor 
lesions, and studies have shown that the sur-
vival period of liver cancer patients with high 
SMA expression is significantly shortened [9]. 
Recent reports have demonstrated that acti-
vated HSCs promote the tolerance of liver can-
cer to chemotherapy drugs such as sorafenib, 
regorafenib, 5-fluorouracil and cisplatin [10, 
11]. Our previous studies found that pyroptosis 
of liver cancer cells inhibits the development of 
liver cancer by downregulating HSC activation 
and tumor-stromal interactions [12]. Therefore, 
targeting HSCs rather than cancer cells in the 
TME represents a potential HCC therapeutic 
strategy [13, 14].

Extracellular signal-regulated kinases (ERKs), 
also known as mitogen-activated protein kinas-
es, are the integration points of various bio-
chemical signaling pathways in humans and 
regulate transcription, differentiation, prolifera-
tion and development [15]. Phosphorylation of 
ERK1/2 plays an important role in autophagy, 
senescence and epithelial-mesenchymal trans-
formation (EMT) in gastrointestinal tumors [16-
18]. ERK1/2 inhibitors have thus been devel-
oped for the targeted treatment of cancer. In 
the TME of HCC, activated HSCs promote EMT 
and cell cycle of cancer cells through the 
ERK1/2 signal pathway [18]. Additionally, stud-
ies have shown that the inactivation of ERK1/2 
effectively inhibited the development of HCC 
[19, 20]. Recent studies have found that the 
activation of HSCs is accompanied by autopha-
gy activation and ERK1/2 phosphorylation 
[21]. In our previous research on the TME of 
pancreatic cancer, we found that the ERK1/2 
inhibitor SCH772984 inhibits the fibrotic acti-
vation of stellate cells by promoting autophagy 
and cell senescence [22]. However, the func-
tional role of ERK1/2 inactivation in the activa-
tion of HSCs and the mechanism of regulating 
tumor-stromal interactions has not been clari-
fied to date.

In the present study, we investigated ERK1/2 
inactivation in HCC fibrosis and tumor-stromal 
interaction in vitro and in vivo. Our high-through-
put transcriptome sequencing (RNA-seq) analy-
sis suggested that inactivation of ERK1/2  
may significantly suppress adhesion abilities of 
HCCs and HSC by regulating ECM organization 
and focal adhesion. Inhibition of ERK1/2 sup-
pressed the HCC-enhanced migration and inva-

sion capacity of HSCs and this may be mediat-
ed by downregulation of FAP, FN1 and COL1A1, 
which are fibrosis markers. Furthermore, SCH- 
772984 effectively inhibited liver tumor forma-
tion in a xenograft mouse model. Our results 
indicated that ERK1/2 has potential as a  
target for the treatment of HCC tumor-stromal 
interaction.

Materials and methods

Patient samples

The liver tumor specimens were obtained from 
8 patients who were diagnosed with HCC and 
underwent curative hepatectomies from 2012 
to 2019 at Peking University Shenzhen Hos- 
pital (Table 1). The ethics committee of Peking 
University Shenzhen Hospital approved the use 
of specimens and follow-up information. All 
patients provided written informed consent.

Immunohistochemistry

Tissues were embedded and sliced into 
4-μm-thick sections. Immunohistochemical 
staining and multiple fluorescent immunohisto-
chemistry (abs50012, Absin, China) were used 
for multiplexed IHC (mIHC) as described in  
a previous study [12]. Sections were incuba- 
ted with the following primary antibodies over-
night at 4°C: anti-phospho-ERK1/2 (AP0472, 
ABclonal, China), anti-α-SMA (A17910, AB- 
clonal), anti-FAPα (A6349, ABclonal), anti-COL- 
1A1 (A16891, ABclonal) and anti-Fibronectin 
(A12932, ABclonal). Sections were then incu-
bated with secondary antibodies using an 
SP-POD Kit (PV-6000, Zsbio, China). Images 
were acquired using a fluorescence microscope 
(DMi8, Leica, Germany). The statistical index 
utilized for immunohistochemistry analyses 
was defined as the percentage of tumor cells 
with positive expression compared to all tumor 
cells.

Cell lines and culture conditions

The human hepatic stellate LX-2 cell line and 
hepatocellular carcinoma cell lines MHCC97L, 
MHCC97H, Huh7, HepG2 and Hep3B (Chinese 
Academy of Medical Sciences, Beijing, China) 
were previously described [12]. All cell lines 
were maintained in Dulbecco’s modified Eagle’s 
medium (Gibco, Thermo Scientific, USA) supple-
mented with 10% fetal bovine serum (Gibco, 
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Table 1. The clinicopathological characteristics of patients used for IHC stain
Patient ID Sex Age Diagnosis Surgical procedure Date of surgery Other diagnosis Pathological diagnosis
478794 M 52 Hepatocellular carcinoma Open resection of liver lesions 2019/2/21 Portal vein tumor thrombus, post-hepatitic cirrhosis, 

chronic hepatitis B, acquired renal cyst, chronic 
cholecystitis, primary hypertension

Hepatocellular carcinoma

437793 F 35 Hepatocellular carcinoma Open resection of liver lesions 2018/2/28 Chronic hepatitis B Hepatocellular carcinoma

415545 M 44 Hepatocellular carcinoma Open resection of liver lesions 2018/4/10 Chronic hepatitis B Well differentiated hepatocellular carcinoma

325184 M 32 Hepatocellular carcinoma Open resection of liver lesions 2018/9/20 Chronic hepatitis B Hepatocellular carcinoma

9894 M 80 Hepatocellular carcinoma Open resection of liver lesions 2014/9/25 Personal history of colon cancer and prostate cancer, 
hypertension

Hepatocellular carcinoma

18841 M 54 Hepatocellular carcinoma Open resection of liver lesions 2014/1/7 Chronic hepatitis B, personal history of liver cancer Well differentiated hepatocellular carcinoma

28516 M 55 Hepatocellular carcinoma Open resection of liver lesions 2014/7/24 Chronic hepatitis B Moderately differentiated hepatocellular 
carcinoma in right lobe of liver

32118 M 67 Hepatocellular carcinoma Open resection of liver lesions 2012/10/24 Decompensated stage of liver cirrhosis, hypoalbumin-
emia, malignant hypertension, Chronic hepatitis C, 
hepatic cyst, moderate anemia

Medium to low differentiated hepatocellular 
carcinoma
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Thermo Scientific), 100 U/ml penicillin and 100 
U/ml streptomycin (Life Technologies) in a 
humidified atmosphere with 5% CO2 at 37°C.

qRT-PCR

Total RNA was extracted using the RNAeasy™ 
Animal RNA Isolation Kit (R0026, Beyotime, 
China) following the manufacturer’s instruc-
tions. qRT-PCR was performed with the iTaq™ 
Universal SYBR Green One-Step Kit (1725150, 
Bio-Rad Laboratories, USA) and monitored 
using an ABI PRISM 7500 Sequence Detection 
System (Applied Biosystem, Life Technologies). 
The primer sequences were as follows: TGF-β1: 
Forward, 5’-GGCCAGATCCTGTCCAAGC-3’; Re- 
verse, 5’-GTGGGTTTCCACCATTAGCAC-3’; ac- 
ta2: Forward, 5’-AAAAGACAGCTACGTGGGTGA- 
3’; Reverse, 5’-GCCATGTTCTATCGGGTACTTC-3’; 
FAP: Forward, 5’-ATGAGCTTCCTCGTCCAATTCA- 
3’; Reverse, 5’-AGACCACCAGAGAGCATATTTTG- 
3’; FN1: Forward, 5’-CGGTGGCTGTCAGTCAA- 
AG-3’; Reverse, 5’-AAACCTCGGCTTCCTCCATAA- 
3’; and COL1A1: Forward, 5’-GAGGGCCAAGA- 
CGAAGACATC-3’; Reverse, 5’-CAGATCACGTCA- 
TCGCACAAC-3’.

Western blot analysis

Cells were lysed using RIPA Lysis Buffer (G2002-
100 ml; Servicebio Biotechnology, Wuhan, 
China) and protein concentrations were deter-
mined using the BCA Protein Assay Kit (P0012S; 
Beyotime). The proteins were resolved on SDS-
PAGE gels and transferred to a PVDF mem-
brane. The membranes were incubated with 
primary antibodies at 4°C overnight, followed 
by incubation with secondary antibodies at 
room temperature for 2 h. Membranes were 
washed in TBS-Tween 0.1% between steps. The 
primary antibodies used in this study were  
as follows: anti-phospho-ERK1/2 (AP0472, 
ABclonal), anti-α-SMA (A17910, ABclonal), anti-
FAPα (A6349, ABclonal), anti-COL1A1 (A16891, 
ABclonal), anti-Fibronectin (A12932, ABclonal) 
and anti-b-actin (3700T, Cell Signaling Tech- 
nology, USA). The immunoreactive bands were 
detected using the appropriate HRP-conjugated 
secondary antibodies from Abcam.

Invasion and migration assays

Transwell chambers with and without Matrigel 
(20 µg/well, BD Biosciences, USA) coating were 
used to perform migration and invasion assays 

as previously described [23]. A total of 5 × 104 
cells/250 µL of medium were added to the 
upper chambers (8-μm pore size, Costar, USA) 
and 750 µl of medium was added to the bottom 
chamber. After incubation of 24 h (for migration 
assays) or 48 h (for invasion assays), the cells 
on the lower surface of the membrane were 
fixed in 4% paraformaldehyde and stained with 
hematoxylin-eosin. The number of invaded or 
migrated cells was quantified in five random 
fields using a light microscope (DMi8, Leica).

Cell viability assay

Cells (2 × 103 cells/well) were added in 
BeyoGold™ 96-Well White Opaque Plates 
(FCP968, Beyotime). Cell viability was deter-
mined using the CellTiter-Lumi™ II Luminescent 
Cell Viability Assay Kit (C0056S, Beyotime).

Adhesion assay

Control or ERK1/2 inhibitor-treated cells (IC50 
dose concentration, 2 × 105/well) were dyed 
with CMFDA CellTracker (40721ES50, Yeasen, 
China) and seeded into 24-well plates coated 
with collagen I (WHB-24-CC, WHB-bio, China). 
After 3 h, plates were washed three times  
with 500 µL phosphate-buffered saline (PBS) 
to remove non-adherent cells. The numbers of 
adhered cells were counted in five random 
fields using a fluorescent microscope (DMi8, 
Leica) at × 100 magnification.

Co-culture migration assay

The migration ability of cells in co-culture was 
determined using wound healing assays as  
previously described [12]. Cancer cells were 
labeled with Cell Tracker Green and LX-2 cells 
were labeled with Cell Tracker Red; the cell 
lines were seeded into each side of a co-cul- 
ture insert (81176, ibidi, Germany). At 24 h 
after cells were seeded, the insert was remov- 
ed and the cells began to migrate. The width of 
the wound was monitored and measured at 
various times. LX-2 activation was performed 
by treating cells with 10 ng/mL recombinant 
TGF-β1 (Solarbio, P00121, China) for 24 h; For 
collection of supernatant, the cancer cells cul-
tured for 7 days were washed twice with PBS 
and the fresh medium was replaced. After 48 h 
incubation at 37°C, the medium was collec- 
ted and filtered with a 0.22-μm syringe filter 
(Z359904; Merck, Germany). After centrifuga-
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tion at 1,500 rpm for 5 min, the supernatants 
were collected.

High-throughput transcriptome sequencing

Cultured cells were collected and stored in 
TRIzol reagent. The total RNA extraction, RNA 
quality evaluation and the related analyses 
were carried out by Novogene Co., Ltd. (China). 
The sequencing data have been deposited in 
the NCBI Sequence Read Archive (SRA) data-
base under the accession code PRJNA921975.

In vivo experiments

Four-week-old BALB/c athymic female nude 
mice were obtained from Model Organisms 
(Shanghai, China). After 7 days of acclimatiza-
tion, mice were splenic co-transplanted with 5 
× 105 MHCC97H cells and 5 × 105 LX-2 cells 
and randomized into PBS or SCH772984 treat-
ment groups (n = 5/group). At 14 days after 
transplantation, mice were intraperitoneal drug 
dosed once daily with vehicle or SCH772984 
(25 mg/kg) for 14 days. The mice were sacri-
ficed and liver lesions were collected for subse-
quent analyses. All mouse experiments were 
approved by the Peking University Shenzhen 
Hospital Animal Care Committee (Shenzhen, 
China, No. 2023-140, June 21, 2023).

Database-based bioinformatics data mining

Human Protein Atlas [24] (http://www.protein-
atlas.org) and The Cancer Genome Atlas  
(TCGA, http://www.cancer.gov/tcga) datasets 
were used to investigate the expression of 
hepatocellular carcinoma in this study. UALCAN 
[25] (http://ualcan.path.uab.edu/index.html), 
GEPIA2 [26] (http://gepia2.cancer-pku.cn/#in- 
dex), GSCA: Gene Set Cancer Analysis [27]  
(http://bioinfo.life.hust.edu.cn/GSCA/) and SR- 
plot (http://www.bioinformatics.com.cn/srplot) 
were used for tumor gene expression, survival 
analyses and bioinformatics analyses.

Statistical analysis

Comparisons of RNA expression in bioinfor- 
matic analyses were determined using the 
Kruskal-Wallis test and Wilcox test. Statistical 
analyses were performed using GraphPad 
Prism 8 and R language. P < 0.05 indicated sta-
tistical significance.

Results

ERK1/2 overexpression is correlated with the 
poor prognosis of HCC patients

On examination of the Human Protein Atlas 
database [24], we observed varying expres-
sions of ERK1 and ERK2 in HCC, including neg-
ative, weak, medium, and strong expression 
(Figure 1A, 1B). Analysis using UALCAN [25] 
showed that the expressions of ERK1 and 
ERK2 were markedly upregulated in HCC tumor 
tissues compared with normal liver tissues 
(Figure 1C). Further analysis using GEPIA2 [26] 
showed that the high expressions of ERK1  
and ERK2 correlated with poor overall survival 
in HCC (Figure 1D). Furthermore, the expres-
sions of ERK1 and ERK2 in HCC were correlat-
ed with histological subtypes, TP53 mutation 
and nodal metastasis (Figures S1 and S2). 
From the bioinformatics analysis of TCGA and 
Genotype-Tissue Expression Project (GTEx) 
database [28], we found that the expressions 
of ERK1 and ERK2 were highly correlated in 
normal liver tissues and HCC tumor tissues 
(Figure 1E).

ERK1/2 activation is involved in fibrosis of 
HCC tumors

Different from normal liver tissues, HCC tissues 
exhibited extension fibrosis and high-level 
ERK1/2 phosphorylation [29]. α-SMA is a bio-
marker of HSC activation and liver fibrosis. The 
expression of α-SMA was associated with 
tumor recurrence and overall survival in pa- 
tients with HCC [9]. We performed Masson’s tri-
chrome staining of HCC specimens from our 
institution and found a strong elevation of col-
lagen fibers in HCC. The increased collagen 
fiber and overexpression of α-SMA indicates 
fibrosis in the TME of HCC (Figure 2A). We  
subsequently found co-localization between  
phosphorylated ERK1/2 and α-SMA using mul-
tiple fluorescent immunohistochemical staining 
(Figure 2B). We also investigated the protein 
expressions of α-SMA and phosphorylation of 
ERK1/2 in normal liver cells and HCC cells. As 
shown in Figure 2C, human HSC LX-2 cell, HCC 
cell line MHCC97H and Huh7 cell exhibited high 
levels of ERK1/2 phosphorylation compared to 
normal L02 cells. These results suggested that 
ERK1/2 phosphorylation may be involved in 
HSC activation and HCC tumor fibrosis.
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HCCs stimulate activation of LX-2 cells by 
ERK1/2 phosphorylation

The tumor-stromal interaction plays a crucial 
role in HCC development [30]. In HCC tumors, 
the activation of HSCs leads to strengthened 
tumor-stromal interactions [31, 32]. Using a 
transwell co-culture model, we observed that 
the addition of TGFβ-1 recombinant protein or 
cancer cell supernatants significantly stimulat-
ed activation of the human HSC cell line LX-2, 
as observed by increased α-SMA expression; 

notably these factors also induced p-ERK1/2 
levels upregulation (Figure 3A). We also found 
that the invasiveness and migratory abilities of 
LX-2 cells were enhanced when cells were co-
cultured with TGFβ-1 recombinant protein or 
cancer cell supernatant (Figure 3B).

The ERK inhibitor SCH772894 suppresses 
HCC cell-mediated effects of HSCs

To investigate the role of ERK1/2 in HSCs and 
HCC, we used SCH772984, a highly selective 

Figure 1. Bioinformatics analysis of the expression of ERK2 and ERK1 in liver cancer. A, B. Expressions of ERK2 
and ERK1 in HCC tissues. C. The expressions of ERK2 (P = 1.62E-12) and ERK1 (P = 1.11E-16) were significantly 
upregulated in HCC tumor tissues compared with tumor-adjacent normal tissues. D. Kaplan-Meier survival analysis 
of overall survival of HCC patients in accordance with ERK2 and ERK1 expression. Overexpression of ERK2 and 
ERK1 was associated with shorter patient survival times (log-rank P = 0.038 and 0.011). E. Correlations between 
ERK2 and ERK1 in TCGA normal, TCGA tumor and GTEx databases.

Figure 2. Activation of ERK1/2 is involved in fibrosis of HCC. A. Masson trichrome and immunohistochemical stain-
ing of α-SMA in HCC specimens. B. Co-localization of ERK1/2 and α-SMA was observed on serial sections of HCC 
specimens. Scale bars = 100 µm. C. Protein levels of p-ERK1/2 and α-SMA in LX-2, L02 and HCC cells.
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Figure 3. HCCs stimulate LX-2 cell mi-
gration and invasion by activation of 
ERK1/2. A. Protein levels of p-ERK1/2 
and α-SMA in LX-2 cells following the in-
dicated treatment. SN, supernatant. B. 
TGF-β1 or tumor cell SN promote LX-2 
cell migration and invasion capacity.
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Figure 4. SCH772984 suppresses tumor-stromal interactions in HSCs that enhance migration and invasiveness. A. 
Viability of LX-2, TGF-β1-treated LX-2, MHCC97L, MHCC97H, HepG2, Hep3B and Huh7 cells after 48 h treatment 
with various concentrations of the ERK inhibitor SCH772984. B. IC50 values are indicated. C. Migration and inva-
sion assays were performed for 24 and 48 h with tumor cell supernatant and/or ERK inhibitor. Graphs show the 
numbers of cells calculated from five fields. Scale bars = 100 µm. ***P < 0.001.

ERK1/2 inhibitor that was shown to suppress 
tumor growth in mouse models without toxicity 
[33]. We examined the drug sensitivity of  
HSCs and HCC cells to SCH772984 and calcu-
lated the IC50 value (Figure 4A). LX-2 cells  
activated by TGFβ-1 recombinant protein treat-
ment showed a significantly increased sen- 
sitivity to SCH772984 (Figure 4B), indicating 
the potential of ERK1/2 suppression in HSC 

inactivation. Furthermore, SCH772984 did not 
decrease the migratory or invasiveness of LX-2 
cells treated with the lower IC50 dose for 
TGFβ1-treated LX-2 cells using a transwell co-
culture system. However, the lower dose of 
SCH772984 decreased the migratory or inva-
siveness of LX-2 cells in the presence of 
MHCC97H or Huh7 cell supernatant (Figure 
4C).
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ERK1/2 inactivation suppresses ECM remod-
eling and adherent ability of HCC cells and 
HSCs

To further explore the underlying mechanisms 
of ERK1/2 in HCC and HSC, we conducted high-
throughput RNA sequencing in cells after 
ERK1/2 inhibition. A total of 1881 differentially 
expressed genes were observed in ERK1/2-
inhibited LX-2 cells compared with control LX-2 
cells and 975 differentially expressed genes 
were found in ERK1/2-inhibited MHCC97H 
cells compared with control MHCC97H cells 
(Figure 5A, 5B). Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
terms showed that a proportion of differentially 
expressed genes was significantly associated 
with signaling pathways involved in ECM, colla-
gen, migration and adhesion in LX-2 cells and 
ECM, TGFβ, motility and migration in MHCC97H 
cells (Figures 5C, 5D and S3A, S3B). Notably, 
we identified a remarkable correlation between 
the differentially expressed genes and ECM 
remodeling: “extracellular structure organiza-
tion” and “extracellular matrix organization” 
were in the top 10 GO Biological Process (BP) 
pathways, whereas “extracellular matrix” and 
“proteinaceous extracellular matrix” of GO Cell- 
ular Component (CC) pathways, “extracellular 
matrix structural constitute” and “extracellular 
matrix binding” of GO Molecular Function (MF) 
pathways were significantly correlated; these 
results suggest mechanisms that might con-
tribute to the tumor-stromal interaction and cell 
adhesion in hepatocellular carcinoma progres-
sion (Figures 5C, 5D and S3A, S3B). ECM-
receptor interaction and focal adhesion in 
KEGG pathways were observed in both  
ERK1/2-inhibited aLX-2 and MHCC97H cells 
(Figure 5E, 5F).

We next performed adhesion assays of HCC 
cells and HSCs to collagen I and found that the 
adherent capacity of cells was significantly 
downregulated following ERK1/2 inhibition 
(Figure 5G). Given the importance of ERK1/2 
inhibition in ECM remodeling and adhesion abil-
ity of HCC and HSCs, we suggest that ERK1/2 
inhibition may be a potential strategy for HCC 
treatment.

ERK1/2 inhibition-related gene set correlated 
to CAF infiltration

We next investigated the mechanism of ERK1/2 
inhibition in the HCC TME. As the most impor-

tant component in the TME, cancer-associated 
fibroblasts (CAFs) originate from activated 
HSCs and play a critical role in HCC fibrosis [7, 
8]. Through analyzing the overlapping differen-
tially expressed genes in LX-2 and MHCC97H 
cells after ERK1/2 inhibition, we screened a 
gene set including 22 prognostic genes of the 
intersecting genes (Table 2). We next analyzed 
the gene set using Gene Set Cancer Analysis 
(GSCA, http://bioinfo.life.hust.edu.cn/GSCA/#/) 
[27] to generate a gene set variation analysis 
score (Figure 6A and Table S1). We assessed 
the CAF infiltration level in TCGA HCC tumor 
samples using R package of EPIC, xCell, 
MCPcounter and Estimate (Figure 6B and  
Table S2). We found that the gene set variation 
analysis score was significantly highly correlat-
ed to CAF infiltration levels determined by EPIC, 
xCell, MCPcounter and Estimate, which sug-
gests a strong correlation between the ERK1/2 
inhibition-related gene set and CAF infiltration 
in HCC (Figure 6C).

ERK1/2 inactivation suppresses HCC tumor-
stromal interactions in vitro

HCC cells and HSCs exhibited similar reactions 
to ERK1/2 inhibition; therefore, we examined 
the effect of ERK1/2 inhibition on the tumor-
stromal interaction. We performed a wound-
healing assay to examine tumor-stromal inter-
actions using LX-2 cells and cancer cells. We 
found that SCH772984 inhibited the tumor-
stromal interaction by suppressing cell migra-
tion toward cells (Figure 7A). Next, we investi-
gated changes in expressions of related mark-
ers that may be involved in fibrosis after 
SCH772984 treatment. We found that TGFβ-1, 
α-SMA, fibronectin 1 (FN1), fibroblast activation 
protein-α (FAP) and collagen type I alpha 1 
(COL1A1), which are involved in tumor-stromal 
interaction and tumor progression, were down-
regulated after SCH772984 treatment (Figure 
7B, 7C).

ERK1/2 inactivation suppresses tumor-stro-
mal interactions and HCC progression in vitro

MHCC97H cells and aLX-2 cells were co-trans-
planted into spleens of nude mice. Two weeks 
later, mice were intraperitoneally administrat- 
ed PBS or SCH77298 once daily for 14 days 
(Figure 8A). At the end of the treatment period, 
the liver lesions were harvested (Figure 8B). 
Compared with the control treatment, SCH- 
772984 treatment remarkably decreased liver 

http://www.ajcr.us/files/ajcr0155139suppltab1.xlsx
http://www.ajcr.us/files/ajcr0155139suppltab2.xlsx
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Figure 5. ERK1/2 inhibition correlated with ECM remodeling and cell adhesion in HCCs. A, B. Volcano plots of RNA 
expression profiles showing differentially expressed genes in aLX-2 and MHCC97H cells with ERK1/2 inhibition. C, 
D. Gene Ontology enrichment analysis of top 10 biological process terms in aLX-2 cells and MHCC97H cells. The size 
of the dots represents the number of genes; a larger dot indicates a larger number of genes in the corresponding 
process. E, F. Kyoto Encyclopedia of Genes and Genomes pathways in aLX-2 cells and MHCC97H cells. The size of 
the dots represents the number of genes. The red bars represent upregulated pathways and blue bars represent 
downregulated pathways. G. Cells were dyed with Cell Tracker green and examined for adhesion ability to collagen. 
Graphs show the quantification of cells calculated from five fields. Original magnification, × 100; ***P < 0.001.

Table 2. Correlations between ERK1/2 inhibition-related genes and survival significance of TCGA HCC 
patients

Gene symbol Higher risk of death Overall survival 
p-value

LX-2 ERKi  
log2FoldChange P-value MHCC97H ERKi 

log2FoldChange P-value

PTHLH Higher expression 0.047 -1.941291723 1.41E-05 -2.112485994 0.000150551
PRSS35 Higher expression 0.0016 5.593083467 0.040964585 1.871946643 0.000385548
VCAN Higher expression 0.023 -1.431365372 0.000776806 -1.534962192 0.000642489
ARL14 Higher expression 0.033 1.872742057 0.014380224 -1.767946616 0.001161167
SUGT1P1 Higher expression 0.018 1.717823979 0.006493106 3.674640407 0.002133716
PDE2A Lower expression 0.011 -1.543784869 0.00032523 -2.022940011 0.003217043
DNER Higher expression 0.02 -1.908217756 1.19E-05 -1.938353752 0.00512978
P2RY2 Higher expression 0.022 -2.555416339 0.02704271 -1.228871492 0.005377006
NES Higher expression 0.035 -1.282038832 0.0082961 -1.133736863 0.006457716
MMP1 Higher expression 0.0012 -5.924830878 4.02E-29 -1.218119967 0.007020677
STX1A Higher expression <0.0001 -1.504980004 0.000493534 -1.117800438 0.008090964
TGFB1 Higher expression 0.042 -1.180259464 0.004615661 -1.101259157 0.00822189
SOCS2 Lower expression 0.0077 1.115492865 0.026176488 -1.298361468 0.011468932
GPR3 Higher expression 0.011 -2.295065263 4.94E-06 -1.243002446 0.01226986
SERPINE1 Higher expression 0.02 -1.464442078 0.0004682 -1.02753642 0.013251239
CYP24A1 Higher expression 0.013 -4.317609041 6.40E-07 -1.00866971 0.015071537
CFB Lower expression 0.019 2.197608771 4.50E-06 1.895554111 0.018003167

HPDL Higher expression 0.03 -1.615823352 0.026720022 3.095788335 0.021566548
GDAP1L1 Higher expression 0.041 -6.361998874 0.004174171 3.095788335 0.021566548
LRP11 Higher expression 0.0062 1.153209446 0.01086116 1.078640391 0.024852735
CCL26 Higher expression 0.022 1.245918399 0.018950166 -1.03981667 0.025986633
VCAM1 Higher expression 0.027 3.683222684 5.75E-05 -1.008830303 0.030944281

weight (average: 3.43 g vs. 1.85 g) and the liver 
volume (average: 2.625 vs. 1.88 cm3) (Figure 
8C, 8D). Immunohistochemical staining of seri-
al sections showed that the expressions of 
α-SMA (13% positive vs. 33% positive), COL1A1 
(8% positive vs. 36% positive), FN1 (24% posi-
tive vs. 53% positive) and FAP (15% positive vs. 
77% positive) were downregulated in the treat-
ment group compared with the control group 
(Figure 8E). The corresponding dash lines indi-
cated tumor area of the liver lesions. In addi-
tion, Masson’s trichrome stain revealed a 
reduction in the expression of collagen fibers 
(22% positive vs. 33% positive) in the ERK1/2 
inhibition group compared with the control 
group (Figure 8E). Taken together, these results 
indicated that inactivation of ERK1/2 sup-

pressed HCC tumor-stromal interactions and 
tumor formation in vivo.

Discussion

In our study, we examined ERK1/2 in HCC and 
HSCs and its functional involvement in the HCC 
tumor-stromal interaction. Our data demon-
strated that ERK1/2 activation is stimulated 
accompanied by HCC fibrosis and HCC-HSC 
interactions. Inactivation of ERK1/2 in HCC and 
HSCs induced suppression of adherent capaci-
ty and ECM-related signaling pathway altera-
tions. In a mouse model, the ERK1/2 inhibitor 
SCH772984 suppressed tumor-stromal inter-
actions via downregulation of tumor fibrosis 
(Figure 9).
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Figure 6. The ERK1/2 inhibition-related gene set significantly correlated with 
CAF infiltration in HCC. A. Scheme of the ERK1/2 inhibition-related gene set 
screening process. B. The R package of EPIC, xCell, MCPcounter, and Esti-
mate were used for the evaluation of CAF infiltration score. C. Correlation be-
tween the ERK1/2 inhibition-related gene set and EPIC, xCell, MCPcounter, 
and Estimate.

Previous studies that indicated the involvement 
of ERK1/2 activation in EMT, cell proliferation 
and metastasis were focused mainly on cancer 
cells [18]. The expression of p-ERK1/2 has 
prognostic implication in HCC. However, α-SMA, 
a marker protein of HSC, also correlated with 
the prognosis of HCC. Our result showed co-

localization of α-SMA and p- 
ERK1/2, demonstrating evi-
dence of ERK1/2 activation in 
HSCs. Our result showed that 
activated HSCs stimulated by 
TGF-β1 or tumor cell superna-
tant had high levels of ERK1/2 
phosphorylation, and activat-
ed HSCs were more sensitive 
to the ERK1/2 inhibitor. Fur- 
thermore, ERK1/2 activation 
also increased in HSCs follow-
ing addition with tumor cell 
conditioned medium. These 
findings indicate that HCC may 
promote HSC activation and 
tumor-stromal interactions by 
regulating the phosphoryla-
tion of ERK1/2. Our study 
focused on the inactivation of 
ERK1/2 in HSCs but not tra- 
ditional tumor cells. Recent 
studies reported that everoli-
mus, curcumin, erlotinib and 
all-trans retinoic acid inhibit 
HCC progression via suppres-
sion of HSC activation [34-
37]. Furthermore, the HSC-
targeting drugs H3B-6527 
and Fisogatinib are currently 
in Phase I clinical trials for 
treatment of HCC (https://clin-
icaltrials.gov/ct2/show/NCT- 
02834780; https://clinicaltri-
als.gov/ct2/show/NCT0250- 
8467). These findings suggest 
that targeting HSCs may be a 
new therapeutic approach for 
HCC.

Extensive deposition of ECM 
components is a typical fea-
ture of fibrosis [38]. In fibrotic 
livers, ECM is formed by accu-
mulation of collagen type I 
and III, as well as non-collage-
nous glycoproteins like fibro-
nectin, hyaluronan and lam-

inin [39]. ECM plays a critical role in tumor cell 
invasion and metastasis. ECM is modified to 
enhance the attachment of cancer cells through 
alterations in cell-ECM adhesion dynamics to 
establish a growth factor-rich niche for invasion 
or metastasis [40]. CAFs serve as the principal 
cell type of ECM production and remodeling in 
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Figure 7. SCH772984 suppresses tumor-stromal interactions by regulation of HSC fibrosis. A. MHCC97H or Huh7 
cells were dyed with CellTracker Green, LX-2 cells were dyed with CellTracker Red, and migration assay was per-
formed for 12 and 24 h. Original magnification: × 100. Scale bars = 100 µm. ***P < 0.001. B. qRT-PCR of HSCs 
after ERK1/2 inhibition. *P < 0.05, **P < 0.01, ***P < 0.001. C. The protein levels of FN1, COL1A1, FAP and 
α-SMA in LX-2 cells following the indicated treatment.

Figure 8. SCH772984 decreased HCC tumor formation in a xenograft model with HCC cell and HSC co-transplan-
tation. A. Scheme of xenograft experiments. Female nude mice were intrasplenically transplanted with cancer cells 
with HSCs and randomized into two groups (n = 5/group). Two weeks after implantation, mice were dosed once 
daily with vehicle or SCH772984 (25 mg/kg) for two weeks; dosing occurred from day 21 to day 35. At day 36, 
mice were sacrificed and liver tumor lesions were harvested. B. Gross pathology showed that inhibition of ERK1/2 
significantly suppressed tumor formation of liver cancer. Scale bars = 1 cm. C, D. Inhibition of ERK1/2 decreased 
liver weight (P < 0.01) and liver volume (P < 0.05). E. Top: Masson trichrome and immunohistochemical staining 
showed significant reductions of α-SMA, COL1A1, FN, and FAP expression. Corresponding dash lines indicated the 
tumor area of the liver lesions. Bottom: quantification of protein expression from five fields. Scale bars = 200 µm. 
*P < 0.05, **P < 0.01.
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the TME of HCC. Additionally, CAFs were con- 
sidered to originate from activated HSCs. Our 
RNA-seq results revealed that inactivation  
of ERK1/2 remarkably downregulated ECM-
related signaling pathways in both cancer  
cells and stromal LX-2 cells. We analyzed and 
screened an ERK1/2 inhibition-related gene 
set, and the results revealed a significant cor-
relation between ERK1/2 inhibition and CAF 
infiltration. Moreover, we verified that inactiva-
tion of ERK1/2 suppresses HCC tumor-stromal 
interactions and also inhibits the ECM produc-
tion of both tumor cells and HSC LX-2 cells in 
vitro and in vivo. On the other hand, we con-
firmed that ERK1 and ERK2 are significantly 
correlated with the expression of FAP, FN1, and 
COL1A1 at the mRNA level by using TCGA HCC 
databases (Figure S4). However, how the ECM 
produced by tumor cells and HSCs regulates 
ECM remodeling in the TME is still unclear, and 
further investigation is needed.

This study demonstrates that ERK1/2 inactiva-
tion suppressed HCC tumor-stromal interac-
tions and cancer progression by regulation of 
fibrosis and ECM remodeling. Our findings  
suggest ERK1/2 is a potential novel target for 
clinical therapy and further investigation is 
required.
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Figure S1. Correlations between ERK1/2 expression and clinicopathological characteristics by bioinformatics. A. 
Expressions of ERK1 and ERK2 were significantly upregulated in all types of liver tumor tissues (HCC, fibrolamel-
lar carcinoma and hepatocholangial carcinoma) compared with tumor-adjacent normal tissues. B. Expressions of 
ERK1 and ERK2 in the indicated type of liver tumors compared with tumor-adjacent normal tissues. C. Expression 
of ERK1 and ERK2 in liver tumor in accordance with nodal metastasis. D. Expression of ERK1 and ERK2 in liver 
tumors in accordance with TP53 mutation.
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Figure S2. Expression of ERK1 and ERK2 in liver tumor in accordance with (A) cancer stage and (B) tumor grade.
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Figure S3. Cellular component and molecular function of Gene Ontology enrichment analyses. A, B. The cellular 
component and molecular function terms in aLX-2 cells and MHCC97H cells. The size of the dots represents the 
number of genes; a larger dot indicates a larger number of genes in the corresponding process.
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Figure S4. Correlation between COL1A1, FAP and FN1 with (A) ERK2 (MAPK1) or (B) ERK1 (MAPK3) at mRNA expression level.


