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Abstract: As a member of epidermal growth factor receptor (EGFR) kinase substrate 8 (EPS8) family, the role of
EPSS8 like 3 protein (EPS8L3) has not been well studied in malignancies. However, EPS8 has been reported to be
associated with prognosis and functions in several kinds of cancers. Hence, whether EPS8L3 plays similar roles
in the tumorigenesis of human cancers, especially in hepatocellular carcinoma (HCC), is still needed to be further
explored. In this study, we revealed that EPS8L3 was overexpressed in HCC tissues compared with adjacent non-
tumor tissues, and was associated with a poor clinical prognosis. Both in vitro and in vivo experiments showed that
EPS8L3 could promote the proliferative ability by downregulating p21/p27 expression, and promote the migratory
and invasive abilities by upregulating matrix metalloproteinase-2 expression. Furthermore, we demonstrated that
EPS8L3 could affect the activation of the EGFR-ERK pathway by modulating EGFR dimerization and internalization,
which may not depend on the formation of EPS8L3-SOS1-ABI1 complex. Taken together, our study showed that
EPS8L3 plays a pivotal role in the tumorigenesis and progression of HCC, and it might be a potential therapeutic
target for HCC.
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Introduction which can be activated by EGF, transforming

growth factor-a (TGFa), heparin-binding EGF,
Hepatocellular carcinoma (HCC), the predomi- amphiregulin, betacellulin, epiregulin, epigen
nant form of liver cancer, is reported to be the and neuregulin2-B [3]. Upon ligand binding to
fourth frequent cause of cancer related mortal- EGFR, receptors phosphorylation and activa-

ity worldwide, with over 800,000 newly diag-
nosed cases and over 700,000 deaths annual-
ly [1]. Surgical resection and liver transplanta-
tion were two main curative treatment for HCC
patients in early stage, but the overall progno-
sis of HCC remains dismal for the late diagnosis
or advanced stages [2]. Hence, it is urgent to
explore novel molecular mechanisms about
HCC initiation and progression, finding novel
therapy targets and methods.

tion of downstream signaling pathways were
triggered by homodimerization or heterodimer-
ization with other family members. As the major
canonical downstream signaling pathways,
RAS-RAF-MEK-ERK and RAS-PI3K-PTEN-AKT-
mTOR can be subsequently activated, leading
to the proliferation and migration of cancer
cells [4]. Internalization of EGFR, which includes
clathrin-mediated endocytosis and clathrin-
independent endocytosis, also affect the trans-
Epidermal growth factor receptor (EGFR) is a duction of signaling [5]. Anti-EGFR tyrosine
main member of the ERBB receptor family, kinase inhibitors (TKI) once were examples of
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success in targeting oncogene addiction in can-
cer, but facing increasingly serious drug resis-
tance due to tumor-specific adaptations [6, 7].

Epidermal growth factor receptor kinase sub-
strate 8-like proteins (EPS8Ls), including EPS8,
EPS8L1, EPS8L2 and EPS8L3, are originally
found to be substrates for EGFR. Among them,
EPS8 was firstly reported and relatively well
studied, which contains several functional re-
gions, including phosphotyrosine binding do-
main (PTB), EGFR-binding region, central SH3
domain and SAM-PNT domain overlapped by a
C-terminal “effector region” [8]. The overex-
pression of EPS8 can be observed in various
kinds of tumors, such as colon cancer, pancre-
atic cancer, ovarian cancer, breast cancer and
oral cancer, affecting the processes of tumori-
genesis, proliferation, migration and metasta-
sis [9-15]. The other three family proteins con-
serve the major structure of EPS8, with differ-
ent percentages of identical amino acids along
the whole molecule [16]. Among them, EPS8L3
is the shortest in amino acid length and shares
least similarity in modular organization with
EPS8 (Figure 1A). The functions of EPS8L3
remains unknown, as it is only involved in a few
studies, mainly focusing on Marie Unna heredi-
tary hypotrichosis, lacking enough studies that
related to tumorigenesis [17, 18].

In our study, we examined the expression of
EPS8Ls family in HCC tumor tissues and
matched normal tissues, and studied the func-
tion of EPS8L3 in HCC both in vitro and in vivo.
Furthermore, the similarity and difference of
the function with EPS8, and the relationship
with EGFR were also explored.

Materials and methods
Patients and tissue samples

A total of 173 pairs of HCC tissue samples and
92 pairs of intrahepatic cholangiocarcinoma
(ICC) tissue samples were collected from pa-
tients who underwent curative surgical resec-
tion of HCC or ICC as primary treatment at
the Department of Hepatobiliary Surgery, First
Affiliated Hospital of Zhejiang University (Zhe-
jiang, China). Paraffin-embedded HCC samples
from 114 patients were used to construct tis-
sue microarrays (TMAs) for immunohistochem-
istry (IHC) staining (Servicebio, Wuhan, China).
Fresh frozen samples were used for quantita-
tive real-time polymerase chain reaction (QRT-
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PCR) and western blot analysis. The study was
approved by the First Affiliated Hospital of
Zhejiang University Ethics Committee, and writ-
ten informed consent was obtained from each
patient in this study.

Cell lines and cell culture

Four liver cancer cells, including SNU449,
HepG2, HCCLM3 and Huh7 were purchased
from the China Center for Type Culture Co-
llection (CCTCC, Wuhan, China). All cell lines
had been authenticated using STR profiling.
Cell lines were cultured in MEM or 1640 (Gibco,
USA) supplemented with 10% (vol/vol) fetal
bovine serum (FBS, Gibco) in a humidified incu-
bator with 5% CO, at 37°C.

Small interference RNAs and stable cell clones
establishment

Small interference RNAs (siRNAs) targeted to
EPS8 and EPS8L3 mRNA were applied to kn-
ockdown endogenous EPS8 and EPS8L3 (Table
S1). siRNAs were delivered into cells by using
lipofectimine 2000 (Thermo Fisher Scientific,
USA). Lentiviruses containing the complete op-
en reading frame of EPS8L3 (Vector-EPS8L3)
and lentiviral-based small hairpin RNA (ShRNA)
targeting EPS8L3 (shRNA-EPS8L3) were pur-
chased from Funeng Company (Guangzhou,
China). Vector-NC and shRNA-NC were used as
negative controls. The target sequences of shR-
NA-EPS8L3 were listed in Table S2. Puromycin
with a final concentration of 5 ug/mL was used
for the selection of transfected cells, and the
selected cells were considered as stable cell
clones which could be prepared for subsequent
experiments.

RNA isolation and gRT-PCR

Total RNA of tissues and cultivated cells was
extracted using TRIzol Reagent (Thermo Fi-
sher Scientific) according to the manufacturer’s
instructions. Complementary DNA was synthe-
sized using HiScript Il 1st Strand cDNA Sy-
nthesis Kit (Vazyme, Nanjing, China). qRT-PCR
was carried out using ChamQ Universal SYBR
gPCR Master Mix (Vazyme) and 7500HT Fast
Real-Time PCR System (Applied Biosystems,
USA). The primers for gRT-PCR were shown in
Table S3. Relative gene expressions were nor-
malized to the expression of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as an
internal control.
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Figure 1. Upregulation of EPS8L3 expression in human tumor tissues. A. Schematic representation of human EPS8
and three related proteins EPS8L1, EPS8L2 and EPS8L3. B. The mRNA expression of EPS8, EPS8L1, EPS8L2 and
EPS8L3 of human liver tissues in TCGA and GTEx databases (Number of tumor tissues = 369; Number of normal tis-
sues = 160). C. The mRNA expression of EPS8L3 was detected in 51-paried (HCC) and 92-paried (ICC) tumor tissues
and adjacent non-tumorous tissues by RT-qPCR. D. The protein levels of EPS8L3 were examined by western blotting
in 8-paired HCC tissues. E. Representative images of IHC for EPS8L3 expression in tumor tissues and adjacent non-
tumor tissues of HCC patients (N = 114). F. HCC patients with low EPS8L3 mRNA expression exhibited better overall
survival rate and disease free survival rate in GEPIA database (N = 182 per group). G. Total samples tested and
samples with EPS8L3 point mutations in pan-cancer and liver cancer. H. Graphical view of point mutations across
EPS8L3 in liver cancer samples. Mutations are displayed at the amino acid level across the full length of the gene.
|. Total samples tested and samples with EPS8L3 variants, including copy number variation, gene overexpression
and methylation.

Western blot analysis containing proteinase inhibitor (cocktail, Ther-

mo Fisher Scientific). Cell lysates were sepa-
Total protein of cells or tissues was extracted rated by SDS-PAGE gels (GenScript, Nanjing,
by using RIPA buffer (Thermo Fisher Scientific) China) and transferred onto polyvinylidene
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difluoride (PVDF) membranes (Millipore, USA).
The membranes were blocked with 5% nonfat
milk at room temperature for 1 h, and incubat-
ed with their respective primary antibodies
and HRP-conjugated secondary antibodies.
The antibodies used in western blot analysis
were listed in Table S4. The chemiluminescent
signaling was detected by using ECL chemilumi-
nescence detection kit (Millipore).

Immunohistochemistry analysis

Paraffin-embedded tissues were cut into slices,
mounted on slides, deparaffinized and rehy-
drated. 3% H,0, in methanol was used to inac-
tivate endogenous peroxidase activity, and
citrate buffer was applied to retrieve antigen
in a microwave oven. Then, the slices were
exposed to indicate primary antibodies over-
night at 4°C. In the next day, the slices were
incubated with corresponding secondary anti-
bodies before staining with DAB (Zsbio, Beijing,
China). The antibodies used in immunohisto-
chemistry were listed in Table S4. Stained tis-
sue sections were assessed manually by two
independent pathologists without knowledge
of the patients’ clinical characteristics, and the
method for staining score has been introduced
in our previous study [19].

Immunofluorescence

Cells grown on confocal cell culture dishs (Nest,
CA, USA) were washed with fixed with 4% para-
formaldehyde for 15 min. After blocking with
4% bovine serum albumin (BSA) and permeabi-
lizing with 0.5% Triton-X, the cells were incubat-
ed with primary antibodies overnight at 4°C.
After washing with phosphate buffer saline
(PBS), the cells were incubated with Alexa Fluor
488 and Alexa Fluor 594 labeled IgG (Thermo
Fisher Scientific) for an hour. After washing
again, the cells were stained with DAPI (Thermo
Fisher Scientific) for 5 min, and imaging was
taken with a high-resolution confocal micro-
scope (Olympus, Japan). For the experiment
of internalization of EGFR, the serum-starved
cells were stimulated with EGF for 15 min
before fixed with 4% paraformaldehyde. Anti-
bodies used in immunohistochemistry were
listed in Table S4.

Cell proliferation assay
Cell proliferation assay was performed with cell

counting kit-8 (CCK-8, Dojindo, Japan). In brief,
cells were seeded into 96-well plates with
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2000 cells per well and cultured in MEM or
1640 with 10% FBS. CCK-8 reagent was added
at different time points. Optical density was
measured by microtiter reader (Biotek,
Winooski, USA) at 450 nm. Relative cell num-
bers were normalized to the cell numbers of
first day based on the optical density.

Colony formation assay

Cells were plated in 6-well plates (2000 cells
per well) and cultured for about two weeks. The
plates were stained with 1% crystal violet after
being fixed in 4% paraformaldehyde for 30 min.
The numbers of colonies in every well were
counted to evaluate the ability of colony for-
mation.

Cell migration and invasion analysis

Transwell chambers (Millipore) with polycarbon-
ate membranes (8 um pore size) were used in
this study. Serum-free MEM or 1640 containing
2 x 10 cells were added to the upper chamber,
while MEM or 1640 containing 10% FBS was
added to the bottom chamber. Filters were pre-
coated with 60 ul Matrigel (BD Biosciences,
USA) for invasion assays. The migrated or in-
vaded cells on the outside of filter membrane
were fixed and stained with crystal violet for 30
min at room temperature. The numbers of cells
on the outside of membrane were counted to
evaluate the ability of migration or invasion.

Wound healing assay

The wound healing assay was performed by
using the culture-inserts 2 well for self-inser-
tion (ibidi, Martinsried, Germany). Cells were
seeded into the wells and cultured for one day.
Cell-free gaps were created by removing the
culture-inserts after cell attachment. Images
were obtained by a microscope (Olympus) at O
h and 48 h after the removal.

Flow cytometry analysis

For cell cycle analysis, cells were trypsinized
and fixed with cold 70% ethanol at -20°C over-
night. In the next day, cells were collected and
stained with propidium iodide (BD Bioscience,
USA) for 15 min in dark at room temperature.
After that, cell cycle analysis was performed by
FACS flow cytometer (BD Bioscience).

For EGFR internalization assay, cells were se-
rum-starved for two days before the assay. On

Am J Cancer Res 2020;10(1):60-77



EPS8L3 promotes HCC proliferation and metastasis

the third day, cells were collected after incubat-
ing with EGF (Peprotech, NY, USA) for 15 min
or not. Then the cells were incubated with
Alexa Fluor 488 anti-human EGFR antibody
(#352908, Biolegend, CA, USA) without perme-
ation for 30 min in dark. After washing with
PBS, cells were promptly subjected to the flow
cytometry analysis. For cell stemness assay,
cells were incubated with PE anti-human
CD133 antibody (#372803, Biolegend, CA,
USA) and FITC anti-human CD326 antibody
(#324204, Biolegend, CA, USA).

Dimerization of EGFR

Cells were grown in MEM with 10% FBS and
then were serum-starved for two days before
treating with EGF (100 ng/ml). Cells were cross-
linked by BS3 (Thermo Fisher Scientific) with a
concentration of 2.5 mM at room temperature
for 30 min at the designated time (O and 15
min) after EGF stimulation. Tris-HCI (pH = 7.5)
with a concentration of 10 mM was used to
quench the cross-link. And then western blot
analysis was performed to detect EGFR dimer-
ization in those cells.

Animal experiments

Four-week-old male BALB/c nude mice were
purchased from Shanghai Experimental Animal
Center of Chinese Academy of Sciences and
fed in a pathogen-free vivarium. HCCLM3 cells
(8 x 108) with stable transfection were injected
subcutaneously into the armpits of nude mice
for subcutaneous xenograft study, and injec-
ted into caudal vein for pulmonary colonization
assay. Tumor size was calculated with the for-
mula: volume = 1/2 x (long diameter) x (short
diameter)?. When the largest tumor volume re-
ached approximately 1 cm3, all tumors were
excised, photographed and weighted. For or-
thotopic transplantation tumor model, HCC tis-
sues from subcutaneous transplanted tumor
model were injected (1 mm?3) into the livers. For
pulmonary colonization assay, small living ani-
mal imaging technology was applied with the
use of D-luciferin sodium salt (Yeasen, Shang-
hai, China). Both the tumors and lungs were
fixed in 4% paraformaldehyde and applied to
IHC analysis. All animal studies were designed
in accordance with the National Institutes of
Health Animal Care and Use Guidelines and
approved by the Animal Care Committee of
Zhejiang University.
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Statistical analysis

Statistical analyses were performed with SPSS
23.0 for Windows (SPSS Inc., IL, USA). The dif-
ference between experimental groups was
compared using Student t-test and Chi-square
analysis. The survival rates were analyzed by
Kaplan-Meier survival analysis. Graphs were
made using GraphPad Prism software (Graph-
Pad Software Inc., CA, USA). Data are expressed
as mean * standard deviation (SD). A p value
<0.05 was considered to be statistically sig-
nificant.

Results

Expression of EPS8L3 is frequently upregu-
lated in human tumor specimens

The mRNA expressions of EPS8 family were
detected in liver tumor tissues and normal tis-
sues in TCGA and GTEx databases. Among
them, only the mRNA expression of EPS8L3
was much higher in tumor tissues than in nor-
mal tissues (Figure 1B). EPS8 mRNA expres-
sion had been reported to be upregulated in
many kinds of tumor tissues, but it failed to be
upregulated in HCC tissues. In order to explore
whether there were some correlations betwe-
en the mRNA expression of EPS8L3 and other
family members, we performed a correlation
analysis using TCGA data. The result revealed
that no significant corrections were existed

(Figure S1A-C).

In addition, the mRNA expression of EPS8L3
were evaluated in other kinds of human tumor
comparing with respective normal tissues, whi-
ch demonstrated that the expressions were
increased in cholangiocarcinoma (CHOL), colon
adenocarcinoma (COAD), esophageal carcino-
ma (ESCA), pancreatic adenocarcinoma (PAAD)
and rectum adenocarcinoma (READ) (Figure
S1D). The RT-gPCR results using 51 pairs of
fresh HCC samples and 92 pairs of fresh ICC
samples further confirmed the former findings
(Figure 1C). Results from western blotting anal-
ysis of 8-paired HCC samples and IHC staining
using tissue microarrays assay also demon-
strated that tumor samples had higher EPS8L3
level than that in adjacent non-tumorous sam-
ples (Figure 1D, 1E). More importantly, EPS8L3
expression was significantly associated with
pathological differentiation (P = 0.003) (Table
1). Furthermore, patients with lower EPS8L3
mRNA expression exhibited better overall sur-
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Table 1. Correlation between clinicopathological features

of HCC patients and EPS8L3 expression

EPS8L3 contributes to HCC cell pro-
liferation

Relative EPS8L3 expression in HCC
(tumor/adjacent non-tumor)

To explore the potential functions of

Variation X EPS8L3 in HCC, we performed the
Low High . . . .
(<1.n=69) (>1,n = 45) Pvalue gain or loss-of-function studies in
HCCLM3, Huh7, HepG2 and SNU449
Gender L .

cells. Lentiviruses and siRNAs were
Male 65 41 0.528 applied to change the mRNA expres-
Female 4 4 sion of EPS8L3. The EPS8L3 mRNA
Age (years) expressions were significantly de-
>40 56 39 0.441 creased in knockdown groups com-
<40 13 6 paring with normal control group,
Tumor size (diameter) while the mRNA expressions of three
>5 om 50 33 0.919 other family members wgre not obvi-
<5cm 19 12 ously changed. Megnwhne, the EPS-
8L3 mRNA expressions in the overex-

Tumor number . . .

] pression groups increased with other
Single 55 37 0.740 members unchanged (Figure 2A, 2B).
Multiple 14 8 Remarkable decrease or increase of

Cirrhosis EPS8L3 expression could be observed
Yes 56 35 0.660 by western blotting after the respec-
No 13 10 tive lentiviruses transfection in both

AFP Level (ng/ml) HCCLM3 and Huh7 cells (Figure 2A,
>400 22 15 0.872 2B).
<400 _ _ a7 30 Compared with respective control ce-

Vascular invasion lls, EPS8L3 knockdown cells showed
Yes 22 21 0.111 obvious decrease in cell growth rate,
No 47 24 while EPS8L3 overexpressed cells

Tumor thrombosis exhibited significant increase in cell
Yes 41 29 0.590 growth rate by CCK-8 assay (Figure
No 28 16 2C, 2D). Furthermore, colony forma-

TNM stage tigcn e][ssfaéF\)NS%ngppliedlto a?sesstﬁhe

effect o on colony formation
:;:Lv i; ii 0.359 ability both in HCCLM3 and Huh7
cells. Colony number of EPS8L3 de-

Pathological differentiation pleted cells was decreased and that
-l 56 25 0.003** of EPS8L3 overexpressed cells was
H-Iv 13 20 increased compared to their respec-

Abbreviations: AFP, alpha-fetoprotein; EPS8L3, epidermal growth factor
receptor kinase substrate 8-like protein 3; HCC, hepatocellular carcinoma;

TNM, tumor/node/metastasis. **: P<0.01.

vival rate (P = 0.009) and disease free survival
rate (P = 0.033) (Figure 1F). In order to explore
the possible mechanism for the overexpression
of EPS8L3 at mRNA level in tumor tissues, we
analyzed the mutations of EPS8L3 in both pan-
cancer and liver cancer using the COSMIC data-
base. According to the analysis, EPS8L3 has a
low rate of point mutation, copy number varia-
tion and methylation, but has a relatively high
rate of gene overexpression (Figure 1G-I, Figure
S1E-G).
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tive control cells (Figure 2E, 2F). In
addition, flow cytometry assay was
carried out to assess the effect of
EPS8L3 knockdown and overexpres-
sion on cell cycle. An obvious increase of cells
in GO/G1 phase and a significant reduction of
cellsin G2/M phase was observed in the knock-
down group comparing with its control group.
On the contrary, the relative cell number in GO/
G1 phase significant decreased and that in
G2/M phase obvious increased in overexpres-
sion group comparing with control group (Figure
2G, 2H). The role of EPS8L3 in promoting cell
proliferation was further confirmed in HepG2
and SNU449 (Figure S2A-D). Collectively, these
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Figure 2. Changes of cell proliferation after EPS8L3 knockdown and overexpression in HCC cells. (A, B) The relative
MRNA expressions of EPS8Ls family and protein expression of EPS8L3 after EPS8L3 knockdown or overexpression
in HCCLM3 (A) and Huh7 (B) cells. (C, D) Cell growth was inhibited after the knockdown of EPS8L3, but promoted
after the overexpression of EPS8L3 in HCCLM3 (C) and Huh7 (D) cells. (E, F) Colony formation of HCCLM3 (E) and
Huh7 (F) cells after EPS8L3 knockdown or overexpression. (G, H) Cell cycle distribution was detected after the
knockdown or overexpression of EPS8L3 in HCCLM3 (G) and Huh7 (H) cells. Quantitative data were shown as mean
+ s.d. Results were obtained from three independent experiments. *: P<0.05, **: P<0.01.

data showed that knockdown or overexpres- assays to verify whether EPS8L3 had similar
sion of EPS8L3 effectively inhibited or promot- effects in HCC cell lines. The abilities of migra-
ed cell proliferation, which might imply that tion and invasion were obviously inhibited in
EPS8L3 played an important role in cell pro- knockdown group, while they were significantly
liferation. promoted in overexpression group comparing

with their respective control groups in Huh?,
EPS8L3 promotes HCC cell migration and inva- HepG2 and SNU449 cells (Figures 3A, S2E,
sion S2F). Wound healing assays also demonstrat-

ed that the migratory ability was weakened
As EPSS8 has been reported to affect cell migra- after the knockdown of EPS8L3 in four HCC cell
tion and invasion in many kinds of tumor, we lines, and the changes were most obvious in
used transwell models and wound healing Huh7 cell lines (Figures 3B, S2G, S2H). Con-
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P<0.01.

sidering that EPS8 played an important role in
controlling actin capping and bunding in the for-
mation of filopodia, we supposed that EPS8L3
may have similar functions on actin capping
and bunding. HCC cell lines were transfected
with two independent EPS8-specific or EPS8L3-
specific siRNAs, and the mRNA expression
changes of EPS8 family genes were detected.
The results revealed that the specific siRNAs
could specifically decrease the target gene,
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and make other three members unchanged
(Figure S3A, S3B). After the confirmation of
siRNA efficacy, we performed immunofluores-
cence to evaluate the role of EPS8L3 on actin
and filopodia formation in Huh7 cells. The filo-
podia turned out to be much less in the EPS8
knockdown groups comparing with its normal
control group, while the difference was not so
obvious between EPS8L3 knockdown groups
and control group (Figure 3C, 3D).
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Whether epithelial-mesenchymal transition
(EMT) and cell stemness were involved in the
change of migratory and invasive abilities, we
checked the expressions of several EMT, cell
stemness and hepatic differentiation related
markers in EPS8L3 knockdown cells and con-
trol cells. No significant differences were ob-
served between two groups at the mRNA level
(Figures S3C-F, S4A-D). The protein expression
of E-cadherin was increased, while N-cadher-
in and Vimentin were decreased in EPS8L3
knockdown HCCLM3 cells, but the similar
changes were not observed in Huh7 cells
(Figure S3G). The expressions of CD133 and
CD326 were turned out to be similar between
the knockdown groups and control groups
(Figure SAE-H). In total, EMT might be involved
in the change of migratory and invasive abili-
ties, but cell stemness might not be affected by
the knockdown of EPS8L3.

EPS8L3 enhances the activation of the EGFR-
ERK pathway

As the EPS8Ls family was EGFR pathway sub-
strates, we supposed that EPS8L3 might pro-
mote HCC cells proliferation and metastas-
is through activating the EGFR-ERK pathway,
which was considered to be one of the major
canonical pathways that could be activated by
EGFR. For this purpose, the activation of EGFR
and downstream molecules in EPS8L3 knock-
down HCC cells were examined. The results
revealed that EGFR phosphorylation (pEGFR)
at Y1068 residues and ERK phosphorylation
(PERK) were reduced in EPS8L3 knockdown
cells in comparison to those in control cells,
and the protein levels of intermediate mole-
cules, mainly including Raf-1 phosphorylation
(pRaf-1) and MEK1 phosphorylation (pbMEK1),
were both decreased to some extent (Figure
4A, 4B). Moreover, the decreased matrix metal-
loproteinase-2 (MMP2) expression and increa-
sed p21/p27 expression were also observed in
knockdown group, when compared to control
groups, but the change of matrix metallopro-
teinase-9 (MMP9) was not obvious enough
(Figure 4C). The IHC staining of p21 and p27
using the TMAs confirmed that both of them
had relatively lower protein expressions in
the tumor tissues than in adjacent nontumor
tissues. Meanwhile, the correlations between
EPS8L3 and p21 or p27 were analyzed based
on the IHC staining scores, and the results
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revealed that significant negative correlation
existed between EPS8L3 and p21, but not
between EPS8L3 and p27 (Figure 4D, 4E).
Taken together, our study demonstrated that
EPS8L3 could regulate the EGFR-ERK path-
way.

EPS8L3 knockdown inhibited the dimerization
and internalization of EGFR

Dimerization and internalization of EGFR are
two crucial steps in the EGFR-mediated signal
transduction. Whether EPS8L3 could modulate
the EGFR-ERK pathway via these two steps was
still needed to be further verified. Thus, dimer-
ization and internalization of EGFR in EPS8L3
knockdown HCC cells was examined. The for-
mation of EGFR dimers after EGF stimulation
appeared to be less effective in EPS8L3 knock-
down HCC cells compared with negative control
cells (Figure 5A). As EGFR internalization also
played a pivotal role in the downstream signal
transduction and receptor recycling, it was also
explored by flow cytometry and immunofluores-
cence. EGFR on cell surface was measured by
flow cytometry to reflect EGFR internalization.
With the deletion of EPS8L3, level of EGFR on
cell surface was dramatically increased in
response to EGF stimulation (Figure 5B). Mo-
reover, the percentages of colocalization be-
tween EGFR and EEA1, an early endosome
marker that representing EGFR internalization,
were obviously reduced in EPS8L3 knockdown
Huh7 cells after EGF stimulation comparing
with the control cells (Figure 5C, 5D). In sum-
mary, these results showed that loss of EPS8L3
could significantly impair the dimerization and
internalization of EGFR.

As the functions of EPS8 were mainly depend-
ed on the formation of EPS8-ABI1-SOS1 com-
plex, the role of the complex in EPS8L3 related
functions was still unclear. Significant positive
correlations were existed among EPSS8, SOS1
and ABI1 at the mRNA level (Figure 6A-C).
However, no significant correlations were ob-
served between EPS8L3 and SOS1 or ABI1 at
the mRNA level (Figure 6D, 6E). Although the
protein expressions of SOS1 and ABI1 in HCC
tissues were both much higher than in adjacent
non-tumorous tissues, which was consistent
with the protein expression of EPS8L3, but the
correlations were still weak at the protein level
(Figure 6F, 6G). Hence, EPS8L3 might affect
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Figure 4. Repression of the EGFR-ERK pathway after EPS8L3 knockdown in HCC cells. (A, B) The changes of related
protein levels in the EGFR-ERK pathway after EPS8L3 knockdown in HCCLM3 (A) and Huh7 (B) cells. (C) The change
of MMP2, p21 and p27 in HCCLM3 and Huh7 cells with EPS8L3 knockdown. (D, E) Representative images of IHC
for p21 (D) and p27 (E) expression in tumor tissues and adjacent non-tumor tissues of HCC patients (N = 114). The
correlations between EPS8L3 and p21 or p27 were shown in the bottom panel.

the dimerization and internalization of EGFR
through a complex-independent way in HCC.

EPS8L3 promotes tumor growth and pulmo-
nary colonization in mice

To investigate the role of EPS8L3 in tumor
growth and pulmonary colonization in vivo,
EPS8L3 knockdown or overexpressed HCCLM3
cells together with negative control cells we-
re injected subcutaneously into nude mice for
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growth analysis and through caudal vein for
pulmonary colonization analysis. Orthotopic tr-
ansplantation tumor model was also estab-
lished using HCC tissues from subcutaneous
transplanted tumor model. Subcutaneous tu-
mor size was measured every 4 or 6 days and
tumors were weighed after excision. Both tumor
volume and tumor weight were significantly
decreased in the EPS8L3 knockdown groups,
while obviously increased in the overexpres-
sion group compared with their respective con-
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s.d. *: P<0.05, **: P<0.01.

trol groups (Figure 7A, 7B). Meanwhile, the
results from orthotopic transplantation tumor
model demonstrated that both tumor wei-
ght and tumor weight/liver weight ratio were
increased in EPS8L3 overexpression group
(Figure 7C). The difference of pulmonary coloni-
zation between different groups was measured
by small living animal imaging technology. The
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percentage of mice with lung colonization was
much higher in the control group in comparison
with EPS8L3 knockdown groups (Figure 7D).
Hematoxylin-eosin staining of lungs also revea-
led that the tumor in the control group was big-
ger than those in knockdown groups (Figure
TE). With the reduction of EPS8L3, the protein
levels of Ki-67 and MMP2 were reduced signifi-
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cantly as evident by IHC analysis. Contrarily, the
protein levels of Ki-67 and MMP2 were in-
creased with the overexpression of EPS8L3
(Figure 7F). Accordingly, EPS8L3 could promote
tumor growth and pulmonary colonization in
vivo.

Discussion

EGFR, which belongs to receptor tyrosine kinas-
es (RTKs), is regarded as a promising therapeu-
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tic target for various kinds of cancer. With the
clinical application of TKIs, patients with tumors
including non-small cell lung cancer (NSCLC),
breast cancer and renal cell carcinoma, showed
better survival rates [20-22]. However, in term
of HCC, treatment failure was reported in relat-
ed clinical trials, partly due to the incomplete
understanding of the underlying mechanism
that drives tumor progression [23]. EPSS8, a
substrate for EGFR, has been reported to be
upregulated in many kinds of cancer and cor-
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Figure 7. Changes of proliferation and pulmonary colonization with EPS8L3 alteration. A. Tumor growth of EPS8L3
knockdown HCCLM3 cells and negative control cells was measured every 6 days. Tumors were weighed after exci-
sion (N = 6). B. Tumor growth of EPS8L3 overexpressed HCCLM3 cells and negative control cells were measured
every 4 days. Tumors were weighed after excision (N = 6). C. Representative tumors from orthotopic transplantation
tumor model were shown. Tumors and livers were weighed after excision (N = 5). D. The images of small living ani-
mal imaging using D-luciferin sodium salt were shown. (N = 8 per group). E. Representative pictures of pulmonary
colonization foci in different groups. F. Representative pictures of IHC staining for different groups were displayed.
Results of three independent experiments were shown as mean + s.d. *: P<0.05, **: P<0.01, ***: P<0.001.

related with tumorigenesis, proliferation and
metastasis [9-15]. Nonetheless, the role of
EPS8 in HCC has been never reported, which
may partly due to the unobvious difference of
MRNA expression between HCC tumor tissues
and adjacent non-tumor tissues, and this was
further confirmed by our result using the TCGA
and GTEx data. Hence, whether other three
EPS8Ls would take the place of EPS8 in HCC
carcinogenesis was needed to be further inves-
tigated. According to the TCGA and GTEx data-
bases, only the mRNA expression of EPS8L3,
not EPS8L1 and EPS8L2, showed significant
difference between two groups, and the differ-
ence was also verified in other five kinds of can-
cer. Therefore, we chose EPS8L3 for further
investigation and to verify whether it had a simi-
lar role in carcinogenesis with EPS8. In spite of
the unobvious correlation between the mRNA
expression of EPS8L3 and other family mem-
bers, the relationship among the EPS8Ls was
still needed to be further explored both in
expression and function.

In our present study, we revealed that both the
EPS8L3 mRNA expression and protein expres-
sion were commonly upregulated in tumor tis-
sues compared with adjacent normal tissues.
Furthermore, the overexpression of EPS8L3
was confirmed by the TMAs containing paired
tissues of 114 HCC patients. The IHC results
also demonstrated that the high EPS8L3 ex-
pression was statistically associated with path-
ological differentiation, and patients with low
EPS8L3 expression showed better survival.
Only a few of EPS8L3 related studies could be
found, and the majority was referred to Marie
Unna hereditary hypotrichosis. Hence, our
results may provide a novel evidence of aber-
rant upregulation of EPS8L3 in some kinds of
tumor tissues, especially in the HCC tissues.

In term of the functional exploration, we showed
that the cell growth was obviously inhibited in
HCC cells with EPS8L3 knockdown, and signifi-
cantly promoted with EPS8L3 overexpression.
As unrestricted cell proliferation is considered
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to be a major hallmark of cancer [24], EPS8L3
may play an important role in HCC carcinogen-
esis. In the western blot analysis, we found that
the expression of p21 and p27, which were
regarded as two major cell cycle regulators,
were decreased with EPS8L3 overexpression
and increased with EPS8L3 knockdown. In con-
clusion, these data indicated that EPS8L3 may
affect the cell cycle process by modulating the
expression of p21 and p27, leading to the pro-
motion of cell proliferation. The finding was con-
sistent with another EPS8L3 related study,
which revealed that EPS8L3 could promote cell
proliferation by inhibiting the transitivity of
FOXO01 [25].

Similarly, the enhanced abilities of migration
and invasion were also considered to be major
characteristics of cancer. Our study demon-
strated that the overexpression of EPS8L3
enhanced both abilities while both were weak-
ened by the knockdown of EPS8L3. As the
EPS8 family shared major structure and func-
tional regions, they were believed to have some
similarities in regulating cell function. EPS8
was a relatively well-study molecules in the
family, and was reported to play an important
role in capping the barbed ends of actin fila-
ment, leading to the control of actin-based
motility in many studies [10, 26-28]. According
to our study, the ability of regulating dynamic
actin-based cell protrusions and intercellular
cytoskeletal organization was appeared to have
some difference between EPS8 knockdown
groups and control group, but the difference
seem to be not obvious enough in the EPS8L3
knockdown groups and control group. These
results revealed that the effect of EPS8L3 in
regulating cytoskeletal organization was not as
efficient as EPS8, and EPS8L3 may promote
cell migration and invasion through other ways.

As EPS8L3 has shown an important effect on
cell proliferation, migration and invasion, we
investigated the underlying molecular mecha-
nisms. EPS8Ls, which regarded as substrates
for EGFR, shared an EGFR-binding region [16].
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Figure 8. The proposed model for the function and mechanism of EPS8L3 in HCC.

By interacting with EGFR, the EGFR signaling
pathways would be modulated, and this was
considered to be an important way for various
proteins to control the malignant phenotypes of
cancer cells [29-32]. As one of the main down-
stream effectors of EGFR, ERK phosphorylation
was significantly inhibited in EPS8L3 knock-
down groups comparing with control group, and
this process was at least in part through the
RAF-MEK-ERK axis. Meanwhile, the protein ex-
pression of EPS8 was still unchanged. Con-
sistent with ERK phosphorylation, the protein
levels of MMP2, p21 and p27 also changed
with the alteration of EPS8L3. Moreover, the
change of MMP2 may contribute to the change
of the abilities of cell migration and invasion.
These results implied that EPS8L3 could affect
cell proliferation, migration and invasion pre-
sumably by modulating the EGFR-ERK signaling
axis.

Dimerization and internalization of EGFR were
two key processes following EGFR binding with
EGF, as dimerization could initiate the signal
transduction [33-35] and EEA1-mediated endo-
cytosis could lead to the EGFR recycling and
sustained the signaling [36, 37]. Our recent
results demonstrated that EPS8L3 may affect
the dimerization and internalization of EGFR,
which could subsequently modulate the EGFR
signaling cascade.
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Results from in vivo experiments also revealed
that the knockdown of EPS8L3 could reduce
the tumor volume and weight, but overexpres-
sion of EPS8L3 could increase both. The simi-
lar results also appeared in the pulmonary col-
onization assay, and these results were consis-
tent with the results of in vitro experiments. Mo-
reover, IHC analysis indicated that the expres-
sion of Ki-67 and MMP2 were decreased
with EPS8L3 knockdown, and increased with
EPS8L3 overexpression. Hence, our findings
suggested that EPS8L3 could affect the tumor
growth and pulmonary colonization, and the
change of the ability of pulmonary colonization
is likely mediated by the alteration of MMP2.

In conclusion, we demonstrated that EPS8L3
could affect the dimerization and internaliza-
tion of EGFR, and regulate cell proliferation and
metastasis probably through the modulation of
EGFR-ERK pathway (Figure 8). Furthermore, we
revealed that EPS8L3 could share some simi-
lar functions, but the efficacy was weakened
to some extent when compared with EPS8.
Hence, our study suggested that overexpressed
EPS8L3 not only correlated with HCC prognosis
but also led to the promotion of HCC cell prolif-
eration and metastasis, and this may imply that
EPS8L3 could become a potential target for the
novel and effective treatment of HCC.
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Table S1. Sequences of siRNAs

Name Sequence

Negative control-sense 5’-UUCUCCGAACGUGUCACGUTT-3’
Negative control-antisense  5’-ACGUGACACGUUCGGAGAATT-3’
SiEPS8-1-sense 5-GCUUGAUGCCAAGGGCAAATT-3’
SiEPS8-1-antisense 5-UUUGCCCUUGGCAUCAAGCTT-3’
SiEPS8-2-sense 5-GCGAGAGUCUAUAGCCAAATT-3’

SiEPS8-2-antisense 5’-UUUGGCUAUAGACUCUCGCTT-3’
SiEPS8L3-1-sense 5-GCUGGACUCUUACCGCCUATT-3’
siEPS8L3-1-antisense 5-UAGGCGGUAAGAGUCCAGCTT-3’
SiEPS8L3-2-sense 5’-CCACCUGAGAGUAACCUUUTT-3’

sSiEPS8L3-2-antisense 5’-AAAGGUUACUCUCAGGUGGTT-3’

Table S2. The shRNA target sequences for EPS8L3-knockdown

Name Target Sequences
shRNA1 5-GGTTCCAATGCTTCGACTTAG-3’
shRNA2 5’-GGAGCCAGCTACTTCGCATAA-3’

Table S3. Primers in realtime-PCR

Name Primer sequence

EPS8-F 5-AGTATCGTGCGAGACAGCCAGA-3’
EPS8-R 5’-CTCCGACCAATGGTCAGTCTGT-3’
EPS8L1-F 5’-CTCCACGTGAAAACGAGCTCTG-3’
EPS8L1-R 5’-CGCTGAAGAACTCGGGTCTGTA-3’
EPS8L2-F 5’-CAAGGACCTGTTTGAGCAGAGG-3’
EPS8L2-R 5-GTGATGGCTTCGCTCTTGTCCA-3’
EPS8L3-F 5’-CTGCTACAGTCCTGTCTAAGCC-3’
EPS8L3-R 5-GAGAATGTGGGTTGGTAGGGCA-3’
GAPDH-F 5’-GAGCCAAAAGGGTCATCATCT-3’
GAPDH-R 5’-TTCCACGATACCAAAGTTGTCA-3’
ALB-F 5’-GATGAGATGCCTGCTGACTTGC-3’
ALB-R 5’-CACGACAGAGTAATCAGGATGCC-3’
CK18-F 5-GCTGGAAGATGGCGAGGACTTT-3’
CK18-R 5-TGGTCTCAGACACCACTTTGCC-3’
C/EBPa-F 5’-AGGAGGATGAAGCCAAGCAGCT-3’
C/EBPo-R 5-AGTGCGCGATCTGGAACTGCAG-3’
HNF1o-F 5’-AGACGCTAGTGGAGGAGTGCAA-3’
HNF1o-R 5’-GGCAAACCAGTTGTAGACACGC-3’
SOX-F 5’-GCTACAGCATGATGCAGGACCA-3’
SOX-R 5'-TCTGCGAGCTGGTCATGGAGTT-3’
BMI1-F 5’-GGTACTTCATTGATGCCACAACC-3’
BMI1-R 5-CTGGTCTTGTGAACTTGGACATC-3’
OCT4-F 5’-CCTGAAGCAGAAGAGGATCACC-3’
OCT4-R 5-AAAGCGGCAGATGGTCGTTTGG-3’
NANOG-F 5’-CTCCAACATCCTGAACCTCAGC-3’
NANOG-R 5’-CGTCACACCATTGCTATTCTTCG-3’

Z01-F 5’-GTCCAGAATCTCGGAAAAGTGCC-3’
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Z01-R 5’-CTTTCAGCGCACCATACCAACC-3’
CDH1-F 5’-CTCACATTTCCCAACTCCTCTC-3’
CDH1-R 5’-ACCTTGCCTTCTTTGTCTTTGT-3’
CDH2-F 5’-CCTCCAGAGTTTACTGCCATGAC-3’
CDH2-R 5’-GTAGGATCTCCGCCACTGATTC-3’
VIMENTIN-F 5’-ATCCAAGTTTGCTGACCTCTCT-3’
VIMENTIN-R 5’-GTTCTCTTCCATTTCACGCATC-3’
SNAIL-F 5’-CAATCGGAAGCCTAACTACAGC-3’
SNAIL-R 5’-ACAGAGTCCCAGATGAGCATT-3’
SLUG-F 5’-ATCTGCGGCAAGGCGTTTTCCA-3’
SLUG-R 5’-GAGCCCTCAGATTTGACCTGTC-3’
TWIST-F 5’-GCCAGGTACATCGACTTCCTCT-3’
TWIST-R 5’-TCCATCCTCCAGACCGAGAAGG-3’
ZEB1-F 5’-CAGTGAAAGAGAAGGGAATGCT-3’
ZEB1-R 5’-TACATCCTGCTTCATCTGCCT-3’

Table S4. Antibodies for immunohistochemistry, immunofluo-
rescence and western blot analysis

Antibody Catalog Number Manufacturer
EPS8L3 ab196678 Abcam

EEA1 ab196186 Abcam

EGFR ab30 Abcam

ERK1/2 ab54230 Abcam
pPERK1/2 ab76299 Abcam

Raf-1 ab137435 Abcam

pRaf-1 ab173539 Abcam

MEK1 ab32091 Abcam

pMEK1 ab96379 Abcam

Ki-67 ab15580 Abcam

SOS1 ab140621 Abcam

ABI1 ab233412 Abcam

EPSS8 ab124882 Abcam

EPS8 #43114 Cell Signaling Technology
EGFR #4267 Cell Signaling Technology
pEGFR #3777 Cell Signaling Technology
E-Cadherin #3195 Cell Signaling Technology
N-Cadherin #13116 Cell Signaling Technology
Vimentin #5741 Cell Signaling Technology
MMP9O #13667 Cell Signaling Technology
MMP2 #40994 Cell Signaling Technology
p27 #3686 Cell Signaling Technology
p21 #2947 Cell Signaling Technology
p27 25614-1-AP Proteintech

GAPDH 10494-1-AP Proteintech
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Figure S1. The mRNA expression of EPS8Ls family and the mutations of EPS8L3. A-C. The correlation between the
MRNA expression of EPS8L3 and other three family members of human HCC tissues in TCGA database (N = 369).
D. The mRNA expressions of EPS8L3 were evaluated in five kinds of tumor tissues apart from HCC comparing
with respective normal tissues in TCGA and GTEx databases. CHOL: Cholangiocarcinoma; COAD: Colon adenocar-
cinoma; ESCA: Esophageal carcinoma; LIHC: Liver hepatocellular carcinoma; PAAD: Pancreatic adenocarcinoma;
READ: Rectum adenocarcinoma. E. Graphical view of mutations across EPS8L3 in pan-cancer samples. Mutations
are displayed at the amino acid level across the full length of the gene. F, G. The composition of point mutations in
pan-cancer samples and liver cancer samples. *: P<0.05, **: P<0.01, ***: P<0.001.
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Figure S2. EPS8L3 affects cell proliferation, migration and invasion in HCC cells. A, B. The relative mRNA expression
of EPS8Ls family and cell growth after EPS8L3 knockdown in HepG2 cells. C, D. The relative mMRNA expression of
EPS8Ls family and cell growth after EPS8L3 knockdown in SNU449 cells. E, F. The migratory and invasive abilities of
HepG2 and SNU449 cells were evaluated by transwell assays. Representative images were shown. G, H. Represen-
tative images of wound healing assay using HepG2 and SNU449 cells. Results of three independent experiments
were shown as mean + s.d. *: P<0.05, **: P<0.01.
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Figure S3. The expression changes of EPS8Ls and EMT related genes after EPS8L3 knockdown. (A, B) The relative
mMRNA expression of EPS8Ls family after EPS8L3 or EPS8 knockdown in HCCLM3 (A) and Huh7 (B) cells. (C-F) The
relative mRNA expression of EMT related genes after EPS8L3 knockdown in HCCLM3, Huh7, HepG2 and SNU449
cells. (G) The protein expression of E-cadherin, N-cadherin and Vimentin after EPS8L3 knockdown in HCCLM3 and

Huh7. Results of three independent experiments were shown as mean + s.d.
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Figure S4. The change of cell stemness and hepatic differentiation related markers after EPS8L3 knockdown. A-D.
The relative mRNA expression of cell stemness and hepatic differentiation related markers after EPS8L3 knock-
down in HCCLM3, Huh7, HepG2 and SNU449 cells. E, F. The percentages of CD133 and CD326 positive cells were
evaluated by flow cytometry in HCCLM3 cells. Representative images were shown. G, H. The percentages of CD133
and CD326 positive cells were evaluated by flow cytometry in Huh7 cells. Representative images were shown. Re-
sults of three independent experiments were shown as mean + s.d.



