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Abstract

Rapid tumor progression, metastasis, and diagimoaidvanced stages of disease are
the main reasons for the short survival time agth Inmortality rate of patients with
hepatocellular carcinoma (HCC). Ephrin A4(EFNAE tigand of EPH family

participles in the development of blood vesselsgpithelium by regulating cell
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migration and rejection. In our study, based onnfawmatics analyses, we found that
EFNA4 was highly expressed and led to poor progniaspatients with HCC. We
demonstrated that overexpression of EFNA4 sigmfiggoromoted HCC cell
proliferation and migration in vivo or in vitro. Eddition, knockdown of EFNA4
inhibited the proliferation and migration of HCdlseFurthermore, EFNA4 was
found to directly interact with EPHA2 and promatephosphorylation at Ser897,
followed by recruitment of phosphoinositide-3-kiaasgulatory subunit 2 (PIK3R2),
and activation of the glycogen synthase kinasee3{&EK3)/p-catenin signaling
pathway. Moreover, overexpressionfetatenin further promoted the expression of
PIK3R2, which formed a positive feedback loop. Tésults revealed that abnormal
expression of EFNA4 is the main switch of the PIRBRSK3/B-catenin loop that
influenced the proliferation and migration of HCE@lls and suggest that EFNA4 is a

potential prognostic marker and a prospective fierac target in patients with HCC.

Introduction

Liver cancer is one of the most common type of gmant tumors, ranking fourth in
mortality rate and second in cancer-related maoytafimales in 2018 worldwide.

Most patients with liver cancer have entered theaaded stage of disease at the time
of diagnosis, and molecular targeting therapy bexomore important for those
missing the opportunity for operation. Although dsine kinase inhibitors are the
first-line treatment for advanced liver cancer @ai$s, TKIs (e.g. sorafenib) are prone

to occur drug resistance. Therefore, the discowénew treatment options for liver
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cancer, such as sorafenib enhancers or antibodyedmjugates (ADCs) has become

an urgent need for the clinical treatment of ligancer.

The EPH/ephrin (EPH/EFN) system is widely expressadrious cells by binding to
the cell membrane. They play crucial roles in depeient, cell proliferation and
differentiation by cell-cell contact, regulation c#ll signals and transfer into the
nucleus, and stimulation of downstream signalindgpways, which are closely related
to the appearance of tumors. Moreover, there are types of EPHA receptors and
five types of EPHB receptors according to the défees in homology, structural
domain, and affinity of gene sequerfcEhe EPH receptor-interacting proteins (EFN
ligands) are divided into eight subtypes, namelg £FNA ligands and three EFNB
ligands. The polymer is formed and bidirectionghsiling is active when the receptor
binds to the ligands of adjacent cells. EFNA ligaibéhd to the corresponding EPH
receptor activate the tyrosine kinase in the cysmi of the receptor by changing the
conformation of EPH, and result in phosphorylatdthe corresponding receptor and
activation of downstream signalifign addition, EFNA ligands activate the relevant

surface receptors of their host cells, such apT&T receptor (p75NTR)?

Ephrin A4, also termed EFNA4, mainly expressechdpleen, lymph nodes, ovary,
small intestine, and colon of adults, as well athaheart, lungs, liver, and kidneys of
the fetus. It is involved in the development of s, blood vessels, and epithelium

by regulating cell migration, rejection, and adbesiStudies have shown that EFNA4

5
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is involved in the proliferation and metastasig/lddma, ovarian cancer, chronic
lymphocytic leukemia, and other tuma&Moreover, the ADC drug PF-06647263, a
conjugate of an EFNA4 monoclonal antibody and balamicins, provides a new
therapeutic approach for the targeted therapy wéma with advanced breast cancer
and ovarian cancer, offering outstanding pharmamglds and safefyHowever, the
role of EFNA4 in the development of hepatocelldarcinoma (HCC) has not been
reported yet, and the upstream and downstreamatsgulof EFNA4 remain unclear.
Therefore, the aim of this study was to investighterole of EFNA4 in the process of

hepatocellular carcinoma occurrence and development

Based on public database analyses (The Cancer &ehitas [TCGA] and Gene
Expression Omnibus [GEQ]), we found that EFNA4ighty expressed in HCC and
correlated with poorer disease prognosis. Increagpression of EFNA4 promotes
the proliferation and migration ability of HCC ceIMechanistically, overexpression
of EFNA4 activates EPHAZ2 receptor phosphorylatibBer897. Subsequently, the
phosphoinositide-3-kinase regulatory subunit 2 @RR)/glycogen synthase
kinase-3beta (GSHK®/B-catenin axis influenced the proliferation and ratgyn of
HCC cells. Therefore, these findings suggest tikA4 could be used as a
prognostic marker and that targeting EFNA4 repressampotential therapeutic

strategy for patients with advanced HCC.

Results
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EFNA4 expression is associated with poor prognosis liver cancer

Data from TCGA and GEO databases were extractedaalgzed by bioinformatics
methods™® For TCGA database analysis, the results indicétadEFNA4 was
significantly overexpressed in patients with licancer, and this overexpression was
linked to a worse clinical prognosis. Notably, weirid that the expression of EFNA4
was positively correlated with TNM staging, andtEFNA4 expression (based on
370 HCC samples) was a significant indicator ofrg@8 and PFS (OS: hazard ratio
[HR]=1.96, 95% confidence interval [CI]: 1.37-2.8350.00018; PFS: HR=1.61, 95%
Cl: 1.16-2.22, P=0.0036) (Figure 1A-1C). Furthemngene set enrichment analysis,
KEGG, and GO enrichment were used to analyze dggatents with HCC obtained
from the GEO database (GSE 121248 and GSE 107Tf@Y)esults revealed that
EFNA4 expression was negatively correlated withabidity of cells for adhesion,
indicating that overexpression of EFNA4 decreakesritercellular adhesion
(P<0.001; Enrichment Score (ES) =0.59, 0.46). Meeedt may affect the

occurrence and metastasis of liver tumors by affgdhe intercellular connection, or
participating in the regulation of multiple tumaatpways, such as the PI3K-AKT or

WNT signaling pathway (Supplementary Figure S1IA-51C

To further investigate the correlation between EBN#d liver cancer, we analyzed
its expression in liver tumor arrays by IHC. As exfed, EFNA4 expression in liver

tumor tissue was markedly higher than that recondedljacent tissue (P<0.001)
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(Figure 1D and 1E). Notably, the expression of EBNA90 tissue samples of liver
cancer was related to the expression of AERdst, P=0.0362) and the risk of
vascular invasionyf test, P=0.0319). This finding indicates that ligancer patients
with high EFNA4 expression were more likely to esipece tumor metastasis
(Supplementary Table S1). In addition, we compé#hnedbasal expression of EFNA4
among normal immortalized liver epithelial cellsQ2) and HCC cells. As shown in
Figures 1F and 1G, EFNA4 expression was upregulatedCC cell lines at both the

RNA and protein levels.

EFNA4 enhances the replication and proliferation oHCC cell lines in vitro and

in vivo

The present clinical data suggested that EFNA4 pnagnote tumor progression. To
investigate the role of EFNA4 in the pathogenest @evelopment of liver cancer,
we overexpressed EFNA4 in HCC cell lines Hep3Bldnd7. Transfection
efficiency was verified by qRT-PCR (Figure 2A). EdSsay indicated that, after the
overexpression of EFNA4, the number of cells inDiA replication process of
HCC cell lines was significantly increased compasth the vector group (P<0.001)
(Figure 2B and 2C). As shown in Figures 2D andtBE percentage of S phase cells
in the empty vector group was 31.89% and 24.46%4ep3B and Huh7, respectively.
Following the overexpression of EFNA4, these valneseased to 40.19% and
33.14%, respectively (P<0.001). Together, the tegags demonstrated that

overexpression of EFNA4 could enhance the abilitdGC cells for DNA
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replication.

We used a mouse subcutaneous tumor model to fuxtiméirm the influence of
EFNA4 in vivo. Firstly, we transfected HepG2 andhHcell lines with
EFNA4-overexpressing lentivirus or empty vectortidrus. After successful
transfection, the cells presented green fluorestaembile EFNA4 overexpression was
confirmed by qRT-PCR (Supplementary Figure S2A88B). Subsequently, the
successfully transfected tumor cells were injeatéa the right groin of the nude mice.
Subcutaneous tumor formation assay showed thaiteein the EFNA4
overexpression group showed a larger tumor volurae those in the empty vector
group (P<0.05) (Figure 2F and 2G; Supplementaryrei®2C—-S2E). Further IHC
and HE staining was performed on the tumor tis€eepared with the empty vector
group, the tumor proliferation index Ki67 was siggantly increased in the EFNA4
overexpression group (Figure2H; Supplementary Ei@#F). In conclusion,
overexpression of EFNA4 increases the ability oiGH&lls for DNA replication and

proliferation.

Downregulation of EFNA4 inhibits HCC cell replication and proliferation

To further investigate the biological role of EFNASIRNA technology was used to
inhibit is expression in HCC cell lines HepG2 an#i®IC-97H. The transfection
efficiencies were verified by gRT-PCR (SupplemepntigureS2G). As shown in

Supplementary Figures S2H and S2I, downregulatid&FdA4 expression damaged

9
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the DNA replication capacity of HCC cell lines (P88). As shown by the cell cycle
assay, the decline in EFNA4 expression led to aatah in the number of S phase
cells (P<0.05) (Supplementary Figure S2J and SPKgrefore, inhibition of EFNA4

expression reduced the ability of HCC cells for Didplication and proliferation.

EFNA4 is essential for epithelial-mesenchymal traiison (EMT) and migration

in vitro and in vivo

Several research studies found that the abnornpaéssion of EFNA4 was related to
the occurrence of multiple tumor metastase¥We further examined the effect of
EFNA4 on the migration ability of HCC cells. Foidhpurpose, Transwell and
wound-healing assays were used to investigateotkeof EFNA4 overexpression in
HCC cells. Functionally, the EFNA4 overexpressiooup showed a larger healing
area compared with the control group (P<0.05) (fd@A and 3B). Moreover,
upregulation of EFNA4 promoted the penetrationheflbasement membrane by
tumor cells, thereby facilitating cell migration®.001) (Figure 3C and 3D). Notably,
according to the results of the western blottinglgsis, upregulation of EFNA4
assisted HCC cell lines Hep3B and Huh7 in acquiamgesenchymal phenotype, as
mesenchymal markers (N-cadherin and vimentin) wgpeificantly upregulated and
the epithelial marker E-cadherin was significamkbyvnregulated. Overexpression of

EFNA4 in HCC cells may induce EMT (Figure 3E).

To verify the effect of EFNA4 overexpression on #imlity of tumors for metastasis

10
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in vivo, HCC cells with EFNA4-overexpressing lemtiss or empty vector lentivirus
were injected into the liver of 6-week-old femalede mice. All mice were
euthanized 30 days later to verify the effects BNE4 on tumor cell migration. As
shown in Figure 3F, the dotted ellipse indicatesdite of tumor implantation. More
tumor nodules with fluorescence appeared in ther lpf mice in the EFNA4
overexpression group. Moreover, the liver weightifpweight ratio in the
experimental group was significantly higher thaat trecorded in the control group,
suggesting that overexpression of EFNA4 incredsesisk of intrahepatic metastasis
(Figure 3G and 3H). Subsequently, IHC and HE stginvere performed on the
tumor tissue; N-cadherin was upregulated, whereeadBerin was downregulated in
the EFNA4 overexpression tumor tissues (FigureTallken together, upregulation of

EFNA4 promotes EMT and migration in vitro and inwi

Downregulation of EFNA4 inhibits HCC cell EMT and migration

In contrast, we found that the migratory abilityoells was significantly decreased
after downregulation of EFNA4 expression. As shawthe wound-healing assay, the
downregulation of EFNA4 expression reduced the atign area of HCC cells
(P<0.05) (Supplementary Figure S3A and S3B) anderezd their migratory ability

in the basement membrane (P<0.001) (Supplemeniguye~S3C and S3D). Notably,
inhibition of EFNA4 expression increased the exgims of E-cadherin in HepG2 and
MHCC-97H cell lines, whereas it downregulated tkpression of N-cadherin

(Supplementary Figure S3E). In conclusion, downlagn of EFNA4 expression

11



258 inhibited the EMT and migratory ability of HCC c=ll

259

260 EFNA4 promotes phosphorylation of EPHA2 at Ser897rad targets it to activate
261 PIK3R2

262  We investigated the molecular mechanism througlthvBFNA4 is associated with
263  HCC proliferation and metastasis. lllumina Hi®&gequence was used to explore the
264  downstream molecules involved in this process antthér clarify their specific

265 mechanisms. According to the results of high-thhguug sequencing, an overlap
266  analysis of EFNA4-related molecules in TCGA datab@R[> 0.2, P<0.05) and

267  high-throughput sequencing result was performeit®y of 154 related molecules
268  were found and shown in the Venn diagram (Figurg &Allowing further screening
269 of these molecules (gene counts >100), a seripwetifods (e.g., expression

270  calorimetry, correlation analysis, and STRING oelanalysis) were performed

271 (Figure 4B-4D). As a result, PIK3R2, early growt#isponse 1 (EGR1), and FOS
272  were identified as potential downstream regulatacyors. Subsequently, KEGG
273  enrichment analysis demonstrated that EFNA4 wase@lto the PI3K-AKT and
274  MAPK signaling pathways (Supplementary Figure S4/erefore, PIK3R2 may be
275 the downstream molecule regulated by EFNAA4.

276

277  To verify our hypothesis, the expression and ciihprognosis of PIK3R2, also

278  known as PI3K p85subunit, in patients with liver cancer were anatythrough

279 TCGA database. As shown in Supplementary Figur&-S4D, the expression of

12
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EFNA4 was positively correlated with PIK3R2 (R=0.8%0.05). In addition,

PIK3R2 was also significantly up-regulated in lieancer patients (P<0.001), and the
OS time and DFS time of patients with high exp@ssif PIK3R2 were also
significantly shorter than those with low expresstd PIK3R2 (OS: HR=2, P=0.0053;
DFS: HR=1.9, P=0.005). Likewise, interference wiita expression of EFNA4 would
lead to the decrease of PIK3R2, while overexpreE$s&dA4 would lead to an
opposite result (P<0.001) (Supplementary Figure) S8Bmbined with previous
results'™™ **We thus tested and confirmed the interaction betwWeFNA4, EPHA2,

and PIK3R2 by coimmunoprecipitation, immunofluoessce and western blotting
analysis using HCC cell lines Hep3B or Huh7. Thpeginental results show that,
there is an interaction between EFNA4, EPHA2 arkBRR. Moreover,
overexpression of EFNA4 lead to phosphorylatioeEBHA2 at Ser897, rather than
phosphorylating at Tyr772. Follow by EPHA2 actingtiand PIK3R2 was
subsequently recruited to the membrane receptachwimally stimulating the
expression of downstream pathways (Figure 4E an&dpplementary Figure S4F
and S4G). As discussed above, we believe that EFERRHMA2-PIK3R2 axis may be

the mode of action leading to changes in the biokddunction of HCC cells.

The EFNA4-EPHA2-PIK3R2 axis regulates the GSK@/p-catenin signaling
pathway
To clarify the effect of the EFNA4-EPHA2-PIK3R2 axan the downstream signaling

pathway, we detected changes in proteins througteneblotting analysis. As shown

13
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323

in Figure 4G, downregulation of EFNA4 led to a d&se in PIK3R2, phospho-AKT
(Sera73), phospho-GSIRISer9), ang-catenin. In contrast, overexpression of
EFNA4 increased the expression of these geneseTksslts showed that the
proliferation and migration of HCC cells may beeadid by regulating the
EFNA4-EPHA2-PIK3R2 axis associated with the G8K3catenin signaling

pathway.

To validate this conclusion, we carried out resexigeriments on key factors in the
EFNA4-EPHA2-PIK3R2 axis. Initially, SIRNA technigweas used to inhibit the
expression of PIK3R2 in HCC cell lines overexpnegdtFNA4. Knockdown of
PIK3R2 was confirmed by gRT-PCR (Figure 5A). Subssdly, the capacity to
migrate, which had been facilitated in HCC celebnwas restored after knockdown
of PIK3R2 (P<0.001) (Figure 5B-5E). The EdU asdaynsed that knockdown of
PIK3R2 restored the DNA replication ability of H@EIl lines (P<0.001) (Figure 5F
and 5G). The results of western blotting analysiealed that knockdown of PIK3R2
inhibited the phosphorylation of GSK3 at Ser9, whioally led to the

downregulation of-catenin (Figure 5H).

Using the EPH receptor inhibitor NVP-BHG712, weastigated the changes in the
EFNA4-EPHA2-PIK3R2 axis and downstream factorsrafteanging the activity of
the EPH receptor. NVP-BHG712, an inhibitor of ERIfhily tyrosine kinase, inhibits

phospho-EPHB4 and phospho-EPHA®Ve investigated the impact of

14
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344

345

NVP-BHG712 on HCC cells lines in terms of toxicéigd proliferation. The results of
the half maximal inhibitory concentration and CCkasdays revealed that the
semi-inhibitory concentration of NVP-BHG712 on HCElIs was 7.63M and, with
the increase in drug concentration, the cell saiviate gradually decreased (Figure
6A and 6B). Consistent with previous repdftphosphorylation of EPHA2 was
inhibited by NVP-BHG712 at a concentration >iM; thus, we set the dosages as
follows: 2, 10, and 2nM. Proteins were extracted 24 h after treatmernd,va@stern
blotting analysis was performed to analyze the gkarnn the expression of
downstream molecules. As shown in Figure 6C, falt@anhibition of the
phosphorylation of EPHA2 at Ser897, the expressfatownstream molecules

PIK3R2, phospho-GSKB(Ser9) ang-catenin was also inhibited.

GSKS3p/p-catenin and PIK3R2 constitutes a positive feedbadkop

Notably, since the abnormal expression of EFNAK3R2 was recruited to the
EPHAZ2 receptor on the cell membrane for activatairihe same time, the RNA and
protein levels of PIK3R2 were also changed. Theesfae hypothesized that after
PIK3R2 activated GSK3p-catenin signaling pathwafy;catenin translocated into
nucleus and promoted the transcription of PIK3REZictv finally formed a positive
feedback loop. In order to conform our hypothdemckdown of-catenin was
exerted in HCC cell line (Supplementary Figure S4%$)expected, after knocking
down ofB-catenin, the expression of PIK3R2 was also inbdyitvhile there were no

changes between GSKand phospho-GSK3(Ser9) (Figure 6D and 6E;
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Supplementary Figure S4l1). Moreover, a chromatimimoprecipitation (ChlIP) assay
was designetb explore the influence @catenin on the transcription of PIK3R2.
Compared with negative control, the existence o€EDinding site on PIK3R2
promoter sequence was confirmed, which suggest@-ttatenin may promote the

transcription of PIK3R2 by affecting the activatiohCTCF (Figure 6F and 6G).

In conclusion, the EFNA4-EPHA2-PIK3R2 axis influesdiological functions (e.g.,
DNA replication and metastasis) of HCC cell lingsregulating the GSK3p-catenin
signaling pathway, subsequently, a feedback feeratenin influenced the
transcriptional expression of PIK3R2 (Figure 7)le/labnormal expression of

EFNA4 is the main switch for this process.

Discussion

Despite a gradual improvement, there is a probleaifdarget and drug resistance in
first- and second-line targeted drugs for the tneatt of liver cancer, which leads to
high mortality in patients. Rapid tumor progression metastasis lead to poor
prognosis of patients with tumors. The EPH/EFNeaystvidely participates in the
regulation of a variety of biological effects irvei Several studies found that EFNA4
is involved in the regulation of neuronal, vascuéard epithelial developmerit.
However, in the liver, the high expression of EFNA4ound only in the early stage
of infant development and, with increasing ages #xpression is gradually reduced.

The results of our study suggest that the expresdi&@FNA4 in patients with HCC is

16



368 a potential prognostic target. Cheng et al. shatlvatllong-term infection with

369 hepatitis C virus in patients with HCC led to iresed expression of EFNA4.

370  According to their bioinformatics analysis, theffe@s ultimately promoted the

371  proliferation and metastasis of tumor céfldhus, we extracted public databases, and
372  found that the expression of EFNA4 was significaapregulated in HCC patients
373  with hepatitis B virus (GSE121248) and hepatitigiQs infection (GSE107170),

374  followed by activation of some tumor-related signglpathways.

375

376  Several studies suggested that EFNA4 plays amdleel development of tumors. It
377 has been reported that the increased expressieRNA4 promote the metastasis of
378  human choriocarcinoma cell line JEG-Burthermore, Zhao et al. found that

379 miR-518a-3p inhibited the metastasis of choriocangia cells by downregulating
380 EFNA4°Aasheim et al. suggested that dysregulation of & Mduced

381 lymphocytic leukemia by affecting the maturatiorBofymphocytes and increasing
382  the number of naive lymphocyt&siowever, the upstream and downstream factors of
383 EFNAA4 are not fully illustrated. In this study, ieund that the expression of EFNA4
384 was significantly increased in tissue sectionsiokbthfrom patients with liver cancer.
385 Moreover, EFNA4 was positively correlated with tiek of vascular invasion in

386 patients with HCC. Furthermore, in vitro and inwibiological function experiments
387 revealed that overexpression of EFNA4 promoted D&f#ication, EMT, and tumor
388 migration in HCC cells. Knockdown of EFNA4 expressinhibited the DNA

389 replication and metastasis of HCC cells. Theseltesuicate that the abnormal
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expression of EFNA4 alters the biological functaitiver cells, thereby inducing the

occurrence of HCC.

Thus far, the molecular mechanism of EFNA4 remambiguous. We thus
investigated the mechanism of EFNA4 involved in HQQr analysis demonstrated
that EFNA4 could bind to the EPHAZ2 receptor, andrexpression of EFNA4 could
activate the phosphorylation of the EPHA2 receptder897, followed by
recruitment of PIK3R2 to the cell membrane. Restidlies suggested that EPHA2
receptors are involved in the regulation of AKT, Aand other downstream
pathways. '’ In addition, abnormal activation of the EPHA2 netce may promote
the development of nasopharyngeal caftgastric cance'’ and colon cancé?.
While PIK3R2 localizes to the cytosol and also @ricates at focal adhesions as
well as in the nucleu’s: #Increasing evidence suggests that upregulatiGHi8R2
triggers cell transformatiof?: **Increased PIK3R2 expression at the cell junction
leads to local actin polymerization and the subsattormation of invadopodia-like
structures, which mediate basal membrane degradaitio invasiori* We
investigated whether the EFNA4-EPHA2 axis prom&t€< cell proliferation and
migration by PIK3R2. Our analysis revealed thatdkpression of PIK3R2 was
significantly increased after overexpression of BBNMoreover, as an interaction
was shown between EFNA4, EPHA2, and PIK3R2, wéhéurinvestigated the effects
on the downstream signaling pathway. The resuttgved that the levels of

phosphorylated GSKBandp-catenin were significantly increased after actorabf
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the EFNA4-EPHA2-PIK3R2 axis, whereas inhibitionEd¥NA4 blocked these effects.
After the activation of this axis, phosphorylatioihdownstream protein GSKig3was
increased. As reported, phosphorylation of GBKR Ser9 would Inhibit the
formation of GSKB-APC-AXIN complex, which prevente@-catenin from being
degraded by ubiquitif®. Thus, following by nuclear translocation Btcatenin, CTCF
was activated® Then CTCF bound to the transcriptional initiathegion of PIK3R2,
leading to an increase in the transcriptional esgigs of PIK3R2, which finally
formed a positive feedback loop and causing unotiabie proliferation or metastasis

in HCC cells.

PF-06647263 is a conjugate of an EFNA4 monoclongibady and the cytotoxic
drugs calicheamicins. Compared with using calichesa® alone, PF-06647263 has
shown better efficacy in targeting tumor stem caiid inhibiting tumor growth in
breast and ovarian cancer. Moreover, PF-06647268sed sustained tumor
regression in both triple-negative breast cancdrpatient-derived xenograft ovarian
cancer in vivo through continuous induction of turoell regression and reduced
initiation of tumor stem cell&’ In phase | clinical trial, PF-06647263 treatmeriy
showed better pharmacokinetic results and safgbaiients with metastatic
triple-negative breast and ovarian carfo®ur study provides a theoretical basis for

the use of PF-06647263 in patients with liver cance

In summary, overexpression of EFNA4 is correlatéth woor prognosis in HCC
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patients. The present evidence indicates thatdhebmation of EFNA4 and EPHA2
wound activate PIK3R2/GSHK33-catenin feedback loop and promotes proliferation
and migration in HCC cells, and abnormal expressidBFNA4 is the key point of
feedback loop activation. Therefore, EFNA4 is aeptill prognostic marker and a

prospective therapeutic target in patients with HCC

MATERIALS AND METHODS

Public data analysis

Bioinformatics data were obtained from TCGA and GigPabases (GSE121248 and
GSE107170). Significantly differentially expresggghes from HCC and adjacent
tissue data sets were screened using the R softRarersion 3.5.0). A higher or

lower expression of EFNA4, with a P-value <0.05swegarded as the threshold. The
data for the Kyoto Encyclopedia of Genes and GesaikEGG) and Gene Ontology
(GO) analyses were obtained from the correlatiatyss among EFNA4 and other

relative genes in TCGA or GEO database (|JR>0.3),073.

Antibodies

Antibodies against EFNA4 (19685-1-AP), E-cadhe@0335-1-1g), N-cadherin
(66219-1-1g), vimentin (10366-1-AP), EPHA2 (66736g), and GSKB
(22104-1-AP) were purchased from Proteintech (Wuldrna). Antibodies against

B-catenin (#8480), AKT (#4691), phospho-AKT (Ser4{#8)060), phospho-GSK3

20



456  (Ser9) (#9323), and EPHA2 (#6997) were obtaineohf@ell Signaling Technology
457  (Beverly, MA, USA). Antibodies against Ki67 (ab16§6PIK3R2 (ab180967) and
458 CTCF (ab128873) were obtained from Abcam (Cambritiye, USA). The antibody
459 against GAPDH (AP0063) was purchased from Biowdddhnology (Bloomington,
460 MN, USA). Human EFNA4 Antibody (MAB3692) was purdeal from Bio-Techne
461  (Minneapolis, MN, USA); phospho-EPHA2 (Ser897) (AB2) and phospho-EPHA2
462  (Tyr772) (AP0817) were purchased from ABclonal Teabgy (Wuhan, China).
463  Monoclonal anti-FLAG M2 antibody (1804) was obtairfeom Merck KGaA

464  (Darmstadt, Germany).

465

466  Cell culture and transfections

467 The HCC cell lines Hep G2, Hep 3B, Huh7, and MHC49as well as normal

468 hepatic epithelial cell line (LO2) were obtainedrfr Zhong Qiao Xin Zhou

469  Biotechnology (Shanghai, China). All cells weretatgd in cell culture dishes

470  (Guangzhou Jet Bio-Filtration Co., Ltd, Guangzh@hina) and maintained in

471  Dulbecco's modified eagle medium (DMEM) suppleméntéh 10%

472  (volume/volume) fetal bovine serum and 5 mg/ml p#élim/streptomycin at 37°C
473  with 5% CQ. EFNA4-targeting siRNA and scramble control siRINé&re purchased
474  from Ribobio (Guangzhou, China). EFNA4-targetingusences were as follows:
475 SiRNA#1, 5-GGGCCTCAACGATTACCTA-3’; siRNA#2,

476  5-GGAGAGACTTACTACTACA-3'. PIK3R2-targeting sequeas were as follows:

477  SiRNA#1, 5-GCACCTATGTGGAGTTCCT-3’; siRNA#2,
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499

5-GGCCAGACTCAAGAGAAAT-3'. B-catenin-targeting sequences were as follows:
SIRNA#1, 5’- GCCACAAGATTACAAGAAA-3’; siRNA#2, 5'-
GACTACCAGTTGTGGTTAA -3'. The overexpression plasmipcDNA3.1-EFNA4

as well as the empty vector (pcDNAS.1), were oladifrom Sino Biological Inc.
(Beijing, China). Cell transfection was performesing Lipofectamine 3000 (Thermo
Scientific, Waltham, MA, USA) according to the ingttions provided by the
manufacturer. The expression level of EFNA4 wasaet by quantitative real-time

polymerase chain reaction (QRT-PCR).

Assembly of EFNA4 lentivirus

The EFNA4-overexpressing lentivirus and the emggtor lentivirus were packaged
by OBIO Technology (Shanghai, China), and cellgdarction was performed
according to the instructions provided by the mantufrer. Stable cells were selected

using medium containing 2Zg/ml puromycin.

Total RNA extraction and gRT-PCR

Total RNA was extracted using a cell total RNA &an kit (Foregene, Chengdu,
China) according to the instructions provided by tnufacturer. RNA samples were
subsequently reverse transcribed using the Pring3T reagent kit (Takara
Biomedical Technology (Beijing) Co., Beijing, Chjrend amplified by gRT-PCR

with a LightCycler480 Il system (Roche, Basel, Seitand) using TB Green premix

ExTaq Il (Takara Biomedical Technology (Beijing) .CBeijing, China). The
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500 expression levels were normalized to thosp-attin, and the relative expression
501 levels were calculated using theé#' method. The following primer sequences were
502 used: EFNA4: 5-GAGCTGGGCCTCAACGATT-3’ (forward),

503 5-GCTCACAGAATTCGCAGAAGAC-3 (reverse); PIK3R2:

504 5-CTAGCAAGATCCAGGGCGAG-3’ (forward),

505 5-ACAACGGAGCAGAAGGTGAG-3’ (reverse)f-catenin: 5'-

506 CTGAGGAGCAGCTTCAGTCC-3'(forward), 5-ATTGCACGTGTGGEAGTTC-3’
507 (reverse)p-actin: 5-TGGCACCCAGCACAATGAA-3'(forward), 5'-

508 CTAAGTCATAGTCCGCCTAGAAGCA-3 (reverse).

509

510 5-ethynyl-2"-deoxyuridine (EdU) proliferation assay

511 EdU proliferation assay was performed with the €Ceajht EAU Apollo 567 in vitro
512  Imaging Kit (RiboBio, Guangzhou, China). Briefly| eells were inoculated into
513 96-well plates (1x1Dcells per well) after transfection with siRNA dapmid for 24 h,
514  and EdU staining was performed according to thiunsons provided by the

515 manufacturer. The number of EdU-positive cells e@snted using an inverted

516  fluorescence microscope (Olympus (China) co., BgjjChina) in three random
517  fields.

518

519  Cell cycle assay

520 Cell cycle assay was performed using the cell cstdaing kit (MultiSciences

521  (Lianke) Biotech Co., Ltd., Hangzhou, China) acoogdo the instructions provided
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539

540

541

542

543

by the manufacturer. The DNA content was analyzeBACS calibre flowcytometry
(BD Biosciences, Franklin Lakes, NJ , USA), anel percentages of cells within each
phase of the cell cycle were determined using theft LT V4.1.7 software (Verity

Software House, Topsham, ME, USA).

Cell wound-healing and migration assays

The cell wound-healing assay was performed asvisli€ells were seeded and
grown into a confluent monolayer in six-well plat&sibsequently scratches were
generated using a pipette tip. After wounding,dék migration process was
visualized using a microscope (Olympus (China) Beijing, China) at 0, 24, 48 h.
Cell migration was assessed through Transwell as&aiefly, cells in serum-free
DMEM were seeded on a membrane (pore sizeu®)0in a 24-well plate (1x10
cells per well). DMEM medium containing 10% fetaMine serum was added to the
lower chamber of each well. After incubation forf24cells in the upper chamber
were removed using a cotton swab and the cellsdmhteached the underside of the
membrane were fixed and stained with crystal vi@et% in methylalcohol) for 15

min. The cells located on the underside of theffifthree fields/filter) were counted.

Immunohistochemistry (IHC)
Liver cancer tissue arrays (HLivH180Sul5) were pased from Shanghai Outdo
Biotech Co, Ltd (Shanghai, China). The IHC testR¥-9000) for EFNA4 protein

expression analysis was purchased from ZsBio (BgifChina) and utilized
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according to the instructions provided by the mantufrer. Scores <4 and were
classified as negative and positive, respectintyeover, for cancer tissues scores

ranging 0—6 and >6 were indicative of low and heglpression, respectively.

lllumina Genome Analyzer lIx

The lllumina HiSed" sequence was commissioned by Guangzhou Huayincsledi
Laboratory Center (Guangzhou, China). MHCC-97Hscetinsfected with
EFNA4-targeting sequences or the negative contgpiences were used for total

RNA extraction; each group was analyzed using thmeéidual samples.

Western blotting

Proteins were resolved by sodium dodecyl sulfatggooylamide gel electrophoresis
on 10% or 12.5% precast gels (Epizyme Biotech, §hain China), transferred to
polyvinylidene fluoride membranes, blocked with 5#%vine serum albumin for 1 h
at room temperature, and incubated with primaribadies for 12 h at 4°C.
Subsequently, membranes were stained with secoadéibodies conjugated with
horseradish peroxidase (Bioworld Technology, Blaagiton, MN, USA) at 37°C for 1
h. An enhanced chemiluminescence reagent (Milligogp., Billerica, MA, USA)
was used to visualize the bands, which were detedi;mg the Minichemi

chemiluminescence Imaging System (SageCreatiom&zi€o, Beijing, China).

Coimmunoprecipitation
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Coimmunoprecipitation was performed using a Pieréc@@Mmmunoprecipitation Kit
(Thermo Scientific, Waltham, MA, USA), accordingtte instructions provided by

the manufacturer. The final immune complexes wasdyaed by western blotting.

Immunofluorescence co-localization analysis

Cells were inoculated into 48-well plate (221@lIsper well) after transfection with
EFNA4 plasmid for 24 h. The cells were then fixeithwvi% paraformaldehyde and
incubated with corresponding antibodies and DARIrésults were photographed by

a confocal laser microscope (Carl Zeidberkochen, Germany).

Chromatin immunoprecipitation

The PIK3R2 promoter region sequence was searchtbe iBnsembl database.
JASPAR bioinformatics tools was used for predictimg CTCF binding sites on
PIK3R2 promoter region. Chromatin immunoprecipaativas then performed using
aPierce™ Agarose ChIP Kit (Thermo Scientific, WaithaMA, USA), according to
the instructions provided by the manufacturer, gisinti-CTCF or IgG antibody. The
CTCF bound chromatin was specifically amplified®@R and analyzed by agarose
electrophoresis or gRT-PCR analydike following PCR-specific primers sequences
were used: CTCF: 5-TTCAACCCTGGCTTTCTCCG-3’ (forwddy

5-GTTTAGACCCAGAGGCGACC-3' (reverse).

Half maximal inhibitory concentration (IC s0) and Cell Counting Kit-8 (CCK8)
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assay
NVP-BHG712 (S2202) was obtained from Selleck Chami¢Shanghai, China).
CCK8 was purchased from Dojindo Laboratories (Miasmachi, Japan). Cells were
suspended into 96-well plates (3,000 cells per)ywathen the cells adhered to the
plate, inhibitor was added according to the conegioin gradient.
Spectrophotometric absorbance at 450 nm was mehaacerding to the instructions

provided by the manufacturer. Each group was testt@d, 48, and 72 h.

Mouse xenograft model
The protocols for the mouse experiments conforradternational regulations for
animal care and maintenance and were approvecdebpshitutional Animal Ethics

Committee, Experimental Animal Center of Guilin Ntead University.

An orthotropic transplantable HCC implantation middemice was established to
investigate the effect of EFNA4 on intrahepatic as&sis in vivo. Moreover, a
subcutaneous tumor model was established to exjplereffect of EFNA4 on tumor
growth. Female nude mice (age: 6 weeks, weight:gyMere purchased from Hunan
SJA Laboratory Animal Co.,Ltd (Hunan, China). BiyeBx1( HepG2 or Huh7 cells
overexpressing EFNA4 or the empty vector contraleanesed for subcutaneous tumor
injection. Furthermore, 2x2MHepG2 cells overexpressing EFNA4 or the empty
vector control were used for hepatic capsule ilgeciThe subcutaneous tumor model

mice were euthanized at 21 days to evaluate tleeo$ithe tumors, while those of the
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orthotropic transplantable HCC implantation modeleveuthanized 30 days later to
enumerate the liver metastasis nodules. All tissteze photographed with an
inverted fluorescence microscope (Olympus (Chiwa)Beijing, China). Following
extraction, liver or tumor tissues were fixed in #raformaldehyde. Formalin-fixed,
paraffin-embedded sections from each liver tisgunepde were stained routinely with

hematoxylin-eosin (HE) and antibodies against Kid¥6<adherin, or E-cadherin.

Statistical analysis

Each in vitro experiment was performed in at I¢laste independent replicates. The
results are presented as the mean * standardidevigtudent’s t-test was used for
analysis. Overall survival (OS), progression-freerval (PFS) and disease-free
survival (DFS) were determined by Kaplan—Meier stalvanalysis or Gene
Expression Profiling Interactive AnalysisA x? test or Fisher’s exact test was utilized
to assess the relationship between the expressieRNA4 and clinicopathological
features. All statistical analyses were performét @raphPad Prism6 (GraphPad
Software, San Diego, CA, USA). All statistical &estere two-sided and P<0.05,

P<0.01, or P<0.001 denoted statistical significance

ETHICS APPROVAL
The animal experimental processes were approvedebithnic Committee of Guilin
Medical University hospital and conducted in stactordance to the standard of the

Guide for the Care and Use of Laboratory Animalblighed by the Ministry of

28



632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653
654

Science and Technology of the People's Republichiria in 2006.
ACKNOWLEDGMENTS

The work was supported by the National Natural igsme~oundation of China (grant
nos. 81572797 and 81872251); Natural Science Faiendaf Guangdong Province
(grant nos. 2018A030313730, 2020A1515010093 andR0215012104); Project of
Traditional Chinese Medicine Bureau of Guangdorayice, China (grant no.
20203006); Science and Technology Program of GuemgzChina (grant no.
202002030075); and Beijing Xisike Clinical Oncoldoggsearch Foundation (grant no.

Y-2019Genecast-021).

AUTHOR CONTRIBUTIONS

Lin.J.H., Zeng.C.T. designed the study, complebedeixperiment, collated the data
and contributed to modifying the manuscript. LiH.Joroduced the initial draft of the
manuscript. Li.A.M., Chen.F.S. designed the stpdgyided research funds and be
responsible for the revision of the entire manysc#hang.J.K., Song.Z.H., Qi.N.,
Liu.X.H., Zhang.Z.Y. all participated in the courskthe experiment. All authors have

read and approved the final submitted manuscript.

CONFLICTS OF INTEREST

The authors have declared no conflicts of interest.

References

1. Bray, F., Ferlay, J., Soerjomataram, I., SieBelL., Torre, L. A., and Jemal, A.
29



655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692

10.

11.

12.

Global cancer statistics 2018: GLOBOCAN estimateim@dence and mortality
worldwide for 36 cancers in 185 countri€\ Cancer J Clin.2018;68: 394-424.

. Unified nomenclature for Eph family receptarsd their ligands, the ephrins.
Eph Nomenclature Committe€ELL.1997;90: 403.

Pasquale, E. B. Eph receptors and ephrinsnoecabidirectional signalling and
beyond NAT REV CANCER.2010;10: 165-180.

Daar, I. O. Non-SH2/PDZ reverse signaling byres SEMIN CELL DEV
BIOL.2012;23: 65-74.

Miao, H., Gale, N. W., Guo, H., Qian, J., Petty, Kaspar, J., Murphy, A. J.,
Valenzuela, D. M., Yancopoulos, G., and HambardamyD.et al. EphA2
promotes infiltrative invasion of glioma stem ceifs vivo through cross-talk
with Akt and regulates stem cell properti@NCOGENE.2015;34: 558-567.
Burleigh, A., McKinney, S., Brimhall, J., Yap,, Eirew, P., Poon, S., Ng, V.,
Wan, A., Prentice, L., and Annab, L.et al. A cotaté genome-wide RNAI
screen with mammary epithelial cells reveals tmam®mbrane signals required
for growth and differentiatiarBREAST CANCER RES.2015;17: 4.

Fujiwara, H., Nishioka, Y., Matsumoto, H., Suami, K., Horie, A., Tani, H.,
Matsumura, N., Baba, T., Sato, Y., and Araki, Yaét Eph-ephrin A system
regulates human choriocarcinoma-derived JEG-3medision INT J GYNECOL
CANCER.2013;23: 576-582.

Aasheim, H. C., Munthe, E., Funderud, S., Sneel&. B., Beiske, K., and
Logtenberg, T. A splice variant of human ephrin-@atodes a soluble molecule
that is secreted by activated human B lymphocye®0D.2000;95: 221-230.
Garrido-Laguna, I., Krop, I., Burris, H. R., iddton, E., Braiteh, F., Weise, A.
M., Abu-Khalaf, M., Werner, T. L., Pirie-Shepher8,, and Zopf, C. J.et al.
First-in-human, phase | study of PF-06647263, ain-EElNA4 calicheamicin
antibody-drug conjugate, in patients with advancgaid tumors INT J
CANCER.2019;145 1798-1808.

Tang, Z., Li, C., Kang, B., Gao, G., Li, C.dahang, Z. GEPIA: a web server
for cancer and normal gene expression profiling ameractive analyses
NUCLEIC ACIDSRES.2017;45: W98-W102.

Trinidad, E. M., Ballesteros, M., Zuloaga,Zapata, A., and Alonso-Colmenar,
L. M. An impaired transendothelial migration potahbf chronic lymphocytic
leukemia (CLL) cells can be linked to ephrin-Adpeassion BLOOD.2009;
114 5081-5090.

Jiang, Y., Suo, G., Sadarangani, A., Cowan,aBd Wang, J. Y. Expression
profiling of protein tyrosine kinases and theiraingl activators in leiomyoma
uteri. SYST BIOL REPROD MED.2010;56: 318-326.

30



693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Trinidad, E. M., Zapata, A. G., and Alonso-Celmar, L. M. Eph-ephrin
bidirectional signaling comes into the context wiphocyte transendothelial
migration Cell Adh Migr.2010;4: 363-367.

Martiny-Baron, G., Holzer, P., Billy, E., Schin€., Brueggen, J., Ferretti, M.,
Schmiedeberg, N., Wood, J. M., Furet, P., and Iilnp& The small molecule
specific EphB4 kinase inhibitor NVP-BHG712 inhibit¥ EGF driven
angiogenesisANGIOGENES S.2010;13: 259-267.

Cheng, Y., Ping, J., and Chen, J. Identificatad Potential Gene Network
Associated with HCV-Related Hepatocellular Carciaordsing Microarray
Analysis PATHOL ONCOL RES.2018;24: 507-514.

Zhao, J. R., Cheng, W. W., Wang, Y. X., Cai, Wu, W. B., and Zhang, H. J.
Identification of microRNA signature in the progsem of gestational
trophoblastic diseas€ELL DEATH DIS.2018;9: 94.

Huang, C., Yuan, W., Lai, C., Zhong, S., Yaig,Wang, R., Mao, L., Chen, Z.,
and Chen, Z. EphA2-to-YAP pathway drives gastriccest growth and therapy
resistancelNT J CANCER.2020;146 1937-1949.

Li, J. Y., Xiao, T., Yi, H. M., Yi, H., Feng,,JZhu, J. F., Huang, W., Lu, S. S,
Zhou, Y. H., and Li, X. H.et al. S897 phosphonryatiof EphA2 is indispensable
for EphA2-dependent nasopharyngeal carcinoma oglsion, metastasis and
stem propertieSCANCER LETT.2019;444 162-174.

Chen, Z., Liu, Z., Zhang, M., Huang, W., Li, ¥ang, S., Zhang, C., Dong, B.,
Gao, J., and Shen, L. EPHA2 blockade reverses @chuoesistance to afatinib
induced by EPHA2-mediated MAPK pathway activationgastric cancer cells
and avatar micdNT J CANCER.2019;145 2440-2449.

Dunne, P. D., Dasgupta, S., Blayney, J. K., McB. G., Redmond, K. L., Weir,
J. A,, Bradley, C. A., Sasazuki, T., Shirasawa,a®d Wang, T.et al. EphA2
Expression Is a Key Driver of Migration and Invasiand a Poor Prognostic
Marker in Colorectal Cance€LIN CANCER RES.2016;22: 230-242.
Cariaga-Martinez, A. E., Cortes, |., Garcia, Berez-Garcia, V., Pajares, M. J.,
ldoate, M. A., Redondo-Munoz, J., Anton, I. M., ar@arrera, A. C.
Phosphoinositide 3-kinase p85beta regulates invadlopm formation BIOL
OPEN.2014;3: 924-936.

Kumar, A., Redondo-Munoz, J., Perez-GarciaQértes, I., Chagoyen, M., and
Carrera, A. C. Nuclear but not cytosolic phosphsitide 3-kinase beta has an
essential function in cell survivalOL CELL BIOL.2011;31: 2122-2133.

Cortes, |., Sanchez-Ruiz, J., Zuluaga, S.,&ase, V., Marques, M., Hernandez,
C., Rivera, T., Kremer, L., Gonzalez-Garcia, A.daDarrera, A. C. p85beta
phosphoinositide 3-kinase subunit regulates tunmognession Proc Natl Acad

31



731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748

749

750

751

752

753

754

755

756

757

758

759

760

i U SA.2012;109 11318-11323.

24. Ito, Y., Hart, J. R., Ueno, L., and Vogt, P. Rncogenic activity of the
regulatory subunit p85beta of phosphatidylinosBekinase (PI13K) Proc Natl
Acad Sci U SA.2014;111 16826-16829.

25. Mancinelli, R., Carpino, G., Petrungaro, S.,nM@aola, C. L., Tomaipitinca, L.,
Filippini, A., Facchiano, A., Ziparo, E., and Giaiaipi, C. Multifaceted Roles of
GSK-3 in Cancer and Autophagy-Related DiseaseXID MED CELL
LONGEV.2017;2017 4629495.

26. Xu, D., Yang, F., Yuan, J. H., Zhang, L., Bi, 8§, Zhou, C. C., Liu, F., Wang,
F., and Sun, S. H. Long noncoding RNAs associatitll hver regeneration 1
accelerates hepatocyte proliferation during livegeneration by activating
Whnt/beta-catenin signalinglEPATOLOGY.2013;58: 739-751.

27. Damelin, M., Bankovich, A., Park, A., Aguilar, Anderson, W., Santaguida, M.,
Aujay, M., Fong, S., Khandke, K., and Pulito, V.el. Anti-EFNA4
Calicheamicin Conjugates Effectively Target Triplegative Breast and
Ovarian Tumor-Initiating Cells to Result in Sus&dnTumor Regression€LIN
CANCER RES2015;21: 4165-4173.

Figure Legends

Figure 1 EFNA4 expression is associated with poor prognosis liver cancer. (A)
TCGA and two Gene Expression Omnibus data sets {(@EH8 and GSE107170)
were downloaded for EFNA4 expression analysis. EEMAsS elevated in HCC

tissues of TCGA dataset (n=371) compared with atjatssues (n=50). ***p <

0.001. B) Correlation analysis of clinical T staging and EENexpression in TCGA
database.) Kaplan—Meier analysis of overall survival and pessgion-free survival
among 370 patients with HCM @ndE) Representative IHC images (D) and average
staining scores (E) of EFNA4 expression in 90 pairdCC and adjacent tissues,
scale bar, 10am. (F andG) EFNA4 expression in hepatocellular carcinoma cell

lines and normal hepatic epithelial cell line attbthe RNA and protein levels by
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guantitative real-time PCR (F) and western blot{iGJ.

Figure 2 EFNA4 enhances the replication and prolif@tion of HCC cell lines in

vitro and in vivo. (A) Expression of EFNA4 in EFNA4-overexpressing He@3@
Huh7 cells, as detected by quantitative real-tir@&RRssays B andC) The
representative images (B) and quantitative data{@)e EdU assay in Hep3B and
Huh7, scale bar, 50m. (D andE) Representative images (D) and quantitative da}a (
from the flow cytometry assayd: andG) Representative images (G) and
quantitative data (F) of the subcutaneous tumorahdg < 0.05, **p < 0.01, ***p <
0.001. H) Representative images of HE staining and IHGstgiof K167, scale bar,

50 um.

Figure 3 EFNA4 promotes EMT and migration in vitro and in vivo. (A andB)
Representative images and quantitative analysielbmigration based on
wound-healing assays, scale bar, g60 *p < 0.05, **p < 0.01, **p < 0.001.¢ and
D) Representative images and quantitative analysislbmigration based on
Transwell assays, scale bar, 100. (E) Analysis of EMT markers by western
blotting in EFNA4 overexpression cell lysatds.andG) Representative images and
guantitative analysis of the orthotropic transpddate hepatocellular carcinoma
implantation model; the ellipse represents thediteemor implantation and the arrow
represents metastasibl)(The liver weight/body weight ratio analysis beéndhe

empty vector group and EFNA4 overexpression gr@yiRepresentative images of
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783  HE staining and IHC staining of N-cadherin and Bkein, scale bar, 50m.

784

785  Figure 4 The EFNA4-EPHA2-PIK3R2/GSK3/p-catenin axis promotes DNA

786  replication and migration of HCC cells.(A) Venn diagram of the overlap analysis
787  of EFNA4-related molecules in TCGA database (|R>P<0.05) and the results of
788  high-throughput sequencind+4D) Heatmap (B), correlation analysis (C), and
789  STRING online analysis (D) of the results of thedap analysis.K) Analysis of the
790 level of EPHA2 phosphorylation by western blottiging Hep3B cell lysates)

791  EFNA4-EPHA2-PIK3R2 interactions were analyzed byroounoprecipitation

792  experiments using Hep3B cell lysates, with eithreaatibody against FLAG-EFNAA4,
793 EPHAZ2, or PIK3R2; interactions were revealed bytemsblotting. G) Analysis of
794  the levels of downstream molecules by westernibiptising EFNA4-knockdown
795 and EFNA4-overexpressing cell lysates.

796

797  Figure 5 PIK3R2 knockdown reverses the effect of HRA4 on the proliferation
798  and metastasis of HCC cell§A) PIK3R2 knockdown in EFNA4-overexpressing
799 Hep3B and Huh7 cells, as detected by quantitagaktrme PCR assays. *p < 0.05,
800 **p <0.01, **p < 0.001. B andC) Representative images and quantitative analysis
801  of cell migration in EFNA4-overexpressing Hep3B atah7 cells after knockdown
802 of PIK3R2 based on Transwell assays, scale barpd0@ andE) Representative
803 images and quantitative analysis of cell migratroEFNA4 overexpressing Hep3B

804 and Huh7 cells after knockdown of PIK3R2 based onnd-healing assays, scale bar,
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200um. (F andG) Representative images and quantitative data of &say in
EFNA4-overexpressing Hep3B and Huh7 cells afteckdown of PIK3R2, scale bar,
50 um, (H) Analysis of the expression of downstream molecblewestern blotting

using PIK3R2-knockdown and EFNA4-overexpressinglgshtes.

Figure 6 Inhibition of EPHA2 phosphorylation reverses the effect of EFNA4 on
downstream molecules of HCC cells and a feedbackdp was existed among
PIK3R2, GSK3p and p-catenin. (A) The result of the half maximal inhibitory
concentration assay of NVP-BHG712 in Hep3B ceB3.The result of the CCK-8
assay of NVP-BHG712 in Hep3B cell€)(Analysis of the expression of downstream
molecules by western blotting using different corications of NVP-BHG712 in
EFNA4-overexpressing Hep3B cell lysatd3) Expression of PIK3R2 in
B-cateninknockdown HCC cells, *p < 0.05, **p < 0.01, **p < 0.001.K) Analysis of
the levels of downstream molecules by westerniblptising B-catenin-knockdown
cell lysates in Hep3BH andG) quantitative real-time PCR and PCR gel exhibiting
amplification of CTCF-binding site after ChIP asseyng HepG2 or Hep3B cell

lysates, with either an antibody against CTCF @&.Ig

Figure 7 Schematic diagram shows the mechanism between EFNA#d
PIK3R2/GSK3p/p-catenin positive feedback loopOverexpression of EFNA4 in
HCC would active EPHAZ2 by phosphorylating at Set@@@reover, PIK3R2 interact

with EPHA2 and promote the phosphorylation of G3KaB8 Ser9, thus accelerating
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827

828

B-catenin transportation to the nucleus antivating CTCF, which leading to an

increase of PIK3R2.
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EFNA4 is an oncogene that negatively relates to the clinical prognosis in HCC
patients. While abnormal expresson of EFNA4 would contribute to HCC
proliferation and migration by activating GSK3p-p-catenin-PIK3R2 positive feedback
loop. Thus, clarifying the mechanism of EFNA4 would be helpful for providing a new
therapeutic target for HCC patients.
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