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Gene Expression Omnibus; HCC, hepatocellular carcinoma; HR, hazard ratio; 71 

IHC, immunohistochemistry; OS, overall survival; PFS, progress free survival; 72 

PIK3R2, phosphoinositide-3-kinase regulatory subunit 2; EPHA, EPH receptor 73 

A; qRT-PCR, quantitative real-time polymerase chain reaction; TCGA, The 74 

Cancer Genome Atlas; 75 

 76 

Abstract 77 

Rapid tumor progression, metastasis, and diagnosis in advanced stages of disease are 78 

the main reasons for the short survival time and high mortality rate of patients with 79 

hepatocellular carcinoma (HCC). Ephrin A4(EFNA4), the ligand of EPH family，80 

participles in the development of blood vessels and epithelium by regulating cell 81 
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migration and rejection. In our study, based on bioinformatics analyses, we found that 82 

EFNA4 was highly expressed and led to poor prognosis in patients with HCC. We 83 

demonstrated that overexpression of EFNA4 significantly promoted HCC cell 84 

proliferation and migration in vivo or in vitro. In addition, knockdown of EFNA4 85 

inhibited the proliferation and migration of HCC cells. Furthermore, EFNA4 was 86 

found to directly interact with EPHA2 and promote its phosphorylation at Ser897, 87 

followed by recruitment of phosphoinositide-3-kinase regulatory subunit 2 (PIK3R2), 88 

and activation of the glycogen synthase kinase-3beta (GSK3β)/β-catenin signaling 89 

pathway. Moreover, overexpression of β-catenin further promoted the expression of 90 

PIK3R2, which formed a positive feedback loop. The results revealed that abnormal 91 

expression of EFNA4 is the main switch of the PIK3R2/GSK3β/β-catenin loop that 92 

influenced the proliferation and migration of HCC cells and suggest that EFNA4 is a 93 

potential prognostic marker and a prospective therapeutic target in patients with HCC. 94 

 95 

Introduction 96 

Liver cancer is one of the most common type of malignant tumors, ranking fourth in 97 

mortality rate and second in cancer-related mortality of males in 2018 worldwide.1 98 

Most patients with liver cancer have entered the advanced stage of disease at the time 99 

of diagnosis, and molecular targeting therapy becomes more important for those 100 

missing the opportunity for operation. Although Tyrosine kinase inhibitors are the 101 

first-line treatment for advanced liver cancer patients, TKIs (e.g. sorafenib) are prone 102 

to occur drug resistance. Therefore, the discovery of new treatment options for liver 103 
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cancer, such as sorafenib enhancers or antibody-drug conjugates (ADCs) has become 104 

an urgent need for the clinical treatment of liver cancer. 105 

 106 

The EPH/ephrin (EPH/EFN) system is widely expressed in various cells by binding to 107 

the cell membrane. They play crucial roles in development, cell proliferation and 108 

differentiation by cell-cell contact, regulation of cell signals and transfer into the 109 

nucleus, and stimulation of downstream signaling pathways, which are closely related 110 

to the appearance of tumors. Moreover, there are nine types of EPHA receptors and 111 

five types of EPHB receptors according to the differences in homology, structural 112 

domain, and affinity of gene sequence.2 The EPH receptor-interacting proteins (EFN 113 

ligands) are divided into eight subtypes, namely five EFNA ligands and three EFNB 114 

ligands. The polymer is formed and bidirectional signaling is active when the receptor 115 

binds to the ligands of adjacent cells. EFNA ligands bind to the corresponding EPH 116 

receptor activate the tyrosine kinase in the cytoplasm of the receptor by changing the 117 

conformation of EPH, and result in phosphorylation of the corresponding receptor and 118 

activation of downstream signaling.3 In addition, EFNA ligands activate the relevant 119 

surface receptors of their host cells, such as the p75NT receptor (p75NTR).3, 4  120 

 121 

Ephrin A4, also termed EFNA4, mainly expressed in the spleen, lymph nodes, ovary, 122 

small intestine, and colon of adults, as well as in the heart, lungs, liver, and kidneys of 123 

the fetus. It is involved in the development of neurons, blood vessels, and epithelium 124 

by regulating cell migration, rejection, and adhesion. Studies have shown that EFNA4 125 

Jo
urn

al 
Pre-

pro
of



6 
 

is involved in the proliferation and metastasis of glioma, ovarian cancer, chronic 126 

lymphocytic leukemia, and other tumors.5-8 Moreover, the ADC drug PF-06647263, a 127 

conjugate of an EFNA4 monoclonal antibody and calicheamicins, provides a new 128 

therapeutic approach for the targeted therapy of patients with advanced breast cancer 129 

and ovarian cancer, offering outstanding pharmacokinetics and safety.9 However, the 130 

role of EFNA4 in the development of hepatocellular carcinoma (HCC) has not been 131 

reported yet, and the upstream and downstream regulation of EFNA4 remain unclear. 132 

Therefore, the aim of this study was to investigate the role of EFNA4 in the process of 133 

hepatocellular carcinoma occurrence and development. 134 

 135 

Based on public database analyses (The Cancer Genome Atlas [TCGA] and Gene 136 

Expression Omnibus [GEO]), we found that EFNA4 is highly expressed in HCC and 137 

correlated with poorer disease prognosis. Increased expression of EFNA4 promotes 138 

the proliferation and migration ability of HCC cells. Mechanistically, overexpression 139 

of EFNA4 activates EPHA2 receptor phosphorylation at Ser897. Subsequently, the 140 

phosphoinositide-3-kinase regulatory subunit 2 (PIK3R2)/glycogen synthase 141 

kinase-3beta (GSK3β)/β-catenin axis influenced the proliferation and migration of 142 

HCC cells. Therefore, these findings suggest that EFNA4 could be used as a 143 

prognostic marker and that targeting EFNA4 represents a potential therapeutic 144 

strategy for patients with advanced HCC. 145 

 146 

Results 147 
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 148 

EFNA4 expression is associated with poor prognosis in liver cancer 149 

Data from TCGA and GEO databases were extracted and analyzed by bioinformatics 150 

methods.10 For TCGA database analysis, the results indicated that EFNA4 was 151 

significantly overexpressed in patients with liver cancer, and this overexpression was 152 

linked to a worse clinical prognosis. Notably, we found that the expression of EFNA4 153 

was positively correlated with TNM staging, and high EFNA4 expression (based on 154 

370 HCC samples) was a significant indicator of poor OS and PFS (OS: hazard ratio 155 

[HR]=1.96, 95% confidence interval [CI]: 1.37–2.81, P=0.00018; PFS: HR=1.61, 95% 156 

CI: 1.16–2.22, P=0.0036) (Figure 1A–1C). Furthermore, gene set enrichment analysis, 157 

KEGG, and GO enrichment were used to analyze data of patients with HCC obtained 158 

from the GEO database (GSE 121248 and GSE 107170). The results revealed that 159 

EFNA4 expression was negatively correlated with the ability of cells for adhesion, 160 

indicating that overexpression of EFNA4 decreases the intercellular adhesion 161 

(P<0.001; Enrichment Score (ES) =0.59, 0.46). Moreover, it may affect the 162 

occurrence and metastasis of liver tumors by affecting the intercellular connection, or 163 

participating in the regulation of multiple tumor pathways, such as the PI3K-AKT or 164 

WNT signaling pathway (Supplementary Figure S1A–S1C). 165 

 166 

To further investigate the correlation between EFNA4 and liver cancer, we analyzed 167 

its expression in liver tumor arrays by IHC. As expected, EFNA4 expression in liver 168 

tumor tissue was markedly higher than that recorded in adjacent tissue (P<0.001) 169 
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(Figure 1D and 1E). Notably, the expression of EFNA4 in 90 tissue samples of liver 170 

cancer was related to the expression of AFP (χ2 test, P=0.0362) and the risk of 171 

vascular invasion (χ2 test, P=0.0319). This finding indicates that liver cancer patients 172 

with high EFNA4 expression were more likely to experience tumor metastasis 173 

(Supplementary Table S1). In addition, we compared the basal expression of EFNA4 174 

among normal immortalized liver epithelial cells (LO2) and HCC cells. As shown in 175 

Figures 1F and 1G, EFNA4 expression was upregulated in HCC cell lines at both the 176 

RNA and protein levels. 177 

 178 

EFNA4 enhances the replication and proliferation of HCC cell lines in vitro and 179 

in vivo 180 

The present clinical data suggested that EFNA4 may promote tumor progression. To 181 

investigate the role of EFNA4 in the pathogenesis and development of liver cancer, 182 

we overexpressed EFNA4 in HCC cell lines Hep3B and Huh7. Transfection 183 

efficiency was verified by qRT-PCR (Figure 2A). EdU assay indicated that, after the 184 

overexpression of EFNA4, the number of cells in the DNA replication process of 185 

HCC cell lines was significantly increased compared with the vector group (P<0.001) 186 

(Figure 2B and 2C). As shown in Figures 2D and 2E, the percentage of S phase cells 187 

in the empty vector group was 31.89% and 24.46% in Hep3B and Huh7, respectively. 188 

Following the overexpression of EFNA4, these values increased to 40.19% and 189 

33.14%, respectively (P<0.001). Together, the two assays demonstrated that 190 

overexpression of EFNA4 could enhance the ability of HCC cells for DNA 191 
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replication. 192 

 193 

We used a mouse subcutaneous tumor model to further confirm the influence of 194 

EFNA4 in vivo. Firstly, we transfected HepG2 and Huh7 cell lines with 195 

EFNA4-overexpressing lentivirus or empty vector lentivirus. After successful 196 

transfection, the cells presented green fluorescence, while EFNA4 overexpression was 197 

confirmed by qRT-PCR (Supplementary Figure S2A and S2B). Subsequently, the 198 

successfully transfected tumor cells were injected into the right groin of the nude mice. 199 

Subcutaneous tumor formation assay showed that the mice in the EFNA4 200 

overexpression group showed a larger tumor volume than those in the empty vector 201 

group (P<0.05) (Figure 2F and 2G; Supplementary Figure S2C–S2E). Further IHC 202 

and HE staining was performed on the tumor tissue. Compared with the empty vector 203 

group, the tumor proliferation index Ki67 was significantly increased in the EFNA4 204 

overexpression group (Figure2H; Supplementary Figure S2F). In conclusion, 205 

overexpression of EFNA4 increases the ability of HCC cells for DNA replication and 206 

proliferation. 207 

 208 

Downregulation of EFNA4 inhibits HCC cell replication and proliferation 209 

To further investigate the biological role of EFNA4, SiRNA technology was used to 210 

inhibit is expression in HCC cell lines HepG2 and MHCC-97H. The transfection 211 

efficiencies were verified by qRT-PCR (Supplementary FigureS2G). As shown in 212 

Supplementary Figures S2H and S2I, downregulation of EFNA4 expression damaged 213 
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the DNA replication capacity of HCC cell lines (P<0.05). As shown by the cell cycle 214 

assay, the decline in EFNA4 expression led to a reduction in the number of S phase 215 

cells (P<0.05) (Supplementary Figure S2J and S2K). Therefore, inhibition of EFNA4 216 

expression reduced the ability of HCC cells for DNA replication and proliferation. 217 

 218 

EFNA4 is essential for epithelial–mesenchymal transition  (EMT) and migration 219 

in vitro and in vivo  220 

Several research studies found that the abnormal expression of EFNA4 was related to 221 

the occurrence of multiple tumor metastases.11, 12 We further examined the effect of 222 

EFNA4 on the migration ability of HCC cells. For this purpose, Transwell and 223 

wound-healing assays were used to investigate the role of EFNA4 overexpression in 224 

HCC cells. Functionally, the EFNA4 overexpression group showed a larger healing 225 

area compared with the control group (P<0.05) (Figure 3A and 3B). Moreover, 226 

upregulation of EFNA4 promoted the penetration of the basement membrane by 227 

tumor cells, thereby facilitating cell migration (P<0.001) (Figure 3C and 3D). Notably, 228 

according to the results of the western blotting analysis, upregulation of EFNA4 229 

assisted HCC cell lines Hep3B and Huh7 in acquiring a mesenchymal phenotype, as 230 

mesenchymal markers (N-cadherin and vimentin) were significantly upregulated and 231 

the epithelial marker E-cadherin was significantly downregulated. Overexpression of 232 

EFNA4 in HCC cells may induce EMT (Figure 3E). 233 

 234 

To verify the effect of EFNA4 overexpression on the ability of tumors for metastasis 235 
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in vivo, HCC cells with EFNA4-overexpressing lentivirus or empty vector lentivirus 236 

were injected into the liver of 6-week-old female nude mice. All mice were 237 

euthanized 30 days later to verify the effects of EFNA4 on tumor cell migration. As 238 

shown in Figure 3F, the dotted ellipse indicates the site of tumor implantation. More 239 

tumor nodules with fluorescence appeared in the liver of mice in the EFNA4 240 

overexpression group. Moreover, the liver weight/body weight ratio in the 241 

experimental group was significantly higher than that recorded in the control group, 242 

suggesting that overexpression of EFNA4 increases the risk of intrahepatic metastasis 243 

(Figure 3G and 3H). Subsequently, IHC and HE staining were performed on the 244 

tumor tissue; N-cadherin was upregulated, whereas E-cadherin was downregulated in 245 

the EFNA4 overexpression tumor tissues (Figure 3I). Taken together, upregulation of 246 

EFNA4 promotes EMT and migration in vitro and in vivo. 247 

 248 

Downregulation of EFNA4 inhibits HCC cell EMT and migration 249 

In contrast, we found that the migratory ability of cells was significantly decreased 250 

after downregulation of EFNA4 expression. As shown in the wound-healing assay, the 251 

downregulation of EFNA4 expression reduced the migration area of HCC cells 252 

(P<0.05) (Supplementary Figure S3A and S3B) and weakened their migratory ability 253 

in the basement membrane (P<0.001) (Supplementary Figure S3C and S3D). Notably, 254 

inhibition of EFNA4 expression increased the expression of E-cadherin in HepG2 and 255 

MHCC-97H cell lines, whereas it downregulated the expression of N-cadherin 256 

(Supplementary Figure S3E). In conclusion, downregulation of EFNA4 expression 257 
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inhibited the EMT and migratory ability of HCC cells. 258 

 259 

EFNA4 promotes phosphorylation of EPHA2 at Ser897 and targets it to activate 260 

PIK3R2 261 

We investigated the molecular mechanism through which EFNA4 is associated with 262 

HCC proliferation and metastasis. Illumina HiSeqTM sequence was used to explore the 263 

downstream molecules involved in this process and further clarify their specific 264 

mechanisms. According to the results of high-throughput sequencing, an overlap 265 

analysis of EFNA4-related molecules in TCGA database (|R|＞0.2, P<0.05) and 266 

high-throughput sequencing result was performed. A total of 154 related molecules 267 

were found and shown in the Venn diagram (Figure 4A). Following further screening 268 

of these molecules (gene counts >100), a series of methods (e.g., expression 269 

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

(Figure 4B–4D). As a result, PIK3R2, early growth response 1 (EGR1), and FOS 271 

were identified as potential downstream regulatory factors. Subsequently, KEGG 272 

enrichment analysis demonstrated that EFNA4 was related to the PI3K-AKT and 273 

MAPK signaling pathways (Supplementary Figure S4A). Therefore, PIK3R2 may be 274 

the downstream molecule regulated by EFNA4. 275 

 276 

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

known as PI3K p85β subunit, in patients with liver cancer were analyzed through 278 

TCGA database. As shown in Supplementary Figures S4B–S4D, the expression of 279 
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EFNA4 was positively correlated with PIK3R2 (R=0.34, P<0.05). In addition, 280 

PIK3R2 was also significantly up-regulated in liver cancer patients (P<0.001), and the 281 

OS time and DFS time of patients with high expression of PIK3R2 were also 282 

significantly shorter than those with low expression of PIK3R2 (OS: HR=2, P=0.0053; 283 

DFS: HR=1.9, P=0.005). Likewise, interference with the expression of EFNA4 would 284 

lead to the decrease of PIK3R2, while overexpressed EFNA4 would lead to an 285 

opposite result (P<0.001) (Supplementary Figure S4E). Combined with previous 286 

results.11, 13 We thus tested and confirmed the interaction between EFNA4, EPHA2, 287 

and PIK3R2 by coimmunoprecipitation, immunofluorescence and western blotting 288 

analysis using HCC cell lines Hep3B or Huh7. The experimental results show that, 289 

there is an interaction between EFNA4, EPHA2 and PIK3R2. Moreover, 290 

overexpression of EFNA4 lead to phosphorylation of EPHA2 at Ser897, rather than 291 

phosphorylating at Tyr772. Follow by EPHA2 activating and PIK3R2 was 292 

subsequently recruited to the membrane receptor, which finally stimulating the 293 

expression of downstream pathways (Figure 4E and 4F; Supplementary Figure S4F 294 

and S4G). As discussed above, we believe that EFNA4-EPHA2-PIK3R2 axis may be 295 

the mode of action leading to changes in the biological function of HCC cells. 296 

 297 

The EFNA4-EPHA2-PIK3R2 axis regulates the GSK3β/β-catenin signaling 298 

pathway 299 

To clarify the effect of the EFNA4-EPHA2-PIK3R2 axis on the downstream signaling 300 

pathway, we detected changes in proteins through western blotting analysis. As shown 301 

Jo
urn

al 
Pre-

pro
of



14 
 

in Figure 4G, downregulation of EFNA4 led to a decrease in PIK3R2, phospho-AKT 302 

(Ser473), phospho-GSK3β (Ser9), and β-catenin. In contrast, overexpression of 303 

EFNA4 increased the expression of these genes. These results showed that the 304 

proliferation and migration of HCC cells may be altered by regulating the 305 

EFNA4-EPHA2-PIK3R2 axis associated with the GSK3β/β-catenin signaling 306 

pathway. 307 

 308 

To validate this conclusion, we carried out rescue experiments on key factors in the 309 

EFNA4-EPHA2-PIK3R2 axis. Initially, siRNA technique was used to inhibit the 310 

expression of PIK3R2 in HCC cell lines overexpressing EFNA4. Knockdown of 311 

PIK3R2 was confirmed by qRT-PCR (Figure 5A). Subsequently, the capacity to 312 

migrate, which had been facilitated in HCC cell lines, was restored after knockdown 313 

of PIK3R2 (P<0.001) (Figure 5B–5E). The EdU assay showed that knockdown of 314 

PIK3R2 restored the DNA replication ability of HCC cell lines (P<0.001) (Figure 5F 315 

and 5G). The results of western blotting analysis revealed that knockdown of PIK3R2 316 

inhibited the phosphorylation of GSK3 at Ser9, which finally led to the 317 

downregulation of β-catenin (Figure 5H). 318 

 319 

Using the EPH receptor inhibitor NVP-BHG712, we investigated the changes in the 320 

EFNA4-EPHA2-PIK3R2 axis and downstream factors after changing the activity of 321 

the EPH receptor. NVP-BHG712, an inhibitor of EPH family tyrosine kinase, inhibits 322 

phospho-EPHB4 and phospho-EPHA2.14 We investigated the impact of 323 
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NVP-BHG712 on HCC cells lines in terms of toxicity and proliferation. The results of 324 

the half maximal inhibitory concentration and CCK-8 assays revealed that the 325 

semi-inhibitory concentration of NVP-BHG712 on HCC cells was 7.63 µM and, with 326 

the increase in drug concentration, the cell survival rate gradually decreased (Figure 327 

6A and 6B). Consistent with previous reports,14 phosphorylation of EPHA2 was 328 

inhibited by NVP-BHG712 at a concentration >10 µM; thus, we set the dosages as 329 

follows: 2, 10, and 25 µM. Proteins were extracted 24 h after treatment, and western 330 

blotting analysis was performed to analyze the changes in the expression of 331 

downstream molecules. As shown in Figure 6C, following inhibition of the 332 

phosphorylation of EPHA2 at Ser897, the expression of downstream molecules 333 

PIK3R2, phospho-GSK3β (Ser9) and β-catenin was also inhibited. 334 

 335 

GSK3β/β-catenin and PIK3R2 constitutes a positive feedback loop 336 

Notably, since the abnormal expression of EFNA4, PIK3R2 was recruited to the 337 

EPHA2 receptor on the cell membrane for activation, at the same time, the RNA and 338 

protein levels of PIK3R2 were also changed. Therefore, we hypothesized that after 339 

PIK3R2 activated GSK3β/β-catenin signaling pathway, β-catenin translocated into 340 

nucleus and promoted the transcription of PIK3R2, which finally formed a positive 341 

feedback loop. In order to conform our hypothesis, knockdown of β-catenin was 342 

exerted in HCC cell line (Supplementary Figure S4H). As expected, after knocking 343 

down of β-catenin, the expression of PIK3R2 was also inhibited, while there were no 344 

changes between GSK3β and phospho-GSK3β (Ser9) (Figure 6D and 6E; 345 
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Supplementary Figure S4I). Moreover, a chromatin immunoprecipitation (ChIP) assay 346 

was designed to explore the influence of β-catenin on the transcription of PIK3R2. 347 

Compared with negative control, the existence of CTCF binding site on PIK3R2 348 

promoter sequence was confirmed, which suggested that β-catenin may promote the 349 

transcription of PIK3R2 by affecting the activation of CTCF (Figure 6F and 6G). 350 

 351 

In conclusion, the EFNA4-EPHA2-PIK3R2 axis influences biological functions (e.g., 352 

DNA replication and metastasis) of HCC cell lines by regulating the GSK3β/β-catenin 353 

signaling pathway, subsequently, a feedback from β-catenin influenced the 354 

transcriptional expression of PIK3R2 (Figure 7), while abnormal expression of 355 

EFNA4 is the main switch for this process. 356 

 357 

Discussion 358 

Despite a gradual improvement, there is a problem of off-target and drug resistance in 359 

first- and second-line targeted drugs for the treatment of liver cancer, which leads to 360 

high mortality in patients. Rapid tumor progression and metastasis lead to poor 361 

prognosis of patients with tumors. The EPH/EFN system widely participates in the 362 

regulation of a variety of biological effects in vivo. Several studies found that EFNA4 363 

is involved in the regulation of neuronal, vascular, and epithelial development.5-8 364 

However, in the liver, the high expression of EFNA4 is found only in the early stage 365 

of infant development and, with increasing age, this expression is gradually reduced. 366 

The results of our study suggest that the expression of EFNA4 in patients with HCC is 367 
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a potential prognostic target. Cheng et al. showed that long-term infection with 368 

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

According to their bioinformatics analysis, these effects ultimately promoted the 370 

proliferation and metastasis of tumor cells.15 Thus, we extracted public databases, and 371 

found that the expression of EFNA4 was significantly upregulated in HCC patients 372 

with hepatitis B virus (GSE121248) and hepatitis C virus infection (GSE107170), 373 

followed by activation of some tumor-related signaling pathways. 374 

 375 

Several studies suggested that EFNA4 plays a role in the development of tumors. It 376 

has been reported that the increased expression of EFNA4 promote the metastasis of 377 

human choriocarcinoma cell line JEG-3.7 Furthermore, Zhao et al. found that 378 

miR-518a-3p inhibited the metastasis of choriocarcinoma cells by downregulating 379 

EFNA4.16 Aasheim et al. suggested that dysregulation of EFNA4 induced 380 

lymphocytic leukemia by affecting the maturation of B lymphocytes and increasing 381 

the number of naive lymphocytes.8 However, the upstream and downstream factors of 382 

EFNA4 are not fully illustrated. In this study, we found that the expression of EFNA4 383 

was significantly increased in tissue sections obtained from patients with liver cancer. 384 

Moreover, EFNA4 was positively correlated with the risk of vascular invasion in 385 

patients with HCC. Furthermore, in vitro and in vivo biological function experiments 386 

revealed that overexpression of EFNA4 promoted DNA replication, EMT, and tumor 387 

migration in HCC cells. Knockdown of EFNA4 expression inhibited the DNA 388 

replication and metastasis of HCC cells. These results indicate that the abnormal 389 

Jo
urn

al 
Pre-

pro
of



18 
 

expression of EFNA4 alters the biological function of liver cells, thereby inducing the 390 

occurrence of HCC. 391 

 392 

Thus far, the molecular mechanism of EFNA4 remains ambiguous. We thus 393 

investigated the mechanism of EFNA4 involved in HCC. Our analysis demonstrated 394 

that EFNA4 could bind to the EPHA2 receptor, and overexpression of EFNA4 could 395 

activate the phosphorylation of the EPHA2 receptor at Ser897, followed by 396 

recruitment of PIK3R2 to the cell membrane. Recent studies suggested that EPHA2 397 

receptors are involved in the regulation of AKT, YAP, and other downstream 398 

pathways.5, 17 In addition, abnormal activation of the EPHA2 receptor may promote 399 

the development of nasopharyngeal cancer,18 gastric cancer,19 and colon cancer.20 400 

While PIK3R2 localizes to the cytosol and also concentrates at focal adhesions as 401 

well as in the nucleus.21, 22 Increasing evidence suggests that upregulation of PIK3R2 402 

triggers cell transformation.23, 24 Increased PIK3R2 expression at the cell junction 403 

leads to local actin polymerization and the subsequent formation of invadopodia-like 404 

structures, which mediate basal membrane degradation and invasion.21 We 405 

investigated whether the EFNA4-EPHA2 axis promotes HCC cell proliferation and 406 

migration by PIK3R2. Our analysis revealed that the expression of PIK3R2 was 407 

significantly increased after overexpression of EFNA4. Moreover, as an interaction 408 

was shown between EFNA4, EPHA2, and PIK3R2, we further investigated the effects 409 

on the downstream signaling pathway. The results showed that the levels of 410 

phosphorylated GSK3β and β-catenin were significantly increased after activation of 411 
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the EFNA4-EPHA2-PIK3R2 axis, whereas inhibition of EFNA4 blocked these effects. 412 

After the activation of this axis, phosphorylation of downstream protein GSK3β was 413 

increased. As reported, phosphorylation of GSK3β at Ser9 would Inhibit the 414 

formation of GSK3β-APC-AXIN complex, which prevented β-catenin from being 415 

degraded by ubiquitin.25 Thus, following by nuclear translocation of β-catenin, CTCF 416 

was activated.26 Then CTCF bound to the transcriptional initiating region of PIK3R2, 417 

leading to an increase in the transcriptional expression of PIK3R2, which finally 418 

formed a positive feedback loop and causing uncontrollable proliferation or metastasis 419 

in HCC cells.  420 

 421 

PF-06647263 is a conjugate of an EFNA4 monoclonal antibody and the cytotoxic 422 

drugs calicheamicins. Compared with using calicheamicins alone, PF-06647263 has 423 

shown better efficacy in targeting tumor stem cells and inhibiting tumor growth in 424 

breast and ovarian cancer. Moreover, PF-06647263 achieved sustained tumor 425 

regression in both triple-negative breast cancer and patient-derived xenograft ovarian 426 

cancer in vivo through continuous induction of tumor cell regression and reduced 427 

initiation of tumor stem cells.27 In phase I clinical trial, PF-06647263 treatment group 428 

showed better pharmacokinetic results and safety in patients with metastatic 429 

triple-negative breast and ovarian cancer.9 Our study provides a theoretical basis for 430 

the use of PF-06647263 in patients with liver cancer. 431 

 432 

In summary, overexpression of EFNA4 is correlated with poor prognosis in HCC 433 
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patients. The present evidence indicates that the combination of EFNA4 and EPHA2 434 

wound activate PIK3R2/GSK3β/β-catenin feedback loop and promotes proliferation 435 

and migration in HCC cells, and abnormal expression of EFNA4 is the key point of 436 

feedback loop activation. Therefore, EFNA4 is a potential prognostic marker and a 437 

prospective therapeutic target in patients with HCC.  438 

 439 

MATERIALS AND METHODS 440 

 441 

Public data analysis 442 

Bioinformatics data were obtained from TCGA and GEO databases (GSE121248 and 443 

GSE107170). Significantly differentially expressed genes from HCC and adjacent 444 

tissue data sets were screened using the R software (R version 3.5.0). A higher or 445 

lower expression of EFNA4, with a P-value <0.05, was regarded as the threshold. The 446 

data for the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology 447 

(GO) analyses were obtained from the correlation analysis among EFNA4 and other 448 

relative genes in TCGA or GEO database (|R>0.3|, P<0.05). 449 

 450 

Antibodies 451 

Antibodies against EFNA4 (19685-1-AP), E-cadherin (60335-1-Ig), N-cadherin 452 

(66219-1-Ig), vimentin (10366-1-AP), EPHA2 (66736-1-Ig), and GSK3β 453 

(22104-1-AP) were purchased from Proteintech (Wuhan, China). Antibodies against 454 

β-catenin (#8480), AKT (#4691), phospho-AKT (Ser473) (#4060), phospho-GSK3β 455 
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(Ser9) (#9323), and EPHA2 (#6997) were obtained from Cell Signaling Technology 456 

(Beverly, MA, USA). Antibodies against Ki67 (ab16667), PIK3R2 (ab180967) and 457 

CTCF (ab128873) were obtained from Abcam (Cambridge, MA, USA). The antibody 458 

against GAPDH (AP0063) was purchased from Bioworld Technology (Bloomington, 459 

MN, USA). Human EFNA4 Antibody (MAB3692) was purchased from Bio-Techne 460 

(Minneapolis, MN, USA); phospho-EPHA2 (Ser897) (AP1082) and phospho-EPHA2 461 

(Tyr772) (AP0817) were purchased from ABclonal Technology (Wuhan, China). 462 

Monoclonal anti-FLAG M2 antibody (1804) was obtained from Merck KGaA 463 

(Darmstadt, Germany). 464 

 465 

Cell culture and transfections 466 

The HCC cell lines Hep G2, Hep 3B, Huh7, and MHCC-97H, as well as normal 467 

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

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

(Guangzhou Jet Bio-Filtration Co., Ltd, Guangzhou, China) and maintained in 470 

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

(volume/volume) fetal bovine serum and 5 mg/ml penicillin/streptomycin at 37°C 472 

with 5% CO2. EFNA4-targeting siRNA and scramble control siRNA were purchased 473 

from Ribobio (Guangzhou, China). EFNA4-targeting sequences were as follows: 474 

siRNA#1, 5’-GGGCCTCAACGATTACCTA-3’; siRNA#2, 475 

5’-GGAGAGACTTACTACTACA-3’. PIK3R2-targeting sequences were as follows: 476 

siRNA#1, 5’-GCACCTATGTGGAGTTCCT-3’; siRNA#2, 477 
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5’-GGCCAGACTCAAGAGAAAT-3’. β-catenin-targeting sequences were as follows: 478 

siRNA#1, 5’- GCCACAAGATTACAAGAAA-3’; siRNA#2, 5’- 479 

GACTACCAGTTGTGGTTAA -3’. The overexpression plasmids pcDNA3.1-EFNA4 480 

as well as the empty vector (pcDNA3.1), were obtained from Sino Biological Inc. 481 

(Beijing, China). Cell transfection was performed using Lipofectamine 3000 (Thermo 482 

Scientific, Waltham, MA, USA) according to the instructions provided by the 483 

manufacturer. The expression level of EFNA4 was detected by quantitative real-time 484 

polymerase chain reaction (qRT-PCR). 485 

 486 

Assembly of EFNA4 lentivirus 487 

The EFNA4-overexpressing lentivirus and the empty vector lentivirus were packaged 488 

by OBiO Technology (Shanghai, China), and cell transduction was performed 489 

according to the instructions provided by the manufacturer. Stable cells were selected 490 

using medium containing 2 µg/ml puromycin. 491 

 492 

Total RNA extraction and qRT-PCR 493 

Total RNA was extracted using a cell total RNA Isolation kit (Foregene, Chengdu, 494 

China) according to the instructions provided by the manufacturer. RNA samples were 495 

subsequently reverse transcribed using the PrimeScript RT reagent kit (Takara 496 

Biomedical Technology (Beijing) Co., Beijing, China) and amplified by qRT-PCR 497 

with a LightCycler480 II system (Roche, Basel, Switzerland) using TB Green premix 498 

ExTaq II (Takara Biomedical Technology (Beijing) Co., Beijing, China). The 499 
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expression levels were normalized to those of β-actin, and the relative expression 500 

levels were calculated using the 2−ΔΔCt method. The following primer sequences were 501 

used: EFNA4: 5’-GAGCTGGGCCTCAACGATT-3’ (forward), 502 

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

5’-CTAGCAAGATCCAGGGCGAG-3’ (forward), 504 

5’-ACAACGGAGCAGAAGGTGAG-3’ (reverse); β-catenin: 5’- 505 

CTGAGGAGCAGCTTCAGTCC-3’(forward), 5’-ATTGCACGTGTGGCAAGTTC-3’ 506 

(reverse); β-actin: 5’-TGGCACCCAGCACAATGAA-3’(forward), 5’- 507 

CTAAGTCATAGTCCGCCTAGAAGCA-3’ (reverse). 508 

 509 

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

EdU proliferation assay was performed with the Cell-Light EdU Apollo 567 in vitro 511 

Imaging Kit (RiboBio, Guangzhou, China). Briefly, all cells were inoculated into 512 

96-well plates (1×104 cells per well) after transfection with siRNA or plasmid for 24 h, 513 

and EdU staining was performed according to the instructions provided by the 514 

manufacturer. The number of EdU-positive cells was counted using an inverted 515 

fluorescence microscope (Olympus (China) co., Beijing, China) in three random 516 

fields. 517 

 518 

Cell cycle assay 519 

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

(Lianke) Biotech Co., Ltd., Hangzhou, China) according to the instructions provided 521 
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by the manufacturer. The DNA content was analyzed by FACS calibre flowcytometry 522 

(BD Biosciences, Franklin Lakes, NJ , USA ), and the percentages of cells within each 523 

phase of the cell cycle were determined using the ModFit LT V4.1.7 software (Verity 524 

Software House, Topsham, ME, USA). 525 

 526 

Cell wound-healing and migration assays 527 

The cell wound-healing assay was performed as follows. Cells were seeded and 528 

grown into a confluent monolayer in six-well plates. Subsequently scratches were 529 

generated using a pipette tip. After wounding, the cell migration process was 530 

visualized using a microscope (Olympus (China) co., Beijing, China) at 0, 24, 48 h. 531 

Cell migration was assessed through Transwell assays. Briefly, cells in serum-free 532 

DMEM were seeded on a membrane (pore size: 8.0 µm) in a 24-well plate (1×106 533 

cells per well). DMEM medium containing 10% fetal bovine serum was added to the 534 

lower chamber of each well. After incubation for 24 h, cells in the upper chamber 535 

were removed using a cotton swab and the cells that had reached the underside of the 536 

membrane were fixed and stained with crystal violet (0.1% in methylalcohol) for 15 537 

min. The cells located on the underside of the filter (three fields/filter) were counted.  538 

 539 

Immunohistochemistry (IHC) 540 

Liver cancer tissue arrays (HLivH180Su15) were purchased from Shanghai Outdo 541 

Biotech Co, Ltd (Shanghai, China). The IHC test kit (PV-9000) for EFNA4 protein 542 

expression analysis was purchased from ZsBio (Beijing, China) and utilized 543 
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according to the instructions provided by the manufacturer. Scores <4 and ≥4 were 544 

classified as negative and positive, respectively. Moreover, for cancer tissues scores 545 

ranging 0–6 and >6 were indicative of low and high expression, respectively.  546 

 547 

Illumina Genome Analyzer IIx 548 

The Illumina HiSeqTM sequence was commissioned by Guangzhou Huayin Medical 549 

Laboratory Center (Guangzhou, China). MHCC-97H cells transfected with 550 

EFNA4-targeting sequences or the negative control sequences were used for total 551 

RNA extraction; each group was analyzed using three individual samples. 552 

 553 

Western blotting 554 

Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 555 

on 10% or 12.5% precast gels (Epizyme Biotech, Shanghai, China), transferred to 556 

polyvinylidene fluoride membranes, blocked with 5% bovine serum albumin for 1 h 557 

at room temperature, and incubated with primary antibodies for 12 h at 4°C. 558 

Subsequently, membranes were stained with secondary antibodies conjugated with 559 

horseradish peroxidase (Bioworld Technology, Bloomington, MN, USA) at 37°C for 1 560 

h. An enhanced chemiluminescence reagent (Millipore Corp., Billerica, MA, USA) 561 

was used to visualize the bands, which were detected using the Minichemi 562 

chemiluminescence Imaging System (SageCreation Science Co, Beijing, China). 563 

 564 

Coimmunoprecipitation 565 
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Coimmunoprecipitation was performed using a Pierce™ Co-Immunoprecipitation Kit 566 

(Thermo Scientific, Waltham, MA, USA), according to the instructions provided by 567 

the manufacturer. The final immune complexes were analyzed by western blotting. 568 

 569 

Immunofluorescence co-localization analysis 570 

Cells were inoculated into 48-well plate (2×104 cells per well) after transfection with 571 

EFNA4 plasmid for 24 h. The cells were then fixed with 4% paraformaldehyde and 572 

incubated with corresponding antibodies and DAPI. All results were photographed by 573 

a confocal laser microscope (Carl Zeiss, Oberkochen, Germany). 574 

 575 

Chromatin immunoprecipitation 576 

The PIK3R2 promoter region sequence was searched in the Ensembl database. 577 

JASPAR bioinformatics tools was used for predicting the CTCF binding sites on 578 

PIK3R2 promoter region. Chromatin immunoprecipitation was then performed using 579 

a Pierce™ Agarose ChIP Kit (Thermo Scientific, Waltham, MA, USA), according to 580 

the instructions provided by the manufacturer, using anti-CTCF or IgG antibody. The 581 

CTCF bound chromatin was specifically amplified by PCR and analyzed by agarose 582 

electrophoresis or qRT-PCR analysis. The following PCR-specific primers sequences 583 

were used: CTCF: 5’-TTCAACCCTGGCTTTCTCCG-3’ (forward), 584 

5’-GTTTAGACCCAGAGGCGACC-3’ (reverse).  585 

 586 

Half maximal inhibitory concentration (IC 50) and Cell Counting Kit-8 (CCK8) 587 
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assay 588 

NVP-BHG712 (S2202) was obtained from Selleck Chemicals (Shanghai, China). 589 

CCK8 was purchased from Dojindo Laboratories (Mashikimachi, Japan). Cells were 590 

suspended into 96-well plates (3,000 cells per well); when the cells adhered to the 591 

plate, inhibitor was added according to the concentration gradient. 592 

Spectrophotometric absorbance at 450 nm was measured according to the instructions 593 

provided by the manufacturer. Each group was tested at 24, 48, and 72 h. 594 

 595 

Mouse xenograft model 596 

The protocols for the mouse experiments conformed to international regulations for 597 

animal care and maintenance and were approved by the Institutional Animal Ethics 598 

Committee, Experimental Animal Center of Guilin Medical University.  599 

 600 

An orthotropic transplantable HCC implantation model in mice was established to 601 

investigate the effect of EFNA4 on intrahepatic metastasis in vivo. Moreover, a 602 

subcutaneous tumor model was established to explore the effect of EFNA4 on tumor 603 

growth. Female nude mice (age: 6 weeks, weight: ~18 g) were purchased from Hunan 604 

SJA Laboratory Animal Co.,Ltd (Hunan, China). Briefly, 3×106 HepG2 or Huh7 cells 605 

overexpressing EFNA4 or the empty vector control were used for subcutaneous tumor 606 

injection. Furthermore, 2×106 HepG2 cells overexpressing EFNA4 or the empty 607 

vector control were used for hepatic capsule injection. The subcutaneous tumor model 608 

mice were euthanized at 21 days to evaluate the size of the tumors, while those of the 609 
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orthotropic transplantable HCC implantation model were euthanized 30 days later to 610 

enumerate the liver metastasis nodules. All tissues were photographed with an 611 

inverted fluorescence microscope (Olympus (China) co., Beijing, China). Following 612 

extraction, liver or tumor tissues were fixed in 4% paraformaldehyde. Formalin-fixed, 613 

paraffin-embedded sections from each liver tissue sample were stained routinely with 614 

hematoxylin-eosin (HE) and antibodies against Ki-67, N-cadherin, or E-cadherin. 615 

 616 

Statistical analysis 617 

Each in vitro experiment was performed in at least three independent replicates. The 618 

results are presented as the mean ± standard deviation. Student’s t-test was used for 619 

analysis. Overall survival (OS), progression-free survival (PFS) and disease-free 620 

survival (DFS) were determined by Kaplan–Meier survival analysis or Gene 621 

Expression Profiling Interactive Analysis.10 A χ2 test or Fisher’s exact test was utilized 622 

to assess the relationship between the expression of EFNA4 and clinicopathological 623 

features. All statistical analyses were performed with GraphPad Prism6 (GraphPad 624 

Software, San Diego, CA, USA). All statistical tests were two-sided and P<0.05, 625 

P<0.01, or P<0.001 denoted statistical significance. 626 
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 748 

 749 

Figure Legends 750 

Figure 1 EFNA4 expression is associated with poor prognosis in liver cancer. (A) 751 

TCGA and two Gene Expression Omnibus data sets (GSE121248 and GSE107170) 752 

were downloaded for EFNA4 expression analysis. EFNA4 was elevated in HCC 753 

tissues of TCGA dataset (n=371) compared with adjacent tissues (n=50). ***p < 754 

0.001. (B) Correlation analysis of clinical T staging and EFNA4 expression in TCGA 755 

database. (C) Kaplan–Meier analysis of overall survival and progression-free survival 756 

among 370 patients with HCC. (D and E) Representative IHC images (D) and average 757 

staining scores (E) of EFNA4 expression in 90 pairs of HCC and adjacent tissues, 758 

scale bar, 100 µm. (F and G) EFNA4 expression in hepatocellular carcinoma cell 759 

lines and normal hepatic epithelial cell line at both the RNA and protein levels by 760 
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quantitative real-time PCR (F) and western blotting (G).  761 

 762 

Figure 2 EFNA4 enhances the replication and proliferation of HCC cell lines in 763 

vitro and in vivo. (A) Expression of EFNA4 in EFNA4-overexpressing Hep3B and 764 

Huh7 cells, as detected by quantitative real-time PCR assays. (B and C) The 765 

representative images (B) and quantitative data (C) of the EdU assay in Hep3B and 766 

Huh7, scale bar, 50 µm. (D and E) Representative images (D) and quantitative data (E) 767 

from the flow cytometry assays. (F and G) Representative images (G) and 768 

quantitative data (F) of the subcutaneous tumor model. *p < 0.05, **p < 0.01, ***p < 769 

0.001. (H) Representative images of HE staining and IHC staining of KI67, scale bar, 770 

50 µm. 771 

 772 

Figure 3 EFNA4 promotes EMT and migration in vitro and in vivo. (A and B) 773 

Representative images and quantitative analysis of cell migration based on 774 

wound-healing assays, scale bar, 200 µm. *p < 0.05, **p < 0.01, ***p < 0.001. (C and 775 

D) Representative images and quantitative analysis of cell migration based on 776 

Transwell assays, scale bar, 100 µm. (E) Analysis of EMT markers by western 777 

blotting in EFNA4 overexpression cell lysates. (F and G) Representative images and 778 

quantitative analysis of the orthotropic transplantable hepatocellular carcinoma 779 

implantation model; the ellipse represents the site of tumor implantation and the arrow 780 

represents metastasis. (H) The liver weight/body weight ratio analysis between the 781 

empty vector group and EFNA4 overexpression group. (i) Representative images of 782 
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HE staining and IHC staining of N-cadherin and E-cadherin, scale bar, 50 µm. 783 

 784 

Figure 4 The EFNA4-EPHA2-PIK3R2/GSK3β/β-catenin axis promotes DNA 785 

replication and migration of HCC cells. (A) Venn diagram of the overlap analysis 786 

of EFNA4-related molecules in TCGA database (|R|>0.2, P<0.05) and the results of 787 

high-throughput sequencing. (B–D) Heatmap (B), correlation analysis (C), and 788 

STRING online analysis (D) of the results of the overlap analysis. (E) Analysis of the 789 

level of EPHA2 phosphorylation by western blotting using Hep3B cell lysates. (F) 790 

EFNA4-EPHA2-PIK3R2 interactions were analyzed by coimmunoprecipitation 791 

experiments using Hep3B cell lysates, with either an antibody against FLAG-EFNA4, 792 

EPHA2, or PIK3R2; interactions were revealed by western blotting. (G) Analysis of 793 

the levels of downstream molecules by western blotting using EFNA4-knockdown 794 

and EFNA4-overexpressing cell lysates. 795 

 796 

Figure 5 PIK3R2 knockdown reverses the effect of EFNA4 on the proliferation 797 

and metastasis of HCC cells. (A) PIK3R2 knockdown in EFNA4-overexpressing 798 

Hep3B and Huh7 cells, as detected by quantitative real-time PCR assays. *p < 0.05, 799 

**p < 0.01, ***p < 0.001. (B and C) Representative images and quantitative analysis 800 

of cell migration in EFNA4-overexpressing Hep3B and Huh7 cells after knockdown 801 

of PIK3R2 based on Transwell assays, scale bar, 100 µm. (D and E) Representative 802 

images and quantitative analysis of cell migration in EFNA4 overexpressing Hep3B 803 

and Huh7 cells after knockdown of PIK3R2 based on wound-healing assays, scale bar, 804 
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200 µm. (F and G) Representative images and quantitative data of EdU assay in 805 

EFNA4-overexpressing Hep3B and Huh7 cells after knockdown of PIK3R2, scale bar, 806 

50 µm, (H) Analysis of the expression of downstream molecules by western blotting 807 

using PIK3R2-knockdown and EFNA4-overexpressing cell lysates. 808 

 809 

Figure 6 Inhibition of EPHA2 phosphorylation reverses the effect of EFNA4 on 810 

downstream molecules of HCC cells and a feedback loop was existed among 811 

PIK3R2, GSK3β and β-catenin. (A) The result of the half maximal inhibitory 812 

concentration assay of NVP-BHG712 in Hep3B cells. (B) The result of the CCK-8 813 

assay of NVP-BHG712 in Hep3B cells. (C) Analysis of the expression of downstream 814 

molecules by western blotting using different concentrations of NVP-BHG712 in 815 

EFNA4-overexpressing Hep3B cell lysates. (D) Expression of PIK3R2 in 816 

β-catenin-knockdown HCC cells, *p < 0.05, **p < 0.01, ***p < 0.001. (E) Analysis of 817 

the levels of downstream molecules by western blotting using β-catenin-knockdown 818 

cell lysates in Hep3B. (F and G) quantitative real-time PCR and PCR gel exhibiting 819 

amplification of CTCF-binding site after ChIP assay using HepG2 or Hep3B cell 820 

lysates, with either an antibody against CTCF or IgG.  821 

 822 

Figure 7 Schematic diagram shows the mechanism between EFNA4 and 823 

PIK3R2/GSK3β/β-catenin positive feedback loop. Overexpression of EFNA4 in 824 

HCC would active EPHA2 by phosphorylating at Ser897. Moreover, PIK3R2 interact 825 

with EPHA2 and promote the phosphorylation of GSK-3β at Ser9, thus accelerating 826 
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β-catenin transportation to the nucleus and activating CTCF, which leading to an 827 

increase of PIK3R2. 828 
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EFNA4 is an oncogene that negatively relates to the clinical prognosis in HCC 
patients. While abnormal expression of EFNA4 would contribute to HCC 
proliferation and migration by activating GSK3β-β-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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