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1  | INTRODUC TION

The erythropoietin-producing hepatocellular carcinoma (Eph) re-
ceptors are the largest family of receptor protein tyrosine kinases 
(RPTKs).1 Unlike other members of RPTK families that bind to soluble 

ligands, Eph receptors mediate contact-dependent cell-cell commu-
nication through interaction with plasma membrane-anchored li-
gands, called ephrins, on adjacent cells. The 14 human Eph receptors 
are divided into 2 classes based on their ephrin specificity.2 Nine 
EphA receptors (EphA1-A8 and EphA10) interact with 5 GPI-linked 
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Abstract
EphA10 (erythropoietin-producing hepatocellular carcinoma receptor A10) is a cat-
alytically defective receptor protein tyrosine kinase in the ephrin receptor family. 
Although EphA10 is involved in the malignancy of some types of cancer, its role as an 
oncogene has not been extensively studied. Here, we investigated the influence of 
EphA10 on the tumorigenic potential of pancreatic cancer cells. Analysis of expres-
sion profiles from The Cancer Genome Atlas confirmed that EphA10 was elevated 
and higher in tumor tissues than in normal tissues in some cancer types, including 
pancreatic cancer. EphA10 silencing reduced the proliferation, migration, and adhe-
sion of MIA PaCa-2 and AsPC-1 pancreatic cancer cells. These effects were reversed 
by overexpression of EphA10 in MIA PaCa-2 cells. Importantly, overexpression and 
silencing of EphA10 respectively increased and decreased the weight, volume, and 
number of Ki-67-positive proliferating cells in MIA PaCa-2 xenograft tumors. Further, 
EphA10 expression was positively correlated with invasion and gelatin degradation 
in MIA PaCa-2 cells. Moreover, overexpression of EphA10 enhanced the expression 
and secretion of MMP-9 in MIA PaCa-2 cells and increased the expression of MMP-9 
and the vascular density in xenograft tumors. Finally, expression of EphA10 increased 
the phosphorylation of ERK, JNK, AKT, FAK, and NF-κB, which are important for cell 
proliferation, survival, adhesion, migration, and invasion. Therefore, we suggest that 
EphA10 plays a pivotal role in the tumorigenesis of pancreatic epithelial cells and is a 
novel therapeutic target for pancreatic cancer.
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ephrin-A ligands (ephrinA1-A5), and 5 EphB receptors (EphB1-B4 
and EphB6) interact with 3 transmembrane ephrin-B ligands (eph-
rinB1-B3).3 Of note, EphA4 and EphB2 can also bind to ephrin-B and 
ephrin-A5 ligands, respectively.3 Binding of Eph receptors to ephrins 
on juxtaposed cell surfaces induces forward signaling that leads to 
receptor oligomerization, receptor trans-phosphorylation, activation 
of tyrosine kinases, and recruitment of downstream signaling pro-
teins, such as Rho GTPases, in the Eph receptor-expressing cells.3 In 
addition to forward signaling, Eph receptors can also induce reverse 
signaling in the ephrin-expressing cells by phosphorylation of eph-
rins and/or recruitment of signaling proteins.3

Eph receptors and ephrins regulate adult tissue homeostasis and 
developmental processes.1,4 Therefore, aberrant regulation of Eph re-
ceptors and ephrins has been implicated in various diseases, including 
cancer. Interestingly, upregulation or downregulation of specific Eph 
receptors can be associated with either tumor promotion or suppres-
sion, depending on the context.5 This promiscuity occurs through var-
ied interactions between phosphorylated receptors and intracellular 
proteins that are involved in cell proliferation and survival pathways.

Of the Eph receptors, EphB6 and EphA10 have alterations in es-
sential motifs that contribute to their catalytic tyrosine kinase activity, 
leaving them catalytically defective.3 EphB6 is known to play dual roles 
as a tumor suppressor or an oncogene, depending on the cell type and 
expression level. Upregulation of EphB6 in breast cancer reportedly 
reduces the expression of matrix metalloprotease (MMP)-7 and MMP-
19 and increases the expression of TIMP-2, thereby decreasing inva-
siveness.6 Although EphB4 enhances invasiveness without EphB6, the 
combination of EphB4 and EphB6 suppresses invasiveness in breast 
cancer cells.7 However, in triple-negative breast cancer, EphB6 poten-
tiates tumor initiation, promotes the maintenance of tumor-initiating 
cell populations, and augments drug sensitivity.8 Additionally, EphB6 
overexpression, together with APC gene mutations, enhances prolifer-
ation, invasion, and metastasis in colorectal epithelial cells.9

Unlike EphB6, EphA10 is only suggested as an oncogene. EphA10 
is overexpressed in prostate and breast cancers10,11; whereas, its ex-
pression is not detected in normal tissues, with the exception of the 
testis.10,12 Moreover, EphA10 expression positively correlates with 
malignant transformation and expression of programmed death-li-
gand 1 (PD-L1) in breast tissue.13,14 EphA10 is also expressed in 
prostate cancer cell lines, and anti-EphA10 monoclonal antibodies 
are cytotoxic in prostate cancer VCaP cells.11 Although EphA10 is 
known to increase the malignancy of some types of cancer, its role 
as an oncogene has not been extensively studied.

To identify cancer types in which EphA10 plays a role as an on-
cogene, we surveyed EphA10 expression using The Cancer Genome 
Atlas (TCGA) database. Of the cancer types with high levels of EphA10 
mRNA, we chose to investigate the oncogenic potential of EphA10 in 
pancreatic cancer, a well-known refractory malignancy. We analyzed 
oncogenic phenotypes following knockdown and overexpression of 
EphA10 in pancreatic cancer cell lines as well as in a xenograft mouse 
model. In addition, we assessed the involvement of EphA10 and the 
corresponding gelatinolytic enzymes in invasiveness. Finally, the effect 
of EphA10 expression on activation of signaling proteins involved in 

proliferation, survival, adhesion, and invasion was analyzed. Together, 
our results from these studies suggest that EphA10 is an important 
target for the detection and treatment of pancreatic cancer.

2  | MATERIAL S AND METHODS

2.1 | Analysis of public dataset

A preprocessed RNA-seq count matrix of 20 165 specimens in the 
TCGA database was obtained from the UCSC Xenabrowser (https://
xenab​rowser.net/) in the Genomic Data Commons (GDC; https://
gdc.cancer.gov/). Gene expression was quantitated as fragments 
per kilobase of transcript per million mapped reads upper quartile 
(FPKM-UQ), which is an RNA-Seq-based expression normaliza-
tion method.15 The EphA10 mRNA level is depicted as log2(FPKM-
UQ + 1). For certain types of cancer, a paired analysis was performed 
on EphA10 mRNA levels in normal and tumor tissues.

2.2 | Cell culture

Human pancreatic adenocarcinoma PANC-1, MIA PaCa-2, and AsPC-1 
cells; breast cancer MDA-MB-436 cells; and melanoma MDA-MB-435 
cells were purchased from the Korea Cell Line Bank (Seoul, Korea). All cells 
were grown in Dulbecco's modified Eagle medium (DMEM; HyClone) 
supplemented with 10% bovine serum (BS) for HEK293T cells or 10% 
fetal bovine serum (FBS) for other cells, 100 U/mL penicillin, and 100 μg/
mL streptomycin. All cells were maintained at 37°C in 5% CO2 in air.

2.3 | Xenografts

MIA PaCa-2 cells expressing EphA10-FLAG or EphA10 shRNA 
(EphA10-KD-341 and 387) (1  ×  106  cells/site) were resuspended in 
growth-factor-reduced Matrigel (BD Biosciences) and injected sub-
cutaneously on the backs of 4~5-wk-old male immune-deficient 
athymic nude (BALB/c nu/nu) mice, which were purchased from 
Orient Bio Inc. The tumor volume was measured weekly using calipers 
(length × width × depth/2). After 6 wk, the xenograft tumors were re-
covered to measure tumor weight and to prepare paraffin tissue blocks.

Details of the experimental methods are provided in the 
Appendix S1.

3  | RESULTS

3.1 | EphA10 is upregulated in various cancers, 
including pancreatic cancer

We analyzed EphA10 mRNA levels in various cancer types using 
RNA-seq data from TCGA database. Of the 34 analyzed cancer types, 
the median level of EphA10 mRNA was higher in 17 cancer types than 

https://xenabrowser.net/
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F I G U R E  1   Expression level of EphA10 in various cancer tissues and pancreatic cancer cell lines. A, EphA10 mRNA levels were examined 
in tumor tissues of 34 cancer types in TCGA database. The horizontal dashed line indicates the overall mean value (12.33) of EphA10 mRNA 
levels of all cancer types tested. B, EphA10 mRNA levels between normal (N) and tumor (T) tissues were compared in 9 cancer types that 
demonstrated EphA10 mRNA levels above the mean EphA10 mRNA level. *P < .05, **P < .01, ***P < .001 vs normal tissue. C, D, The level of 
EphA10 expression was assessed in PANC-1, MIA PaCa-2, and AsPC-1 pancreatic cancer cells. Melanoma MDA-MB-435 and breast cancer 
MDA-MB-436 cells were included as positive controls. The EphA10 mRNA level was analyzed by conventional RT-PCR (C, left panel) and 
quantitative real-time RT-PCR of 3 independent samples (C, right panel). No template control was included as a negative control of RT-PCR. 
The EphA10 polypeptide level was analyzed by western blot (D, left panel) and the 130-kDa EphA10 band in 3 independent samples was 
quantified (D, right panel). GAPDH and β-actin were used as endogenous controls for RT-PCR and western blots, respectively. *P < .05, 
**P < .01, ***P < .001 vs MIA PaCa-2 cells. TCGA abbreviations: ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, 
breast invasive carcinoma; CCA, cholangiocarcinoma; CESC, cervical squamous cell carcinoma; COAD, colon adenocarcinoma; DLBC, 
lymphoid neoplasm diffuse large B cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck 
squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; LGG, brain lower grade glioma; LIHC, liver 
hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; NB, neuroblastoma; OV, 
ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate 
adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; 
TGCT, testicular germ cell tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine 
carcinosarcoma; UVM, uveal melanoma; WT, high-risk Wilms tumor
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the overall mean [log2(FPKM-UQ + 1) = 12.33] of all cancer tissues 
(Figure 1A). Paired EphA10 mRNA levels from normal and tumor tis-
sues were available in 9 of the 17 cancer types (Figure 1B). Of note, 
the median levels of EphA10 mRNA were higher in tumor tissues than 
in normal tissues in 7 of the 9 cancer types, including breast invasive 
carcinoma, cholangiocarcinoma, lung adenocarcinoma, pancreatic 
adenocarcinoma, prostate adenocarcinoma, stomach adenocarci-
noma, and thyroid carcinoma (Figure  1B). These data confirm that 
EphA10 expression is upregulated in specific cancer types.

In this study, we selected pancreatic adenocarcinoma for continued 
investigation, because the 5-y survival rate of pancreatic cancer patients 
is extremely low.16 To begin characterizing EphA10 function in pancreatic 

adenocarcinoma, we assessed the expression of EphA10 in pancreatic carci-
noma PANC-1, AsPC-1, and MIA PaCa-2 cell lines. We found that the mRNA 
and protein levels of EphA10 were higher in pancreatic carcinoma cell lines 
compared with breast cancer MDA-MB-436 and melanoma MDA-MB-435 
cell lines, which are known to express EphA10 (Figure 1C,D).

3.2 | Knockdown of EphA10 reduces proliferation, 
migration, and adhesion of pancreatic cancer cells

To examine the effect of EphA10 downregulation on the oncogenic 
properties of pancreatic cancer cells, EphA10 was knocked down in 

F I G U R E  2   Effect of EphA10 
knockdown on the oncogenic properties 
of pancreatic cancer MIA PaCa-2 and 
AsPC-1 cells. The level of EphA10 
expression in MIA PaCa-2 (A) and AsPC-
1 (B) cells infected with lentiviruses 
for control (KD Vector) and EphA10 
knockdown shRNA (EphA10-KD-341 
and EphA10-KD-387) was analyzed by 
western blotting. Proliferation of the 
control and EphA10-knockdown MIA 
PaCa-2 (C) and AsPC-1 (D) cells was 
analyzed for 3 d. Adhesion of the control 
and EphA10-knockdown MIA PaCa-2 
(E) and AsPC-1 (F) cells was analyzed 1 h 
after plating. Migration of the control 
and EphA10-knockdown MIA PaCa-2 (G) 
and AsPC-1 (H) cells was analyzed for 
24 h. Wound healing of the control and 
EphA10-knockdown MIA PaCa-2 (I) and 
AsPC-1 (J) cells was analyzed for 48 h. 
Each bar represents the mean ± standard 
deviation (SD) from 3 independent 
experiments. *P < .05, **P < .01, 
***P < .001 vs 0 d (C, D) or control vector 
(E-J)
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pancreatic cancer MIA PaCa-2 and AsPC-1 cells by infection with 
a lentivirus encoding EphA10 shRNAs (EphA10-KD-341 and -387). 
EphA10 knockdown with EphA10-KD-341 and -387 reduced EphA10 
expression in MIA PaCa-2 cells to 57.1 ± 6.5% and 37.8 ± 6.1%, re-
spectively, and to 51.9 ± 2.8% and 35.8 ± 6.1% in AsPC-1 cells, re-
spectively (Figure  2A,B). EphA10 knockdown by EphA10-KD-341 
and -387 decreased cell proliferation to 77.7 ± 7.7% and 55.5 ± 4.2% 
in MIA PaCa-2 cells and to 75.7 ± 5.5% and 65.4 ± 5.3% in AsPC-1 
cells, respectively, compared with the control vector at 3 d of culture 
(Figure 2C,D). EphA10 knockdown by EphA10-KD-341 and -387 also 
reduced adhesion to a collagen-coated surface to 78.1 ± 4.8% and 
66.9 ± 5.1% % in MIA PaCa-2 cells and to 80.1 ± 1.0% and 70.0 ± 4.5% 
% in AsPC-1 cells in comparison with control cells (Figure 2E,F). In 
addition, EphA10 knockdown by EphA10-KD-341 and -387 reduced 
cell migration, was measured using a gelatin-coated Boyden cham-
ber, as 81.4  ±  2.3% and 69.5  ±  1.6% in MIA PaCa-2 cells and as 
81.4 ± 3.1% and 55.5 ± 2.3% in AsPC-1 cells, respectively, compared 
with control cells (Figure 2G,H). Moreover, EphA10 knockdown by 
EphA10-KD-341 and -387 also reduced wound healing, measured 
2 d after wound on a monolayer, to 64.5 ± 1.1% and 46.9 ± 5.9% in 
MIA PaCa-2 cells and 40.4 ± 15.6% and 29.9 ± 10.0% in AsPC-1 cells, 
respectively, compared with control cells (Figure 2I,J). Thus, EphA10 
knockdown substantially reduced the tumorigenic potential of MIA 
PaCa-2 and AsPC-1 cells.

3.3 | Overexpression of EphA10 increases 
proliferation, migration, and adhesion in pancreatic 
cancer cells

Because EphA10 knockdown was found to impair the oncogenic 
phenotypes of pancreatic cancer cells, we next investigated the im-
pact of EphA10 overexpression in MIA PaCa-2 cells. Infection of an 
EphA10-FLAG lentivirus into MIA PaCa-2 cells increased the 130-
kDa EphA10 level to 194.4 ± 5.5% (Figure 3A). Overexpression of 
EphA10 increased cell growth to 157.8 ± 38% and 176.9 ± 15% at 
1 and 2 d of culture, respectively, compared with the control vector 
(Figure 3B). Compared with the control vector, EphA10 overexpres-
sion also increased the adhesion, migration, and wound healing of 
MIA PaCa-2 cells by 147.99 ± 2.9%, 234.5 ± 11.3% and 127.7 ± 3.0%, 
respectively (Figure 3C-E). These results demonstrated that knock-
down and overexpression of EphA10 had directly opposing effects 
on the tumorigenic potential of pancreatic cancer cells and sug-
gested that EphA10 acts as an oncogene.

3.4 | EphA10 is positively associated with tumorigenic 
potential of pancreatic cancer cells in vivo

To investigate the tumorigenic ability of EphA10 in vivo, we trans-
planted mock, EphA10-FLAG, EphA10-KD-341, or EphA10-KD-387 
MIA PaCa-2 cells into immune-deficient athymic nude mice. During 
the xenograft period, the tumor volume increased significantly with 

EphA10 overexpression and decreased significantly with EphA10 
knockdown compared with the mock control (Figure  4A). At 6 
wk after the transplantation, animals were sacrificed, and tumor 

F I G U R E  3   Effect of EphA10 overexpression on the oncogenic 
properties of MIA PaCa-2 cells. A, The level of EphA10 expression 
in pancreatic cancer MIA PaCa-2 cells infected with lentiviruses for 
control (OE Vector) and EphA10-FLAG was analyzed by western 
blotting with EphA10 and FLAG antibodies. Proliferation (B), 
adhesion (C), migration (D), and wound healing (E) of the control 
and EphA10-overexpressing MIA PaCa-2 cells were analyzed using 
the same methods as in the knockdown cells. Each bar represents 
the mean ± SD from 3 independent experiments. *P < .05, 
**P < .01, ***P < .001 vs 0 d (B) or control vector (C, D)
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weights were recorded. The weight of the tumor mass increased 
to 181.6  ±  8.6% in EphA10-overexpressing tumors and decreased 
to 50.7 ± 13.2% and 22.0 ± 5.4% in EphA10-silenced tumors with 
EphA10-KD-341 and EphA10-KD-387, respectively, compared with 
the mock control (Figure 4B).

To evaluate cell morphology and proliferation, we performed he-
matoxylin and eosin (H&E) staining and immunohistochemical (IHC) 
staining for EphA10 and Ki-67 in tumor sections. EphA10 staining 
confirmed that EphA10 levels were elevated in EphA10-FLAG tumors 
and were reduced in EphA10-KD-341 and −387 tumors compared 
with the mock control (Figure 4C). Importantly, we found that Ki-67 
staining, a marker of proliferation, was stronger (213.2  ±  34.0%) 
in EphA10-overexpressing tumors and was weaker (53.6 ± 5.9% in 
EphA10-KD-341 and 38.7 ± 6.0% in EphA10-KD-387) in EphA10-
knockdown tumors compared with the control tumors (Figure 4C). 
These results confirmed that EphA10 is an important oncogene in 
pancreatic cancer in vivo as well as in vitro.

3.5 | EphA10 increases invasion through 
induction of MMP-9 secretion in MIA PaCa-2 cells

To analyze whether EphA10 is also involved in the invasiveness 
of pancreatic cancer cells, a chemotactic invasion assay was per-
formed in MIA PaCa-2 cells with overexpressing or silencing EphA10. 
Overexpression of EphA10 significantly increased the invasion of MIA 
PaCa-2 cells to 305.8 ± 20.3% of the control; whereas, knockdown 
of EphA10 with EphA10-KD-341 and -387 significantly decreased in-
vasion to 81.2 ± 7.4% and 71.2 ± 4.4% of the control, respectively 
(Figure 5A). To analyze whether gelatinolytic enzymes were involved 
in the invasion, we performed a fluorescence gelatin degradation 
assay with MIA PaCa-2 cells overexpressing or silencing EphA10. 
We found that EphA10 overexpression increased the degradation 
of FITC-labeled gelatin to 171.7 ± 21.6% of the control, and EphA10 
knockdown with EphA10-KD-341 and -387 decreased gelatin degra-
dation to 55.3 ± 10.4% and 23.0 ± 3.5% of the control, respectively 

F I G U R E  4   Effect of overexpression 
and knockdown of EphA10 on tumor 
growth in a xenograft model. Recipient 
mice were injected with MIA PaCa-2 
cells mock-transfected, overexpressing 
(EphA10-FLAG), or silencing (EphA10-
KD-341 and -387) EphA10. A, Tumor 
volumes were recorded for the 6-wk 
duration. B, Representative tumors taken 
from mice at 6 wk post-injection and the 
corresponding weights (g) are shown. C, 
Representative images of H&E staining 
as well as IHC staining for EphA10, and 
Ki-67 are shown. The scale bar represents 
50 μm. The relative intensity of Ki-67 
staining is quantified. Each bar represents 
the mean ± SD of 3 mice. *P < .05, 
**P < .01, ***P < .001 vs mock-transfected 
cells
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(Figures 5B and S1). To identify the gelatinase that was involved in 
the EphA10-mediated gelatin degradation, conditioned medium from 
MIA PaCa-2 cells overexpressing or silencing EphA10 was analyzed by 
gelatin zymography (Figure  5C). MMP-9 secretion was significantly 

increased by EphA10 overexpression to 175.4 ± 9.0% of the control, 
and decreased by EphA10 knockdown with EphA10-KD-341 and 
-387 to 48.5 ± 4.2% and 12.8 ± 2.7% of the control, respectively. In 
contrast, MMP-2 secretion was not detected in the medium of MIA 

F I G U R E  5   Effect of EphA10 overexpression and knockdown on invasion, gelatin degradation, and gelatinolytic MMP expression in MIA 
PaCa-2 cells. MIA PaCa-2 cells were infected with lentiviruses for control (OE Vector) and EphA10 overexpression (EphA10-FLAG) (left 
panels) as well as for control (KD Vector) and EphA10 knockdown shRNA (EphA10-KD-341 and -387) (Right panels). A, Invasion of MIA 
PaCa-2 cells overexpressing or silencing EphA10 after 24 h in Matrigel-coated Boyden chambers. B, Cells were plated on FITC-gelatin-coated 
cover glasses and incubated for 48 h at 37°C. Cells were then stained with rhodamine-phalloidin and DAPI and analyzed by fluorescence 
microscopy (×100). Merged images were shown here and monochrome images in Figure S1. Relative gelatin degradation was shown as 
FITC-gelatin-degraded area normalized to DAPI intensity in EphA10-overexpressing or -silencing cells compared with control cells. C, Levels 
of secreted gelatinolytic MMPs, MMP-2 and MMP-9, and levels of EphA10 were analyzed by gelatin zymography and western blotting 
in conditioned media and cell lysates, respectively. The conditioned medium of HT-1080 cells was used as a positive control to show the 
anticipated positions of MMP-2 and MMP-9. D, Relative mRNA levels of EphA10 and MMP-9 were analyzed using quantitative RT-PCR in 
EphA10-overexpressing or -silencing cells compared with control cells. Each bar represents the mean ± SD from 3 independent experiments. 
*P < .05, **P < .01, ***P < .001 vs vector control
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PaCa-2 cells. Moreover, the MMP-9 mRNA level was also significantly 
increased by EphA10 overexpression to 206.1 ± 12.5% of the control, 
and decreased by EphA10 knockdown with EphA10-KD-341 and -387 
to 29.8 ± 1.9% and 8.5 ± 1.5% of the control, respectively (Figure 5D). 
MMP-9 knockdown did not change the expression of EphA10, but sig-
nificantly reduced invasion of MIA PaCa-2 cells to 21.6 ± 4.3% in MIA 
PaCa-2 control cells and to 14.08 ± 1.44% (from 301.8 ± 11.6% to 
42.5 ± 4.3%) in EphA10-overexpressing cells (Figure S2), which indi-
cated the importance of MMP-9 in the invasion. These results demon-
strated that EphA10 enhances invasion of MIA PaCa-2 cells, at least in 
part, by inducing MMP-9 expression.

In IHC analysis of MIA PaCa-2 xenograft tumors, the MMP-9 
level in EphA10-overexpressing xenograft tumors was increased 
to 195.8 ± 4.8% in comparison with the mock control and those 
in EphA10-silenced xenograft tumors with EphA10-KD-341 and 
-387 were decreased to 49.3 ± 4.7 and 38.0 ± 3.9%, respectively 
(Figure 6A). The vascular density measured by CD31 staining was 
170.3 ± 18.8% in EphA10-overexpressing xenograft tumors, com-
pared with the mock control, and was 70.3 ± 6.0 and 38.2 ± 6.2% 
in EphA10-silenced xenograft tumors with EphA10-KD-341 and 
-387, respectively (Figure 6B). These results further supported the 
idea that EphA10 enhanced MMP-9 induction and tumor angio-
genesis for increased invasion in xenograft tumors of MIA PaCa-2 
cells.

3.6 | EphA10 enhances the activation of cellular 
signaling proteins

Cell proliferation, survival, migration, adhesion, and invasion re-
sult from activation of various signaling pathways, including MAP 
kinases, PI3-kinase/AKT, and FAK pathways.17-19 In addition, 
transactivation of MMP9 expression involves activation of the tran-
scription factors, NF-κB and AP-1, which can be readily detected 
by phosphorylation of NF-κB, ERK, and JNK.20,21 Therefore, we 
investigated phosphorylation of these signaling proteins in MIA 
PaCa-2 cells overexpressing or silencing EphA10. The phosphoryla-
tion of ERK, JNK, AKT, FAK, and NF-κB was substantially increased 
by EphA10 overexpression and decreased by EphA10 knockdown 
(Figure 7). These results indicated that EphA10 activates the sign-
aling pathways for cell proliferation, survival, migration, adhesion, 
and invasion, resulting in increased tumorigenesis of pancreatic 
cancer cells.

EphA10 has been reported to interact with EphA7 in breast can-
cer cells.22 We thus analyzed whether EphA10 interacts with and 

F I G U R E  6   Analysis of MMP-9 level and vascular density in 
the xenograft model for EphA10. Representative images of IHC 
staining for MMP-9 and CD-31 in the tumor of xenograft model 
using MIA PaCa-2 cells mock-transfected, overexpressing (EphA10-
FLAG), or silencing (EphA10-KD-341 and -387) of EphA10 are 
shown. The scale bars represent 50 μm. The relative intensity of the 
MMP-9 and CD-31 (vascular density) staining is quantified below 
the images. Each bar represents the mean ± SD of 3 mice. *P < .05, 
**P < .01, ***P < .001 vs mock-transfected cells F I G U R E  7   Effect of overexpression and knockdown of 

EphA10 on activation of signaling molecules in MIA PaCa-2 cells. 
Phosphorylation of ERK, JNK, AKT, FAK, and NF-κB was examined 
by western blotting in MIA PaCa-2 cells infected with lentiviruses 
for control (OE Vector) and EphA10 overexpression (EphA10-FLAG) 
(A) as well as for control (KD Vector) and EphA10 knockdown 
shRNA (EphA10-KD-341 and -387) (B)
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activates EphA7 in MIA PaCa-2 cells. EphA7 was poorly expressed 
but was clearly detectable in MIA PaCa-2 cells. In reciprocal co-immu-
noprecipitation assays, EphA10 did not interact EphA7 (Figure S3A). 
Furthermore, overexpression of EphA10 did not change the level 
of EphA7 phosphorylation while EphA7 was phosphorylated in 
MIA PaCa-2 cells (Figure S3B). Therefore, the oncogenic effects of 
EphA10 in MIA PaCa-2 cells are unlikely to be mediated by EphA7.

4  | DISCUSSION

EphA10 is poorly expressed or is not expressed in most human adult 
tissues.12 Although upregulation and oncogenic role of EphA10 have 
been reported in prostate and breast cancers,10,13,23 its expres-
sion and tumorigenic role in other cancers are poorly understood. 
Here, we examined EphA10 mRNA expression in 34 cancer types 
using TCGA database and found that EphA10 mRNA expression was 
higher in 17 cancer types, including breast, prostate, colon, gastric, 
pancreas, and lung cancers, compared with the overall mean EphA10 
mRNA level. Importantly, EphA10 mRNA levels were higher in tumor 
tissues compared with normal tissues in 7 out of 9 cancer types that 
demonstrated higher EphA10 mRNA levels than the overall mean 
of all cancer patients. Among these cancer types, we investigated 
the role of EphA10 in pancreatic cancer because the early detec-
tion and development of therapeutic agents for pancreatic cancer 
are important.

The expression of EphA10 mRNA and polypeptide was higher 
in PANC-1, MIA PaCa-2, and AsPC-1 pancreatic cancer cells com-
pared with breast cancer MDA-MB-436 cells and melanoma 
MDA-MB-435 cells, which have been reported to have high EphA10 
expression.10 There are 2 main EphA10 isoforms: EphA10 (GenBank 
NM_001099439.2), which encodes the full-length molecule of 1008 
amino acids, and soluble EphA10 (GenBank NM_173641.2), which 
encodes the first 283 amino acids and includes the ephrin-binding 
domain. In our western blot analysis of pancreatic cancer cells, an 
antibody recognizing the N-terminal region of EphA10 detected a 
strong signal at 130 kDa and a weak signal at 97 kDa (Figure 1D). 
Based on the knowledge that mature EphA10 lacking the signal pep-
tide has a calculated molecular weight of 106 kDa and contains 2 
potential glycosylation sites at the Asn311 and Asn486 residues, the 
130-kDa band is likely to correspond to full-length EphA10. In fact, 
a recombinant full-length EphA10 was also detected at 130  kDa. 
The 97-kDa band, observed in the previous report,13 is expected to 
be a stable product truncated from the full-length EphA10. Soluble 
EphA10 found at approximately 40 kDa in mammary epithelial MCF-
10A cells13 was not detected in the pancreatic cancer cells tested. 
We have therefore focused on the function of full-length EphA10 in 
pancreatic cancer cells.

EphA10 is upregulated in prostate cancer DU-145, LNCap, 
PC-3, and VCaP cells as well as in breast cancer MDA-MB-231 and 
MDA-MB-436 cells compared with their respective normal epithe-
lial cells.10,11,13,24 A neutralizing monoclonal antibody to EphA10 
has been shown to inhibit ephrin-dependent proliferation in breast 

cancer MDA-MB-436 cells10 and to cause complement-dependent 
cytotoxicity in prostate cancer VCaP cells.11 EphA10 overexpression 
promotes the migration of breast cancer MDA-MB-231 cells and the 
growth of MDA-MB-231 xenograft tumors, which are both reduced 
following EphA10 knockdown.13 Similarly, we found that EphA10 
knockdown in pancreatic cells reduced proliferation, migration, and 
adhesion, which were all enhanced by EphA10 overexpression. In 
addition, in vivo analysis of MIA PaCa-2 xenograft tumors revealed 
that the mass, volume, and number of Ki-67-positive proliferating 
cells were higher in EphA10-overexpressing xenograft tumors and 
were reduced in EphA10-silencing xenograft tumors compared with 
the mock control.

Invasion and tumor metastasis are closely related and both 
occur in vivo in the context of the local tumor-host extracellular 
matrix, which stimulates migration, proliferation, and survival of 
tumor cells.25 EphA10 expression is upregulated in the more inva-
sive prostate cancer PC-3 ML cells compared with the less inva-
sive PC-3 cells.24 EphA10 expression is also associated with tumor 
stage progression and lymph node metastasis in breast cancer.23 
One of the major features of pancreatic cancer is its early systemic 
dissemination followed by extraordinary local tumor growth.25 
Therefore, identification of target molecules involved in the inva-
sion and metastasis of pancreatic cancer cells is clinically import-
ant. Here, we demonstrate that EphA10 overexpression increases 
the invasion of MIA PaCa-2 cells; whereas, EphA10 knockdown 
decreases invasion. Type IV collagen is essential for the stability of 
the basement membrane. Loss of type IV collagen in the basement 
membrane is associated with increased expression of the gelatino-
lytic MMPs, MMP-2 and MMP-9, in solid human tumors.26,27 In our 
study, EphA10 expression was associated with gelatin degradation 
and MMP-9 induction in MIA PaCa-2 cells. In addition, IHC stain-
ing of tissue sections from MIA PaCa-2 xenograft tumors in mice 
showed that EphA10 overexpression and silencing respectively in-
creased and decreased MMP-9 expression as well as vascular den-
sity suggesting tumor angiogenesis. Our findings strongly suggest 
that EphA10 is an important regulator of invasion and metastasis 
of pancreatic cancer cells.

Activation of MAP kinases, such as ERK and JNK, and activation 
of AKT promotes cell proliferation, survival, and migration.28,29 FAK 
is also involved in cell adhesion, migration, and invasion.30 In ad-
dition, NF-κB promotes cell proliferation, epithelial-mesenchymal 
transition, and basement membrane breakdown, thus leading to in-
vasion and metastasis.31 Although EphA10 has no catalytic activity, 
we found that EphA10 enhanced the phosphorylation of signaling 
proteins, including ERK, JNK, AKT, FAK, and NF-κB. These results 
suggested that EphA10 directly or indirectly activates catalytically 
active RPTK members. Catalytically inactive ERBB3 (HER3) binds 
to other active members of the ERBB family, such as ERBB2 (HER2), 
and activates downstream oncogenic signaling pathways.32 PTK7, 
another catalytically defective RPTK, also binds to other catalyti-
cally active RPTKs, such as KDR and FGFR1, to enhance angiogene-
sis and tumorigenesis.33-35 Eph receptors often form heterodimers 
with other members of the Eph receptor family.5,36,37 For example, 
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EphA10 interacts with EphA7, and the EphA10-EphA7 complex 
induces expression of tumor-promoting genes in breast cancer 
MDA-MB-231 cells.22 However, we found that EphA10 did not ac-
tivate EphA7 in MIA PaCa-2 cells. Nevertheless, EphA10 is likely 
to bind catalytically active members of the Eph receptor family or 
different RPTK family members to enhance the phosphorylation of 
downstream oncogenic signaling proteins.

To our knowledge, this is the first report to demonstrate that 
levels of EphA10 positively correlate with the tumorigenic poten-
tial of pancreatic cancer cells both in vitro and in vivo. EphA10 has 
been identified as a therapeutic target in breast and prostate can-
cers, and neutralizing monoclonal antibodies to EphA10 as well as 
EphA10 antibody-drug conjugates have been developed.10,11,14,38,39 
Our results suggested that EphA10 may be a valuable therapeutic 
target to treat refractory pancreatic cancer and other cancers that 
are positive for EphA10 expression. Counteracting EphA10 func-
tion by siRNA or with a neutralizing monoclonal antibody presents 
a promising strategy for treating these devastating diseases and 
should be pursued in future studies.
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