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Abstract

Background
Ephrin-A2, a member of the Eph receptor subgroup, is used in diagnosing and determining the prognosis
of prostate cancer. However, the role of ephrin-A2 in prostate cancer is still unclear.

Methods
We established stable clones overexpressing or silencing ephrin-A2 from prostate cancer cells. Then, CCK-
8 was used in analyzing the proliferation ability of cells. CD31 staining was used in evaluating
angiogenesis. Migration and invasion assay were conducted in vivo and in vitro. The expression of EMT-
related markers was evaluated in prostate cancer cells through Western blotting.

Results
We revealed that the ectopic expression of ephrin-A2 in prostate cancer cells facilitated cell migration and
invasion in vitro and promoted tumor metastasis and angiogenesis in vivo and that the silencing of
ephrin-A2 completely reversed this effect. Although ephrin-A2 did not affect tumor cell proliferation in
vitro, ephrin-A2 signi�cantly promoted primary tumor growth in vivo. Furthermore, to determine the
biological function of ephrin-A2, we assayed the expression of EMT-related markers in stable established
cell lines. Results showed that the overexpression of ephrin-A2 in prostate cancer cells down-regulated
the expression of epithelial markers (ZO-1, E-cadherin, and claudin-1) and up-regulated the expression of
mesenchymal markers (N-cadherin, β-catenin, vimentin, Slug, and Snail), but the knocking out of ephrin-
A2 opposed the effects on the expression of EMT markers.

Conclusions
These �ndings indicate that ephrin-A2 promotes prostate cancer metastasis by enhancing angiogenesis
and promoting EMT and may be a potentially therapeutic target in metastatic prostate cancer.

Background
Prostate cancer (PCa), one of the most common malignancies, poses threat to the health of men
worldwide1. High metastasis and high recurrence rate after castration treatment are the dominant clinical
features of PCa. Metastasis has become a constraint to the long-term survival of patients with PCa and is
the key to conquering it. Therefore, a major clinical challenge is preventing PCa progression and
metastasis.
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As the largest subgroup family of receptor tyrosine kinase, the Eph receptor family contains 14 members
in mammals2. Ephrin-A2, belonging to Eph ligands, are widely expressed in normal tissues and has a vital
function in tumors3–6 For example, ephrin-A2 is involved in breast carcinoma, liver cancer, and PCa4, 5. In
addition, ephrin-A2 promotes the migration of MDA-MB-231 breast cancer cells and reduces E-cadherin
expression6. We previously reported that ephrin-A2 expression is dramatically high in the tissues and
exosomes derived from patients with PCa7,8. Although ephrin-A2 has an ectopic expression in PCa
patients, its function remains poorly investigated.

The abnormal activation of signaling pathways plays a signi�cant role in tumor genesis, progression, and
metastasis, and blocking key molecules is an approach for antitumor therapy. The Eph family can trigger
EMT-related signaling pathways to regulate cancer9–11. EMT and its related markers, including N-
cadherin, vimentin, �bronectin, matrix metalloproteinases (MMPs), E-cadherin, β-catenin, Snail, and Slug,
are associated with cancer development. When undergoing EMT, epithelial cells show polarity loss,
changes in morphology and cytoskeletal organization, and dissolution of direct contacts. Hence, cell
deterioration can be prevented by inhibiting the up-regulation of the expression of EMT-related markers,
which might be novel anticancer therapeutic targets12.

In this study, we reported that ephrin-A2 stimulated tumor growth in vivo and promoted PCa angiogenesis
and metastasis. We highlighted a novel method of using ephrin-A2 in altering the expression of EMT-
related markers to promote metastasis. Ephrin-A2 may be a potential target for cancer therapy because it
regulates EMT-related markers. This study provides novel insights into the role ephrin-A2 in PCa
tumorigenesis.

Methods
Cell culture

LNCaP, PC-3, and DU145 were purchased from American Type Culture Collection (ATCC). All the cell lines
were cultured in DMEM/F-12 media (Gibco, USA), each containing 10% fetal bovine serum (FBS, Gibco,
USA), 100 U/mL penicillin, and 100 U/mL streptomycin, at 5% CO2, 95% atmosphere, and 37 °C.

Overexpression of ephrin-A2

The full-length cDNA of human ephrin-A2 was cloned into lentiviruses vectors (pLent-U6-GFP-Puro) at
certain site. Vectors within ephrin-A2 fragments or control were transfected into 293T cells at 70%
confluency for the generation of the lentiviruses. Then, the lentiviruses were transfected into PC-3 cells at
appropriate confluency with polybrene for 24 h. Subsequently, infected cells were selected with
puromycin at 2 µg/mL for 1 week. Finally, the selected cells were harvested, and ephrin-A2 expression
was con�rmed through Western blotting.

RNA interference of ephrin-A2



Page 4/18

Ephrin-A2 shRNA (shRNA-1, shRNA-2, and shRNA -3) or control shRNA were used for RNA interference.
Brie�y, lentivirus shRNA or control were transfected into the 293T cells at 70% confluency to generate
lentiviruses. Then, lentiviruses were transfected into LNCaP and DU145 cells at appropriate confluency
with polybrene for 24 h. Subsequently, the cells were selected with proper puromycin (LNCaP for 1 µg/mL,
DU145 for 4 µg/mL) for 1 week. Finally, the selected cells were harvested, and ephrin-A2 expression was
con�rmed through Western blotting.

Cell proliferation

A total of 3000 cells were plated and incubated for 24, 48, 72, and 96 h. CCK-8 reagent (Keygen Biotech,
Nanjing, China) was added to the media and cultured for 3 h. The OD450 value was measured with an
automatic micro-plate reader every 24 h for 4 days for the generation of a growth curve.

Evaluation of angiogenesis

CD31 staining was used in evaluating microvascular density (MVD)13. Briefly, the slides were
immunohistochemical staining against CD31 (Servicebio Technology, Wuhan, China) were identi�ed
(×100). Five areas of MVD were selected for counting manually (×200). Brown-stained endothelial cells
and their clusters that were clearly separated from adjacent microvessels, tumor cells, and other
connective tissues were considered separate countable vessels. The mean score of the �ve hot spots was
set as the level of MVD in each animal.

Wound healing assay

DU145, LNCaP and PC-3 cell lines were performed for wound healing assay. In brief, a scratch was made
with a micropipette tip at 90% confluency. The wounded area was captured immediately after scratching
and after 24 h with a microscope. Wound healing abilities were quanti�ed by measuring the average gap
area between 0 and 24 h with ImageJ.

Migration assay

Modi�ed migration assays were performed as previously described14. Briefly, cells suspended in a 100 μL
serum-free medium were added to the up-wells, and the lower chambers contained 10% FBS as a
chemoattractant. The plates were incubated for 24 h. Then, the chamber membrane was �xed and
stained with 0.1% crystal violet. Finally, the upper non-migrating cells were gently wiped off with cotton
swabs. Six �elds were counted randomly (×200), and the average of three independent experiments was
obtained.

Invasion assay

Modi�ed invasion assays were performed as previously described14. Briefly, diluted Matrigel (Corning
Costar, USA) with serum-free medium (1:5) was added to the upper chamber, and incubation was
performed for 4 h at 37 °C. Cells suspended in a 100 μL serum-free medium were added into the upper
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wells, and the lower chambers contained 10% FBS. The plates were incubated for 24 h. Then, the well
membrane was �xed and stained with 0.1% crystal violet. Finally, the upper non-migrating cells were
gently wiped off with cotton swabs. Six �elds were counted randomly (×200), and the average of three
independent experiments was used.

Xenograft models

Stable established cell lines were cultured in a DMEM/F-12 medium containing 10% FBS, 100 U/mL
penicillin, and 100 U/mL streptomycin at 5%CO2, 95% atmosphere, and 37 °C. Single cell suspensions
with a concentration of 5×107 cells were inoculated into nude mice at one side of the abdomen. Six
BALB/C (nu/nu) nude mice aged 4–6 weeks were randomly divided into two groups of three. The
inoculation site was observed, and whether the site was infected or not and whether the tumor had
subsided naturally were checked daily. The tumor long diameter (a) and short diameter (b) were
measured every week, then the tumor volume was calculated according to the formula: volume = length ×
width2 / 2 for the drawing of a growth curve. After 7 weeks, nude mice were sacri�ced, and tumor tissues,
forelimb axillary lymph nodes, and lung tissues were obtained, and tumor masses were weighed. The
tumor tissues, left axillary lymph nodes, and left lung tissue were subjected to immunohistochemistry
and HE staining. Para�n sections were subjected to staining, and blood vessel density was assayed with
Image Plus.

PCR-based detection of human Alu sequences

Human disseminated tumor cells (DTCs) were detected in lymph nodes and lungs with Alu-qPCR as
previously described15 under the following conditions: 95 °C for 10 min, 40 cycles at 95 °C for 5 s, 65 °C
for 5 s, and 72 °C for 20 s. Numerical data were determined against a standard curve established using
murine blood DNA containing log-fold dilutions of DNA from 1×106 prostate carcinoma cells PC-3 or
DU145 grown in culture. Negative controls were established for each tissue by testing DNA from species
with similar sex and age. The independent experiments were repeated at least three times.

Immunohistochemistry

Immunohistochemical staining was performed according to a standard method. Brie�y, primary tumor
tissues were �xed in a 10% formalin buffer, embedded in para�n, and sectioned at 4 μm. Then, the slides
were depara�nized, rehydrated, and microwaved for 30 min (pH 6.0) for the retrieval of antigen epitopes
in citrate buffer. The slides were subsequently treated with 3% H2O2 for 10 min for the elimination of
endogenous peroxidase. The slides were incubated overnight with a primary antibody (E-cadherin, N-
cadherin, CD31). The section were washed with PBS and then incubated with secondary antibody for 30
min at room temperature. 3,3′-Diaminobenzidine (DAB) was used for color detection, and nuclei were
counterstained with hematoxylin.

Western blotting assay
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Total protein was extracted from cells, and protein concentrations were determined using a BCA protein
reagent kit (Beyotime, Nantong, China). Lysates were separated and transferred to a polyvinylidene
�uoride membrane (Millipore, Bedford, USA) and incubated with ephrin-A2 (A�nity Biosciences,
Cincinnati, USA) and EMT primary antibodies (Cell Signaling Technology, Danvers, USA) at 4 °C for
overnight. The membranes were washed three times, incubated with secondary antibodies for 2 h, and
visualized using an enhanced chemiluminescent substrate (Millipore, Bedford, USA). Finally, the
membranes were visualized again using another enhanced chemiluminescent substrate (Bio-Rad
Laboratories Inc, California, USA).

Statistical analysis

SPSS16.0 (SPSS, Chicago, USA) was used in statistical analyses. Multiple groups were evaluated with
one-way analysis of variance (ANOVA), Statistical between groups were determined through t-test. A P
value of less than 0.05 was considered statistically signi�cant.

Results
Ephrin-A2 expression in stable established PCa cell lines

To explore ephrin-A2 exerted function in PCa, we �rst developed stable clones overexpressing or knocking
down ephrin-A2 in PCa cell lines. The expression of ephrin-A2 in established cell lines was con�rmed
through Western blotting. Ephrin-A2 showed forced expression in overexpressed PC-3 cells. (Fig. 1A). For
the purpose of the e�ciency of inhibition, we selected three RNA interferences to block ephrin-A2
expression. Compared with shRNA-1 and shRNA-2 vectors, ephrin-A2 showed signi�cantly inhibited
expression in the DU145 and LNCaP cells infected with shRNA-3 lentiviral particles (Fig. 1B and C).
Therefore, we used cells infected with shRNA-3 lentiviral particles for the next step.

Ephrin-A2 contributes to tumor growth

To investigate whether ephrin-A2 functions in tumor growth, we established stable overexpressing ephrin-
A2 in PC-3 cells and silencing ephrin-A2 in DU145 and LNCaP, respectively. No signi�cant difference in
proliferation between the control and experimental group was observed in vitro (Fig. 2A). To further verify
the feature of this effect, a subcutaneous xenograft model in mice was established. Ephrin-A2
overexpression in the PC-3 cells generated xenografts that were larger than those in the control,
consistent with the silencing of ephrin-A2 cells (Fig. 2B). This result indicates that ephrin-A2 contributes
to tumor growth in vivo, rather than to proliferation in vitro.

Ephrin-A2 promotes tumor angiogenesis

Ephrin-A2 may affect tumor environments. By determining whether ephrin-A2 plays a role in tumor
angiogenesis, we found that the level of CD31, an indicator of angiogenesis, showed a higher increase in
the PC-3 group with overexpressed ephrin-A2 than that in the control (Fig. 3). The silencing of ephrin-A2 in
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the DU145 group decreased microvascular density. The data indicate that ephrin-A2 may promote tumor
angiogenesis to increase tumor growth.

Ephrin-A2 led to tumor metastasis

To evaluate the metastasis potential of ephrin-A2, we examined the effect of ephrin-A2 on migration in
PC-3 cells. The overexpression of ephrin-A2 in the PC-3 cells facilitated migration (Supporting Fig. 1 and
Fig. 4A, P < 0.001). Invasion assay showed that the overexpression of ephrin-A2 in PC-3 cells promoted
the migration of cells (Fig. 4B, P < 0.001). These data show that ephrin-A2 can promote tumor invasion in
PC-3 cells. To further verify whether ephrin-A2 led to invasion in PCa, we performed migration and
invasion assays in depletion of ephrin-A2 in LNCaP and DU145 cells. We found that Ephrin-A2 enhanced
the capability of migration and invasion in LNCaP cells (Fig. 4A and Fig. 4B, P < 0.001, Supporting Fig.2)
and that the loss of ephrin-A2 signi�cantly inhibited DU145 cell invasion (Fig. 4B). Nevertheless, no
signi�cantly changes in cell migration ability was observed in the DU145 cells (Supporting Fig.3 and Fig.
4A, P > 0.05). These data suggest that ephrin-A2 promotes PC-3, LNCaP, and DU145 migration and
invasion but has no effect on the migration capabilities of DU145.

Furthermore, we assessed whether ephrin-A2 can promote metastasis in vivo in a subcutaneous
xenograft model using PC-3 and DU145 cells in nude mice. Tissues harvested from overexpressing
ephrin-A2 PC-3 groups and ephrin-A2 knock-down DU145 group. HE staining showed that ephrin-A2
signi�cantly increased the incidence of metastases to local draining lymph nodes (LN) and lungs
compared with that in the control group (Fig. 4C and Fig. 4D, P < 0.01). Collectively, these observations
indicate that ephrin-A2 contributes to tumor metastasis.

Ephrin-A2 regulates EMT related markers

Ephrin-A2, as a member of the Eph receptor tyrosine kinase ligand family, regulates a series of
downstream molecules. To determine whether the promotion of metastasis by ephrin-A2 is associated
with the EMT family, we tested the expression of EMT-related markers (ZO-1, N-cadherin, E-cadherin, β-
catenin, vimentin, Slug, Snail, and claudin-1) in stable PCa cells through Western blotting. The results
show the down-regulated expression of epithelial markers (ZO-1, E-cadherin, and claudin-1) and up-
regulated expression of mesenchymal markers (N-cadherin, β-catenin, vimentin, Slug, and Snail), but the
knocking out of ephrin-A2 opposed the effect on the expression of EMT markers (Fig. 5). These data
indicate that ephrin-A2 medicated tumor cell metastasis may be associated with the activation of EMT
progress.

To con�rm the hypothesis, subcutaneous xenograft mouse model was used. The mice were sacri�ced,
and related tissues were harvested for E-cadherin and N-cadherin expression analyses. In the
overexpressing ephrin-A2 PC-3 groups, E-cadherin was down-regulated compared with that in the control
group, whereas N-cadherin was up-regulated (Fig. 6A and 6B). Similarly, the depletion of ephrin-A2
expression was consistent with a previous result (Fig. 6A and 6B). The results further show that the
activation of EMT signaling pathway play a vital role in ephrin-A2 medicated PCa metastasis.
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Discussion
In this study, we �rst developed stable established cell lines with overexpressing and knock-down, and our
results demonstrated that ephrin-A2 promotes prostate cancer metastasis and angiogenesis.
Furthermore, we provided novel insights into this mechanism, by which ephrin-A2 alters EMT-related
markers to promote cancer metastasis. Moreover, ephrin-A2 may be a potential target for cancer
metastasis therapy because it regulates EMT-related markers.

In our previous reports, we found that ephrin-A2 expression is signi�cantly higher in the tissues and
exosomes derived from patients with PCa7,8. However, in the present study, ephrin-A2 overexpression did
not affect cell proliferation in PC-3 cell lines in vitro, and the depletion of ephrin-A2 in DU145 and LNCaP
con�rmed this �nding. Ephrin-A2 contributed to tumor growth in vivo, and this result is consistent with the
proliferation of liver cancer cells5. These results show that ephrin-A2 may affect cells in tumor
environments and promotes tumor growth, rather than in the tumors. Traditionally, tumor growth depends
on multiple factors, such as blood vessel development, growth factors, and nutrition supply. Many studies
reported that the Eph family is involved in tumor angiogenesis16–18. To further elucidate the biological
functions of ephrin-A2, we detected CD31, an indicator of angiogenesis. Our results show that ephrin-A2
contribute to tumor growth in vivo, rather than in vitro, suggesting that tumor proliferation rate is not
responsible for tumor growth. Simultaneously, the depletion of ephrin-A2 reduced angiogenesis. Hence,
we speculated that ephrin-A2 can induce angiogenesis and promote tumor metastasis. Overall, these
observations revealed that ephrin-A2 may promote PCa progression and metastasis by enhancing
angiogenesis, at least in part.

Typically, an important feature of malignant tumor cells is invasion. In breast tumor cells, the ephrin-A2
gene promotes cell migration. Feng et al5 con�rmed that ephrin-A2 can promote liver cancer cell invasion
in vivo. Consistent with previous studies, our study also found that ephrin-A2 has a positive action on cell
invasion in PCa in vitro and in vivo. Our results show that the activity of ephrin-A2 can enhance cell
motility and invasion. Further, ephrin-A2 increased the incidence of metastases in lymph nodes (LN) and
lungs in vivo, indicating that ephrin-A2 leads to tumor metastasis.

EMT, an important mechanism of invasion and metastasis, has been observed in many malignant tumors
in humans, but the pathogenesis of this disease remains unclear19. Zheng et al20 found that after
knocking out the CCAT2 gene, cell proliferation, invasion, and migration were signi�cantly enhanced,
suggesting that EMT is closely related to PCa invasion and metastasis. In our study, EMT-related markers
were evaluated in stable established cell lines through Western blotting. Our studies identi�ed that ephrin-
A2 can inhibit E-cadherin, ZO-1, and claudin-1 expression and enhance β-catenin, vimentin, Snail, Slug,
and N-cadherin. E-cadherin is involved in the progression of human malignancies progression, and the
low expression of E-cadherin is associated with lymphatic vessel invasion10, 21. When EMT occurs,
epithelial cells lose polarity and show enhanced ability to migrate and promote cytoskeletal
rearrangement. The overexpression of Eph receptor promotes migration and invasion and inhibits E-
cadherin-independent ligand-dependent mechanisms through the downstream singling pathways22, 23.
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This study reveals that ephrin-A2 down-regulates E-cadherin and loss cell adhesion to promote invasion
and metastasis, suggesting that E-cadherin has potential as a tumor suppressor.

In many tumors, N-cadherin is overexpressed and is related to metastasis24, 25. E-cadherin and N-cadherin
belong to the cadherin family. E-cadherin loss is always accompanied by the up-regulation of N-cadherin,
which indicates poor prognosis26. N-cadherin promotes cancer metastasis to regulate adhesion and
angiogenesis27, 28. Owing to the low expression of N-cadherin in DU145, we assayed N-cadherin in the
overexpression ephrin-A2 group only. In this study, ephrin-A2 can increase N-cadherin expression but
down-regulate E-cadherin. These data indicate that ephrin-A2 promotes PCa metastasis and
angiogenesis by regulating EMT-related markers.

N-cadherin and vimentin not only promote tumor invasion and are associated with poor prognosis but
also are therapeutic targets in cancer11, 29, 30. Our study indicates that ephrin-A2 intensi�es the expression
of N-cadherin and vimentin, thereby accelerating tumor invasion and resulting in poor prognosis. Thus,
ephrin-A2 is a promising target for PCa cancer therapy.

Another key factors, Snail and Slug, are linked to the promoter of E-cadherin and directly involved in
inhibiting the expression of E-cadherin31, 32. Ephrin-A2 probably interferes with Snail and Slug to down-
regulate E-Cadherin.

In conclusion, we demonstrated that ephrin-A2 promotes PCa metastasis and angiogenesis by altering
EMT-related markers. Furthermore, ephrin-A2 may be a potential target for cancer metastasis therapy
because it regulates EMT-related markers.

Conclusion
In our study, we revealed that EphrinA2 facilitated cell migration and invasion in vitro and promoted
tumor metastasis and angiogenesis in vivo. Furthermore, EphrinA2 could down-regulated the expression
of epithelial markers and up-regulated the expression of mesenchymal markers. These above �ndings
indicate that EphrinA2 promotes prostate cancer metastasis by enhancing angiogenesis and promoting
EMT and may be a potentially therapeutic target in metastatic prostate cancer.
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Figure 1

Ephrin-A2 was assessed in established stable cell lines through Western blotting analysis: A. Ephrin-A2
level was detected in PC-3 cell lines (Left panel). The relative expression of ephrin-A2 was normalized to
that in PC-3 cells (Right panel). B. Ephrin-A2 level was detected in DU145 cell lines (Left panel). Ephrin-A2
relative level expression was normalized to that in DU145/NC cells (Right panel) C. Ephrin-A2 level was
detected in LNCaP cell lines (Left panel). Ephrin-A2 relative level expression was normalized to that in
LNCaP/NC cells (Right panel). *P < 0.05 compared with the control group.
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Figure 2

Ephrin-A2 contributed to tumor growth in stable cell lines in vivo: A. Ephrin-A2 showed no difference in
cell proliferation according to the CCK‐8 assay in vitro. B. Ephrin-A2 contributed to tumor growth in vivo.
Tumor harvested from overexpressing ephrin-A2 PC-3 groups and ephrin-A2 knock-down DU145 group.
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Figure 3

Ephrin-A2 promotes tumor angiogenesis. CD31 was evaluated in the xenograft models through
immunohistochemical staining. Tissues harvested from overexpressing ephrin-A2 PC-3 groups and
ephrin-A2 knock-down DU145 group. Scale bar, 100 µm.
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Figure 4

Ephrin-A2 led to tumor metastatic. A. The effect of ephrin-A2 on migration in three PCa cell lines. Ephrin-
A2 enhanced PC-3 and LNCaP cell migration, but no effect on DU145. B. The effect of ephrin-A2 on
invasion in three PCa cell lines. Ephrin-A2 enhanced prostate cell invasion. C&D. Ephrin-A2 promote
metastasis in vivo in PC-3 and DU145 group. Tissues were harvested and the existence of metastatic
tumor cells in local draining lymph nodes (Left panel) and lungs (Right panel) were assessed by qPCR-
based detection of human Alu sequences and HE staining. Scale bar, 100 µm. Scale bar, 100 µm.
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Figure 5

Ephrin-A2 altered the expression of EMT-related markers. A. Western blotting analysis of EMT-related
markers protein expression in PC-3 cell lines (Left panel). The relative expression of ephrin-A2 was
normalized to that in PC-3 cells (Right panel). B. Western blotting analysis of EMT-related markers protein
expression in DU145 cell lines (Left panel). The relative expression of ephrin-A2 was normalized to that in
DU145 cells (Right panel).
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Figure 6

Ephrin-A2 affect the expression of E-cadherin and N-cadherin in xenograft models. A. E-cadherin and N-
cadherin were analyzed in xenograft models by immunohistochemical staining. Tissues harvested from
overexpressing ephrin-A2 PC-3 groups. Scale bar, 50 µm. B. E-cadherin were analyzed in xenograft models
by immunohistochemical staining. Tissues harvested from knock down ephrin-A2 DU145 groups. Scale
bar, 50 µm.
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