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Abstract: Ongoing research continues to elucidate the complex role of ephrin receptors (EPHs) and
their ligands (ephrins) in breast cancer pathogenesis, with their varying expression patterns implied
to have an important impact on patients’ outcome. The current study aims to investigate the clinical
significance of EPHA2, EPHA4, and EPHA7 expression in triple-negative breast cancer (TNBC) cases.
EPHA2, EPHA4, and EPHA7 protein expression was assessed immunohistochemically on formalin-
fixed and paraffin-embedded (FFPE) TNBC tissue sections from 52 TNBC patients and correlated
with key clinicopathologic parameters and patients’ survival data (overall survival (OS); disease-free
survival (DFS)). EPHA2, EPHA4, and EPHA7 expression was further examined in TNBC cell lines.
EPHA2 overexpression was observed in 26 (50%) of the TNBC cases, who exhibited a shorter OS and
DFS than their low-expression counterparts, with EPHA2 representing an independent prognostic
factor for OS and DFS (p = 0.0041 and p = 0.0232, respectively). EPHA4 overexpression was associated
with lymph node metastasis in TNBC patients (p = 0.0546). Alterations in EPHA2, EPHA4, and
EPHA7 expression levels were also noted in the examined TNBC cell lines. Our study stresses that
EPHA2 expression constitutes a potential prognostic factor for TNBC patients. Given the limited
treatment options and poorer outcome that accompany the TNBC subtype, EPHA2 could also pose
as a target for novel, more personalized, and effective therapeutic approaches for those patients.

Keywords: biomarker; basal-like breast cancer; EPH; ephrin; targeted therapy

1. Introduction

Breast cancer makes up the leading cause of cancer incidence and mortality in women
worldwide [1]. It does not represent a single but an heterogeneous group of malignancies
with varying molecular signatures, morphology, and clinical behavior [2]. Data from gene
expression studies have clustered breast cancers into four main intrinsic subtypes—luminal
A, luminal B, HER2-enriched, and basal-like breast cancers (BLBCs)—that display differ-
ences in prognosis and response to therapy [3–9]. Triple-negative breast cancers (TNBCs),
characterized by a combined estrogen receptors (ER), progesterone receptors (PR), and
human epidermal growth factor receptor 2 (HER2)-negative immunophenotype, make up
12–17% of the entire malignant breast population and show an epidemiological connection
to younger women, African American race, and breast cancer gene 1 (BRCA1) mutations;
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most fall into the BLBC subtype [10–12]. TNBCs similarly appear heterogeneous at the
molecular, morphologic, and clinical levels [13,14]. They behave aggressively, showing
dismal prognosis with frequent recurrences and shorter survival rates compared to the lu-
minal and HER2-positive breast cancers [10,12]. Notably, their negative immunophenotype
means that targeted medication, such as tamoxifen and trastuzumab, provides no benefit
to these patients; therefore, traditional cytotoxic chemotherapy is the only option which,
although effective initially, fails to maintain a long-term response. TNBCs’ bad prognosis,
combined with the lack of any specific targeted therapies, has resulted in extensive ongoing
research that attempts to discover prognostic and/or predictive biomarkers against TNBCs
or, at least, any subgroup of them [10,12–14].

Ephrin receptors (EPHs) have shown great promise as potential biomarkers against
various cancer types. This family of receptor tyrosine kinases (RTKs) comprises 14 cell-
bound members divided into two classes, A and B, based on their sequence similarity and
binding affinity to their ligands, ephrins; in a similar manner, ephrins are also cell-bound
proteins and include ephrin-A and ephrin-B classes. Nine class A EPHs (EPHA1–EPHA8,
EPHA10) and five class B EPHs (EPHB1–EPHB4, EPHB6) preferentially bind five ephrin-A
and three ephrin-B classes, respectively [15,16]. The EPH/ephrin system is involved into
key regulatory processes of human physiology; it highlights axon guidance and synaptic
plasticity in the nervous system and is implicated in angiogenesis, vascular remodeling,
and homeostasis of various tissues. In addition, this cell–cell communication system is
implicated in several pathologic processes including neurodegenerative disorders, viral
infections, and cancer. Indeed, its deregulation affects tumor growth, disease progression,
metastasis, and neovascularization by disrupting critical signaling transduction pathways.
EPHs’ and ephrins’ aberrant expression characterize not only the tumor cells but also
the tumor microenvironment, where endothelial cells have mostly been investigated; this
makes the EPH/ephrin system an appealing candidate for targeted intervention [15–20].

Various research groups have reported EPHs’ upregulation in the pathogenesis of a
plethora of malignant neoplasms including lung, prostate, colon, pancreatic, esophageal,
ovarian, thyroid, tongue and hepatocellular carcinomas in addition to gliomas, melanomas,
neuroblastomas and leukemias [15,19,21,22]. Their expression in breast cancer has been
investigated using cell lines, animal models, and human tissue samples, and correlated
with patients’ prognosis [19,23–30] EPHA2, EPHB4, and EPHB6 are the receptors most
extensively studied so far [15,17,18,20,28,31]. However, besides the abundance of studies
on breast cancer models, respective EPHA expression studies on TNBC human material
have only lately been described [32,33]. Our study aimed to investigate the expression
pattern of EPHA2, EPHA4, and EPHA7 by immunohistochemistry (IHC) on formalin-fixed
and paraffin-embedded tissue samples (FFPE) from TNBC patients and to correlate it with
tumors’ clinicopathological characteristics, proliferative capacity (Ki-67 labeling index (LI))
and patients’ OS and DFS. Additionally, the expression of EPHA2, EPHA4, and EPHA7
was examined in established TNBC cell lines.

2. Materials and Methods
2.1. Patient Selection

This investigation was conducted in accordance with the principles of the Declaration
of Helsinki and an approval from the Institutional Review Board of the University of
Athens Medical School was obtained.

Overall, 52 archived invasive breast carcinoma histologic surgical samples from an
equal number of female patients, aged from 32 to 84 years (mean: 57 years) were included
in our study. None had received any neoadjuvant radiation or chemotherapy. All pa-
tients were treated with the same therapeutic strategy and received no targeted molecular
therapies. Associated clinicopathologic characteristics including age, menopausal status,
histologic type, grade, nuclear grade, tumor size, lymph node status, stage, Ki-67 LI, and
patient survival data (OS; DFS) were also retrieved [34].
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Samples were processed routinely. Breast cancer tissue samples were first fixed in
10% neutral buffered formalin, embedded in paraffin, and then cut in a microtome to
generate tissue slides. The latter were subsequently stained with hematoxylin and eosin
(H&E), examined by light microscopy and classified as ductal or lobular based on standard
WHO histologic criteria (International Agency for Research on Cancer and World Health
Organization 2012); thirty-four of them were typed as ductal and 18 as lobular. All tumor
samples were graded according to the “Nottingham Histologic Score System” into three
grades (I, II, and III) considering the amount of tubule formation, nuclear grade, and mitotic
activity [35,36]. They were also staged in agreement with the American Joint Committee on
Cancer (AJCC) TNM system based on tumor size, lymph node status, and the presence or
absence of distant metastases [37]. Each breast cancer sample of this cohort was categorized
as either stage I, II, or III, whereas no case was categorized as stage IV (none presented with
a distant metastasis). All 52 samples were classified as TNBCs following the recommended
criteria proposed at the latest St. Gallen International Breast Cancer Conferences [8,9].

2.2. Immunohistochemistry

IHC was performed on 4 µm FFPE breast tissue sections with commercially available
rabbit polyclonal primary IgG antibodies against EPHA2 (H-120; sc-924; dilution 1:100),
EPHA4 (H-77; sc-D-4; dilution 1:100), and EPHA7 (C-19; sc-1015; dilution 1:100) (Santa
Cruz Biochemicals, Santa Cruz, CA, USA). Tissue sections were dewaxed in xylene and
were brought to water through graded alcohols. Antigen retrieval (citrate buffer at pH 6.1
and microwave heating) was then performed. To remove the endogenous peroxidase
activity, sections were treated with freshly prepared 0.3% hydrogen peroxide in methanol
in the dark for 30 min (min) at room temperature. Nonspecific antibody binding was
blocked using a specific blocking reagent for rabbit primary antibodies (Sniper, Biocare
Medical, Walnut, Creek, CA, USA) for 5 min. The sections were then incubated for 1 h
(h), at room temperature, with primary antibodies, diluted 1:100 in phosphate buffered
saline (PBS). After washing three times with PBS, the sections were incubated at room
temperature with biotinylated linking reagent (Biocare Medical) for 10 min, followed by
incubation with peroxidase-conjugated streptavidin label (Biocare Medical) for 10 min.
The resultant immune peroxidase activity was developed in 0.5% 3,3′-diaminobenzidine
hydrochloride (DAB; Sigma, Saint Louis, MO, USA) in PBS containing 0.03% hydrogen
peroxide for 5 min. Sections were then counterstained with Harris’s hematoxylin and
mounted in Entellan (Merck, Darmstadt, Germany). Negative controls were generated by
omitting the primary antibody and substituting it with irrelevant antiserum. Pancreatic,
thyroid, and lung malignant tissue samples with already known EPHs’ overexpression
from our previous experiments were used as positive controls [38–40].

Status of the proliferative marker Ki-67 was assessed with immunohistochemistry us-
ing a mouse anti-human Ki-67 antigen (IgG1k antibody, clone MIB-1; Dakopatts, Glostrup,
Denmark) and classified into two categories (above and below median value), based on the
percentage of the positively stained tumor nuclei [38–41].

IHC evaluation of EPHA2, EPHA4, and EPHA7 was performed by two independent
surgical pathologists (S.T. and P.A.) in a blinded fashion to assess expression at the protein
level. At least 1000 epithelial tumor cells were counted for each case and a 5% cut-off of
positively stained malignant cells was needed to categorize each sample as “positive”. The
scoring system for each immunostain was set based on the percentage of the stained tumor
cells (0: 0–4% of tumor cells positive; 1: 5–24% of tumor cells positive; 2: 25–49% of tumor
cells positive; 3: 50–100% of tumor cells positive) and the intensity of the immunostain
(0: negative staining; 1: mild staining; 2: intermediate staining; 3: intense staining). A total
score ≥ 3 was regarded as high (overexpression), whereas a total score of 0–2 was regarded
as low expression.
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2.3. Cell Culture

The human breast cancer cell lines (MDA-MB-231, MDA-MB-468, and MDA-MB-453)
were cultured in the recommended medium (by ATCC) supplemented with 10% FBS
(Biosera), 1% streptomycin/penicillin (Invitrogen, Waltham, MA, USA), and incubated in a
37 ◦C humidified incubator with 5% CO2. The human mammary gland cell line (MCF10A)
was also cultured in the recommended medium (by ATCC) supplemented with 5% horse
serum (Gibco, Waltham, MA, USA), 1% streptomycin/penicillin (Invitrogen), 10% insulin,
1% epidermal growth factor, 100 ng/mL cholera toxin, and incubated in a 37 ◦C humidified
incubator with 5% CO2.

MDA-MB-231 is triple-negative B (TNB), MDA-MB-468 is triple-negative A (TNA),
and MDA-MB-453 is ER and PR negative and Her2 positive. MCF10A are non-malignant
breast epithelial cells that we used as controls for our study.

2.4. Western Blot Analysis

Total protein was isolated from cultured MDA MB 231, MDA MB 468, and MDAMB453
TNBC cells as well as from cultured MCF10A fibrocystic disease cells with the lysis buffer
RIPA plus protease inhibitor cocktail. The homogenates were centrifuged at 17,000× g for
15 min at 4 ◦C. The supernatants were collected, and protein concentration was measured
with the Bradford protein assay (Bio-Rad protein assay, Hercules, CA, USA). Thirty micro-
grams of protein samples were loaded each time into SDS-PAGE gels and transferred to
nitrocellulose membranes (Whatman, Little Chalfont, UK) using the semi-dry transfer sys-
tem (Bio-Rad). The membranes were blocked with 5% dry milk dissolved in Tris-buffered
saline (1×) containing 0.1% Tween-20 for 1 h at room temperature (RT). The membranes
were incubated with primary antibodies at 4 ◦C overnight followed by secondary antibod-
ies for 1.30 h at RT. The primary antibodies in the Western blot were rabbit anti-EPHA2
(Santa Cruz, CA, USA, sc-924), mouse anti-EPHA4 (SantaCruz, sc-D-4), rabbit anti-EPHA7
(Santa Cruz, sc-1015), and mouse anti-beta actin (Sigma, A5441). The secondary antibodies
were rabbit anti-mouse IgG (Sigma, A9044) (1:20,000 dilution) and goat anti-rabbit IgG
(Sigma, A6154) (1:10,000 dilution).

3. Statistical Analysis

The Fisher’s exact test was used to correlate the EPHA2, EPHA4, and EPH7 pro-
tein expression by immunohistochemistry with the clinicopathologic parameters listed in
Tables 1–3. The log-rank test was used to compare the differences between the survival
curves constructed with the Kaplan–Meier method at univariate level. A Cox proportional-
hazard regression model was developed to evaluate the association between the potential
prognostic markers, OS and DFS, at a multivariate level. A p-value less than 0.05 was
considered the limit of statistical significance. A t-test was performed for Western blot anal-
ysis, and SPSS for Windows software was used for all analyses (SPSS Inc., 2003, Chicago,
IL, USA).

Table 1. Association of EPHA2 expression with selected clinicopathologic parameters in 52 triple-
negative breast cancer (TNBC) patients (p-values calculated through the Fisher’s exact test).

Clinicopathologic Parameters
EPHA2 Expression

Low (%) High (%) p-Value

N = 52 26 (50.0) 26 (50.0)
Age (mean ± SD; years) 0.1637
≤57.0 ± 12.6 years 9 (17.3) 15 (28.8)
>57.0 ± 12.6 years 17 (32.7) 11 (21.2)
Menopausal status 0.7645
Premenopausal 7 (13.7) 8 (15.7)
Postmenopausal 19 (37.3) 17 (33.3)
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Table 1. Cont.

Clinicopathologic Parameters
EPHA2 Expression

Low (%) High (%) p-Value

Histologic type 0.7712
Ductal 18 (34.6) 16 (30.8)
Lobular 8 (15.4) 10 (19.2)
Grade 0.7813
I + II 15 (28.9) 13 (25.0)
III 11 (21.1) 13 (25.0)
Nuclear grade 0.7813
I 15 (28.9) 13 (25.0)
II + III 11 (21.1) 13 (25.0)
Tumor size 1.0000
<2 cm 8 (15.4) 7 (13.5)
>2 cm 18 (34.6) 19 (36.5)
Lymph nodes 0.7793
Non-infiltrated 12 (23.1) 10 (19.2)
Infiltrated 14 (26.9) 16 (30.8)
Stage 0.6703
I 6 (11.5) 4 (7.7)
II 16 (30.8) 16 (30.8)
III 4 (7.7) 6 (11.5)
Ki-67 protein status 0.0115
Below median value 17 (32.7) 7 (13.5)
Over median value 9 (17.3) 19 (36.5)

Table 2. Association of EPHA4 expression with selected clinicopathologic parameters in 52 triple-
negative breast cancer (TNBC) patients (p-values calculated through the Fisher’s exact test).

Clinicopathologic Parameters
EPHA4 Expression

Low (%) High (%) p-Value

N = 52 27 (51.9) 25 (48.1)

Age (mean ± SD; years) 0.7880

≤57.0 ± 12.6 years 13 (25.0) 11 (21.2)

>57.0 ± 12.6 years 14 (26.9) 14 (26.9)

Menopausal status 1.0000

Premenopausal 8 (15.4) 8 (15.4)

Postmenopausal 19 (36.5) 17 (32.7)

Histologic type 0.3917

Ductal 16 (30.8) 18 (34.6)

Lobular 11 (21.2) 7 (13.5)

Grade 0.5783

I + II 16 (30.8) 12 (23.1)

III 11 (21.1) 13 (25.0)

Nuclear grade 1.0000

I 15 (28.9) 13 (25.0)

II + III 12 (23.1) 12 (23.1)

Tumor size 0.5475

<2 cm 9 (17.3) 6 (11.5)

>2 cm 18 (34.6) 19 (36.5)
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Table 2. Cont.

Clinicopathologic Parameters
EPHA4 Expression

Low (%) High (%) p-Value

Lymph nodes 0.0546

Non-infiltrated 15 (28.8) 7 (13.5)

Infiltrated 12 (23.1) 18 (34.6)

Stage 0.8506

I 6 (11.5) 4 (7.7)

II 16 (30.8) 16 (30.8)

III 5 (9.6) 5 (9.6)

Ki-67 protein status 0.7880

Below median value 13 (25.0) 11 (21.2)

Over median value 14 (26.9) 14 (26.9)

Table 3. Association of EPHA7 expression with selected clinicopathologic parameters in 52 triple-
negative breast cancer (TNBC) patients (p-values calculated through the Fisher’s exact test).

Clinicopathologic Parameters
EPHA7 Expression

Low (%) High (%) p-Value

N = 52 20 (38.5) 32 (61.5)

Age (mean ± SD; years) 1.0000

≤57.0 ± 12.6 years 9 (17.3) 15 (28.8)

>57.0 ± 12.6 years 11 (21.2) 17 (32.7)

Menopausal status 1.0000

Premenopausal 6 (11.5) 10 (19.2)

Postmenopausal 14 (26.9) 22 (42.3)

Histologic type 0.2439

Ductal 11 (21.2) 23 (44.2)

Lobular 9 (17.3) 9 (17.3)

Grade 1.0000

I + II 11 (21.2) 17 (32.7)

III 9 (17.3) 15 (28.8)

Nuclear grade 0.0889

I 14 (26.9) 14 (26.9)

II + III 6 (11.5) 18 (34.6)

Tumor size 0.3523

<2 cm 4 (7.7) 11 (21.2)

>2 cm 16 (30.8) 21 (40.4)

Lymph nodes 1.0000

Non-infiltrated 8 (15.4) 14 (26.9)

Infiltrated 12 (23.1) 18 (34.6)
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Table 3. Cont.

Clinicopathologic Parameters
EPHA7 Expression

Low (%) High (%) p-Value

Stage 0.6448

I 5 (9.6) 5 (9.6)

II 12 (23.1) 20 (38.5)

III 3 (5.8) 7 (13.5)

Ki-67 protein status 0.3953

Below median value 11 (21.2) 13 (25.0)

Over median value 9 (17.3) 19 (36.5)

4. Results

High expression (overexpression) of EPHA2, EPHA4, and EPHA7 was noted in
26 (50%), 25 (48.1%), and 32 (61.5%) out of the 52 examined cases, respectively. Figure 1a–c
shows representative positive immunostainings for EPHA2, EPHA4, and EPHA7 in se-
lected TNBC tissue samples.
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Figure 1. Representative positive immunostainings for EPHA2 (a), EPHA4 (b), and EPHA7 (c) in
selected triple-negative breast cancer samples (200×).

In the cross-tables, high EPHA2 expression was positively correlated with tumor pro-
liferative capacity (Ki-67 LI) (Table 1; p = 0.0115), whereas no other significant associations
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were noted (Table 1). High EPHA4 expression was observed more frequently in TNBC
cases accompanied by lymph node metastasis (Table 2; p = 0.0546), although insignificantly
(Table 2). High EPHA7 expression was not significantly correlated with any of the exam-
ined clinicopathological parameters although a trend for nuclear grade was noted (Table 3;
p = 0.0889).

Kaplan–Meier survival curves indicated that TNBC patients with EPHA2 overexpres-
sion exhibited shorter OS and DFS than those with low expression (Figure 2; log-rank test;
p = 0.0006 and p = 0.0118, respectively). Multivariate analysis identified EPHA2 expression
as independent prognostic factor for OS and DFS (Tables 4 and 5; Cox-regression analysis;
p = 0.0041 and p = 0.0232, respectively). Likewise, multivariate analysis identified Ki-67
status as an independent prognostic factor for disease-free but not for overall survival
(Tables 4 and 5 Cox-regression analysis; p = 0.0481 and p = 0.0808, respectively). EPHA4
and EPHA7 expression did not reach statistical significance regarding OS and DFS (data
not shown).
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expression was notably upregulated in the TNBC cell lines MDA MB 231 and MDA MB 
468 compared to the normal one, MCF10A. On the other hand, no significant alterations 
were detected in the HER2 (+) breast cancer cell line, MDA MB 453. EPHA2 protein ex-
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nificantly overexpressed in both TNBC cell lines, MDA MB 231 and MDA MB 468, when 
compared to the normal one (MCF10A). EPHA7 overexpression was found in the basal-
like TNBC cell line MDA MB 468 (Figure 3). 

Figure 2. Kaplan–Meier survival analysis for EPHA2 high and low expression in 52 triple-negative
breast cancer (TNBC) patients: overall survival (A) and disease-free survival (B).

Table 4. Multivariate analysis for histologic type, grade, tumor size, lymph node status, Ki-67 status,
and EPHA2 expression for OS.

Clinicopathologic Variables
Overall Survival

HR (95% CI) p-Value

Histologic type (ductal/lobular) 0.774 (0.182–1.964) 0.7692

Grade (I + II/III) 0.576 (0.075–1.874) 0.4874

Tumor size (<2 cm/>2 cm) 1.202 (0.156–2.851) 0.8769

Lymph nodes (non-infiltrated/infiltrated) 0.557 (0.067–1.936) 0.4376

Ki-67 status (below/over median value) 10.921 (6.472–13.449) 0.0808

EPHA2 expression (low/high) 13.149 (7.352–18.777) 0.0041
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Table 5. Multivariate analysis for histologic type, grade, tumor size, lymph node status, Ki-67 status,
and EPHA2 expression for DFS.

Clinicopathologic Variables
Disease-Free Survival

HR (95% CI) p-Value

Histologic type (ductal/lobular) 0.463 (0.127–1.082) 0.3377

Grade (I + II/III) 0.413 (0.132–1.076) 0.2159

Tumor size (<2 cm/>2 cm) 0.319 (0.094–0.956) 0.1619

Lymph nodes (non-infiltrated/infiltrated) 2.614 (1.123–5.995) 0.1859

Ki-67 status (below/over median value) 7.572 (4.661–13.559) 0.0481

EphA2 expression (low/high) 3.592 (1.767–5.892) 0.0232

Furthermore, Western blot analysis for EPHA2, EPHA4, and EPHA7 was performed
in three different human breast cancer cell lines. EPHA2, EPHA4, and EPHA7 protein
expression was notably upregulated in the TNBC cell lines MDA MB 231 and MDA MB 468
compared to the normal one, MCF10A. On the other hand, no significant alterations were
detected in the HER2 (+) breast cancer cell line, MDA MB 453. EPHA2 protein expression
was found to be increased in the basal-type TNBC cell line MDA MB 468. The basal-like
subtype of TNBC presents a significantly higher proliferation rate and is considered to
be one of the most aggressive breast cancer subtypes. EPHA4 protein was significantly
overexpressed in both TNBC cell lines, MDA MB 231 and MDA MB 468, when compared
to the normal one (MCF10A). EPHA7 overexpression was found in the basal-like TNBC
cell line MDA MB 468 (Figure 3).

Diagnostics 2022, 12, x FOR PEER REVIEW 10 of 16 
 

 

 
Figure 3. Protein expression analysis of EPHA2, EPHA4, and EPHA7 in MCF10A, MDA MB 231, 
MDA MB 468, and MDA MB 453 cell lines. (A) Western blot analysis of EPHA2, EPHA4, and EPHA7 
protein expression in MCF10A, MDA MB 231, MDA MB 468, and MDA MB 453 cell lines. (B) Quan-
tification of EPHA2 blots for MCF10A, MDA MB 231, MDA MB 468, and MDA MB 453 cell lines. 
Beta-actin was used as protein loading control. Data represent the mean and standard deviation 
from three independent experiments. (C) Quantification of EPHA4 blots for MCF10A, MDA MB 
231, MDA MB 468, and MDA MB 453 cell lines. Beta-actin was used as protein loading control. Data 
represent the mean and standard deviation from three independent experiments. (D) Quantification 
of EPHA7 blots for MCF10A, MDA MB 231, MDA MB 468, and MDA MB 453 cell lines. Beta-actin 
was used as protein loading control. Data represent the mean and standard deviation from three 
independent experiments  p < 0.05 and ** p < 0.01; ns indicates non-significance. 

5. Discussion 
Besides their role in embryogenesis and tissue homeostasis, various EPH members 

are implicated in the processes of oncogenesis, tumor growth, progression, metastasis, 
and angiogenesis [15,18–20,22]. Investigation of the role of the EPH/ephrin system in 
breast cancer has mainly focused on the receptors EPHA2, EPHB4, and EPHB6 
[15,17,18,28,42,43]. Notably, there are only a few EPHA expression studies on TNBC clin-
ical tissue samples [32,33], although TNBC is accompanied by poor prognosis and lack of 
any targeted therapy. Establishing relevant clinical significance (correlation of various 
EPHs’ expression on human material with clinicopathologic characteristics and patient 
survival) is a fundamental step prior to the development of personalized therapies for 

Figure 3. Protein expression analysis of EPHA2, EPHA4, and EPHA7 in MCF10A, MDA MB 231,
MDA MB 468, and MDA MB 453 cell lines. (A) Western blot analysis of EPHA2, EPHA4, and EPHA7



Diagnostics 2022, 12, 366 10 of 15

protein expression in MCF10A, MDA MB 231, MDA MB 468, and MDA MB 453 cell lines. (B) Quan-
tification of EPHA2 blots for MCF10A, MDA MB 231, MDA MB 468, and MDA MB 453 cell lines.
Beta-actin was used as protein loading control. Data represent the mean and standard deviation from
three independent experiments. (C) Quantification of EPHA4 blots for MCF10A, MDA MB 231, MDA
MB 468, and MDA MB 453 cell lines. Beta-actin was used as protein loading control. Data represent
the mean and standard deviation from three independent experiments. (D) Quantification of EPHA7
blots for MCF10A, MDA MB 231, MDA MB 468, and MDA MB 453 cell lines. Beta-actin was used as
protein loading control. Data represent the mean and standard deviation from three independent
experiments p < 0.05 and ** p < 0.01; ns indicates non-significance.

5. Discussion

Besides their role in embryogenesis and tissue homeostasis, various EPH members
are implicated in the processes of oncogenesis, tumor growth, progression, metastasis, and
angiogenesis [15,18–20,22]. Investigation of the role of the EPH/ephrin system in breast
cancer has mainly focused on the receptors EPHA2, EPHB4, and EPHB6 [15,17,18,28,42,43].
Notably, there are only a few EPHA expression studies on TNBC clinical tissue sam-
ples [32,33], although TNBC is accompanied by poor prognosis and lack of any targeted
therapy. Establishing relevant clinical significance (correlation of various EPHs’ expres-
sion on human material with clinicopathologic characteristics and patient survival) is a
fundamental step prior to the development of personalized therapies for TNBCs; it is
also crucial for identifying potential subgroups of patients that might profit from such
treatments [19,26].

In this study, we demonstrated a high EPHA2 protein expression in half of our TNBC
breast cancer tissue samples. Furthermore, an inverse correlation, at a significant level,
of high EPHA2 expression with OS and DFS in TNBCs was noted, establishing EPHA2
overexpression as a strong and independent dismal prognostic factor at both univariate and
multivariate levels. We also link EPHA2 overexpression with tumor proliferative capacity
(Ki-67 LI). Therefore, EPHA2 could be considered as a potential prognostic biomarker
and therapeutic target towards TNBC patients. Secondarily, we linked, at an insignificant
level, high EPHA4 expression with lymph node invasion and reported a trend between
high EPHA7 expression and nuclear grade, albeit we showed no significant associations
concerning each of these two EPHs and OS or DFS.

Two studies have focused on EPHA members’ expression specifically on patient-
derived basal-like/TNBC material and associated it with clinicopathological parameters
and survival. Similar to our group, Song et al. correlated EPHA2 overexpression with
poor survival in basal-like/TNBC cases; they also found that EPHA2 was overexpressed
in TNBC compared to benign breast cases by using IHC on tissue microarrays [32]. In
addition, Hachim et al. linked overexpressed EPHA4 with higher tumor grade, stage, the
basal-like breast cancer intrinsic subtype, and dismal prognosis [33].

Concerning breast cancer human material in general, some recent studies have at-
tempted to link the expression of EPHA2, EPHA4, and EPHA7 with clinicopathologic
parameters and/or survival. Martin et al. and Zhuang et al. used data mining and
identified EPHA2 overexpression at the mRNA level as an adverse prognostic factor in
ER- and HER2-positive breast cancer patients, respectively [23,44]. Brantley-Sieders et al.
found EPHA2, EPHA4, and EPHA7 upregulated at both mRNA and protein levels; they
also correlated EPHA2 overexpression with poor OS and DFS. Notably, they highlighted
that measuring the accompanying ephrins’ expression might have clinical significance
by reporting the loss of ephrin-A1 expression in EPHA2-positive breast cancer tissues
accompanied by lymph node metastasis [26]. Edwards et al. linked EPHA2 overexpression
with metastatic disease and dismal prognosis [45] and Youngblood et al. the overexpression
of its phosphorylated form (pS897) with shorter survival in patients that present with
lymph node metastases [46]. Last, Husa et al. quantified the mRNAs of 21 EPH/ephrin
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members on 65 breast carcinoma tissue samples with lymph node infiltration and used
unsupervised hierarchical cluster analysis to group these cases into two clusters. EPHA2
and EPHA4, among others, were associated at a significant level with the cluster groups,
while the cluster with the EPHs/ephrins overexpression was significantly linked to a worse
prognosis. EPHB2 appeared as a strong and independent prognostic factor of poor outcome
in the multivariate analysis [29].

Investigations from various development groups have provided compelling evidence
about the role of EPHA2 in breast cancer. Despite its low expression in normal mammary
epithelium, EPHA2 is overexpressed in the majority of breast cancers [19,28]. Ogawa et al.
used both xenograft models and human tissue samples to demonstrate its upregulation,
together with its ligand ephrin-A1, in the vasculature of mammary tumors, proposing
EPHA2 as a possible anti-angiogenic therapeutic target [24]. Zelinski et al. displayed that
EPHA2 is overexpressed at the protein level in breast tumor clinical samples, also cell lines,
compared to benign epithelium and is able by itself to induce oncogenesis in MCF-10A
cells [23]. Fox and Kandpal et al. correlated EPHA2 overexpression with breast oncogenesis
and tumor progression in selected cell lines [47]. Another team reported that EPHA2
overexpression promotes breast cancer progression in synergy with HER2, suggesting that
its therapeutic targeting could be of clinical value in HER2-positive mammary carcinomas.
They also showed that its targeted disruption hinders oncogenesis and lung metastasis in
the MMTV-Neu transgenic model [27]. Apart from breast cancer, EPHA2 overexpression
has also been associated with poor prognosis in several other types of malignant tumors
including ovarian, cervical, colorectal, vulvar, gastric, lung, oral, endometrial, esophageal,
renal cell carcinomas, and gliomas [48–58].

Compared to EPHA2, research data concerning other EPHA members are far more
limited. Overexpression of EPHA4 and EPHA7, as discussed earlier, has been associated
with worse prognosis in breast cancer [26,33] as well as glioma [59]. Overexpression
of EPHA4 is associated with poor prognosis in patients with gastric cancer [60]. High
expression of EPHA4 but reduced expression of EPHB2 is linked with liver metastasis in
human colon carcinomas [50], while high EPHA7 protein expression is associated with
worse prognosis in patients with pancreatic cancer [39]. In contrast, overexpression of
EPHA4 and EPHA7 is correlated with improved outcome in lung cancer [38,61]. High
expression of EPHA7 at the protein level is linked with increased OS and DFS in patients
with mobile tongue carcinoma [41].

Our present study indicates that among the EPHs examined (EPHA2, EPHA4, and
EPHA7), EPHA2 constitutes a crucial prognostic factor for TNBC patients. In vitro exper-
imental results are in agreement with the immunohistochemical data regarding EPHA2
expression in patients’ tissue samples and the Kaplan–Meier analysis, implying high
EPHA2 expression as a poor prognostic factor.

However, the EPH/ephrin system does not function conventionally, and this repre-
sents the main problem towards designing effective drugs. It is capable of bidirectional
signaling, forward and reverse, in a ligand-dependent manner through cell–cell contact
(this means both EPHs and ephrins can initiate intracellular signaling) besides cross-talk
with other signal transduction pathways in a ligand-independent manner [15,16,62]. In-
terestingly, forward signaling seems to suppress tumorigenesis; for instance, ephrin-A1
binds EPHA2 and inhibits a number of oncogenic signaling pathways [15,16,63]. For-
ward signaling also promotes angiogenesis [15,16]. In contrast, EPHs promote malignant
transformation and progression mainly via a ligand-independent manner through their
interplay with other signaling pathways. High unengaged EPHA2 levels interact with key
pathways (Ras/Raf/Mek/Erk; PI3K/Akt/mTOR) connected to proliferation, growth, and
survival normally inhibited with forward signaling [15,28,62]. A main reason for this might
be the loss of the e-cadherin molecule, which causes cellular dissociation and prevents
EPH/ephrin-suppressing interaction [15,28,51,62]. This intriguing dual role of the EPHs
and ephrins in both promoting and suppressing cancer has been highlighted by various
expression profiling tumor studies: for instance, EPHA4 overexpression promotes gliomas,
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breast and colorectal cancers whereas it suppresses lung cancer [26,38,50,59]. In addition,
this dual role has been featured by the ability of the EPHs to switch from functioning as
promoters to suppressors during cancer progression in the same tumor: EPHB expression
is lost along the adenoma-carcinoma sequence, during colorectal carcinogenesis, due to the
epigenetic silencing [15,64]. Therefore, the tissue type and tumor stage where a potential
targeted therapy might be applied is crucial. To make things more complicated, members
of the EPH family interact with one another; EPHB6, for instance, is capable of forming
heterodimers with EPHA2, EPHB1, and EPHB4 [18,42,65].

The complexity that characterizes the mechanisms behind the EPH/ephrin system’s
tumor-promoting and tumor-suppressing properties has been reported by our group
in an extensive review of the literature. We emphasized the clinical significance of the
various EPHs/ephrins expression’s alterations in solid tumors, pointing out that up- or
downregulation of a certain member of the aforementioned biomolecules could possibly
enhance tumorigenesis in a certain organ while suppressing it in another [66].

Indeed, targeting EPHA2 receptors might be a key strategy against breast cancer in the
era of personalized medicine. EPHA2 overexpression is associated with hormone positive
breast patients and is linked with adverse prognosis when present in this subgroup [67,68].
It is also followed by resistance to tamoxifen treatment, though its inhibition restores
the sensitivity against this treatment in preclinical models [69]. Furthermore, EPHA2
overexpression synergizes with HER2 to promote breast cancer progression and correlates
with worse OS and DFS in HER2 positive cancers; in addition, EPHA2 contributes to the
development of resistance against the anti-HER2 monoclonal antibody trastuzumab, while
its inhibition could restore sensitivity against this regimen [27,44]. Notably, our group and
others [32] correlated EPHA2 overexpression with decreased OS and DFS in TNBC patients
at a significant level. Last, as mentioned before, increased EPHA2 expression on endothelial
cells promotes angiogenesis [17,28]. As a result of all of the above, targeted treatment
against EPHA2 might be efficient in ER-positive and HER2-positive breast cancers as well
as TNBCs. Likewise, targeted treatment against EPHA2 could be of value in combination
with tamoxifen or trastuzumab in mutually EPHA2- and ER- or EPHA2- and HER2-positive
subgroups of invasive breast cancer patients, respectively [17,26,44,69].

In conclusion, TNBCs are characterized by poor prognosis and lack of an available
target therapy, leaving toxic chemotherapy as the only option [10,12–14]. Our immuno-
histochemical study identified a subgroup of TNBC patients that overexpressed EPHA2
and presented with an even higher risk of recurrence and worse overall prognosis, at a
significant level. Therefore, EPHA2 might be effective as a biomarker for determining
the most appropriate management, assessing prognosis, and designing a proper targeted
treatment profitable for these patients. Our study also linked high EPHA4 expression
with the presence of lymph node metastasis and high EPHA7 expression with a higher
nuclear grade of tumor cells, both at no significant level though. All EPHs studied were
upregulated in TNBC cell lines. More expression profiling studies in larger human cancer
cohorts are needed to determine clinical significance in the EPH/ephrin field and then
translate any new knowledge into effective personalized treatments.

Author Contributions: I.N., Writing—Original Draft Preparation and Formal Analysis; C.G., Investi-
gation and Resources; K.P., Investigation; P.A., Investigation; A.M., Investigation; P.S., Investigation;
G.T., Supervision; E.D., Methodology; A.P., Investigation; P.K.P., Investigation (Data Collection); L.N.,
Conceptualization; S.T., Conceptualization and Supervision. Each author has approved the submitted
version and agrees to be personally accountable for the author’s own contributions and for ensuring
that questions related to the accuracy or integrity of any part of the work, even ones in which the
author was not personally involved, are appropriately investigated, resolved, and documented in the
literature. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.



Diagnostics 2022, 12, 366 13 of 15

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and it was approved by the Bioethics Committee of the National and Kapodistrian
University of Athens, Greece (7704/16.07.14).

Informed Consent Statement: Not applicable. Due to the retrospective nature of the studies and the
lack of impact on the treatment of patients, it was not necessary to obtain informed consent.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Torre, L.A.; Bray, F.; Siegel, R.L.; Ferlay, J.; Lortet-Tieulent, J.; Jemal, A. Global cancer statistics, 2012. CA Cancer J. Clin. 2015, 65,

87–108. [CrossRef] [PubMed]
2. Skibinski, A.; Kuperwasser, C. The origin of breast tumor heterogeneity. Oncogene 2015, 34, 5309–5316. [CrossRef] [PubMed]
3. Sotiriou, C.; Pusztai, L. Gene-Expression Signatures in Breast Cancer. N. Engl. J. Med. 2009, 360, 790–800. [CrossRef] [PubMed]
4. Schnitt, S.J. Classification and prognosis of invasive breast cancer: From morphology to molecular taxonomy. Mod. Pathol. 2010,

23, S60–S64. [CrossRef]
5. Lips, E.H.; Mulder, L.; De Ronde, J.J.; Mandjes, I.A.M.; Koolen, B.B.; Wessels, L.F.A.; Rodenhuis, S.; Wesseling, J. Breast

cancer subtyping by immunohistochemistry and histological grade outperforms breast cancer intrinsic subtypes in predicting
neoadjuvant chemotherapy response. Breast Cancer Res. Treat. 2013, 140, 63–71. [CrossRef] [PubMed]

6. Allison, K.H. Molecular Pathology of Breast Cancer: What a pathologist needs to know. Am. J. Clin. Pathol. 2012, 138, 770–780.
[CrossRef]

7. Kos, Z.; Dabbs, D.J. Biomarker assessment and molecular testing for prognostication in breast cancer. Histopathology 2015, 68,
70–85. [CrossRef]

8. Coates, A.S.; Winer, E.P.; Goldhirsch, A.; Gelber, R.D.; Gnant, M.; Piccart-Gebhart, M.; Thürlimann, B.; Senn, H.-J. Panel Members.
Tailoring therapies—Improving the management of early breast cancer: St Gallen International Expert Consensus on the Primary
Therapy of Early Breast Cancer 2015. Ann. Oncol. 2015, 26, 1533–1546. [CrossRef]

9. Curigliano, G.; Burstein, H.J.; Winer, E.P.; Gnant, M.; Dubsky, P.; Loibl, S.; Colleoni, M.; Regan, M.M.; Piccart-Gebhart, M.;
Senn, H.-J.; et al. De-escalating and escalating treatments for early-stage breast cancer: The St. Gallen International Expert
Consensus Conference on the Primary Therapy of Early Breast Cancer 2017. Ann. Oncol. 2017, 28, 1700–1712. [CrossRef]

10. Griffiths, C.L.; Olin, J.L. Triple Negative Breast Cancer: A Brief Review of its Characteristics and Treatment Options. J. Pharm.
Pract. 2012, 25, 319–323. [CrossRef]

11. Newman, L.A.; Reis-Filho, J.S.; Morrow, M.; Carey, L.A.; King, T.A. The 2014 Society of Surgical Oncology Susan G. Komen for
the Cure Symposium: Triple-Negative Breast Cancer. Ann. Surg. Oncol. 2014, 22, 874–882. [CrossRef] [PubMed]

12. Bose, S. Triple-negative Breast Carcinoma: Morphologic and molecular subtypes. Adv. Anat. Pathol. 2015, 22, 306–313. [CrossRef]
[PubMed]

13. Bianchini, G.; Balko, J.M.; Mayer, I.A.; Sanders, M.E.; Gianni, L. Triple-negative breast cancer: Challenges and opportunities of a
heterogeneous disease. Nat. Rev. Clin. Oncol. 2016, 13, 674–690. [CrossRef] [PubMed]

14. Lehmann, B.D.; Bauer, J.A.; Chen, X.; Sanders, M.E.; Chakravarthy, A.B.; Shyr, Y.; Pietenpol, J.A. Identification of human
triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies. J. Clin. Investig. 2011, 121,
2750–2767. [CrossRef] [PubMed]

15. Pasquale, E.B. Eph receptors and ephrins in cancer: Bidirectional signalling and beyond. Nat. Rev. Cancer 2010, 10, 165–180.
[CrossRef]

16. Barquilla, A.; Pasquale, E.B. Eph Receptors and Ephrins: Therapeutic Opportunities. Annu. Rev. Pharmacol. Toxicol. 2015, 55,
465–487. [CrossRef]

17. Vaught, D.; Brantley-Sieders, D.M.; Chen, J. Eph receptors in breast cancer: Roles in tumor promotion and tumor suppression.
Breast Cancer Res. 2008, 10, 217. [CrossRef]

18. Boyd, A.W.; Bartlett, P.F.; Lackmann, M. Therapeutic targeting of EPH receptors and their ligands. Nat. Rev. Drug Discov. 2014, 13,
39–62. [CrossRef]

19. Brantley-Sieders, D.M. Clinical relevance of Ephs and ephrins in cancer: Lessons from breast, colorectal, and lung cancer profiling.
Semin. Cell Dev. Biol. 2012, 23, 102–108. [CrossRef]

20. Chen, J. Regulation of Tumor Initiation and Metastatic Progression by Eph Receptor Tyrosine Kinases. In Advances in Cancer
Research; Academic Press Inc.: Cambridge, MA, USA, 2012; Volume 114, pp. 1–20. [CrossRef]

21. Surawska, H.; Ma, P.C.; Salgia, R. The role of ephrins and Eph receptors in cancer. Cytokine Growth Factor Rev. 2004, 15, 419–433.
[CrossRef]

22. Xi, H.-Q.; Wu, X.-S.; Wei, B.; Chen, L. Eph receptors and ephrins as targets for cancer therapy. J. Cell. Mol. Med. 2012, 16, 2894–2909.
[CrossRef] [PubMed]

http://doi.org/10.3322/caac.21262
http://www.ncbi.nlm.nih.gov/pubmed/25651787
http://doi.org/10.1038/onc.2014.475
http://www.ncbi.nlm.nih.gov/pubmed/25703331
http://doi.org/10.1056/NEJMra0801289
http://www.ncbi.nlm.nih.gov/pubmed/19228622
http://doi.org/10.1038/modpathol.2010.33
http://doi.org/10.1007/s10549-013-2620-0
http://www.ncbi.nlm.nih.gov/pubmed/23828499
http://doi.org/10.1309/AJCPIV9IQ1MRQMOO
http://doi.org/10.1111/his.12795
http://doi.org/10.1093/annonc/mdv221
http://doi.org/10.1093/annonc/mdx308
http://doi.org/10.1177/0897190012442062
http://doi.org/10.1245/s10434-014-4279-0
http://www.ncbi.nlm.nih.gov/pubmed/25527230
http://doi.org/10.1097/PAP.0000000000000084
http://www.ncbi.nlm.nih.gov/pubmed/26262513
http://doi.org/10.1038/nrclinonc.2016.66
http://www.ncbi.nlm.nih.gov/pubmed/27184417
http://doi.org/10.1172/JCI45014
http://www.ncbi.nlm.nih.gov/pubmed/21633166
http://doi.org/10.1038/nrc2806
http://doi.org/10.1146/annurev-pharmtox-011112-140226
http://doi.org/10.1186/bcr2207
http://doi.org/10.1038/nrd4175
http://doi.org/10.1016/j.semcdb.2011.10.014
http://doi.org/10.1016/B978-0-12-386503-8.00001-6
http://doi.org/10.1016/j.cytogfr.2004.09.002
http://doi.org/10.1111/j.1582-4934.2012.01612.x
http://www.ncbi.nlm.nih.gov/pubmed/22862837


Diagnostics 2022, 12, 366 14 of 15

23. Zelinski, D.P.; Zantek, N.; Stewart, J.C.; Irizarry, A.R.; Kinch, M. EphA2 overexpression causes tumorigenesis of mammary
epithelial cells. Cancer Res. 2001, 61, 2301–2306. [PubMed]

24. Ogawa, K.; Pasqualini, R.; A Lindberg, R.; Kain, R.; Freeman, A.L.; Pasquale, E.B. The ephrin-A1 ligand and its receptor, EphA2,
are expressed during tumor neovascularization. Oncogene 2000, 19, 6043–6052. [CrossRef] [PubMed]

25. Fang, W.B.; Brantley-Sieders, D.M.; Parker, M.A.; Reith, A.D.; Chen, J. A kinase-dependent role for EphA2 receptor in promoting
tumor growth and metastasis. Oncogene 2005, 24, 7859–7868. [CrossRef]

26. Brantley-Sieders, D.M.; Jiang, A.; Sarma, K.; Badu-Nkansah, A.; Walter, D.L.; Shyr, Y.; Chen, J. Eph/Ephrin Profiling in Human
Breast Cancer Reveals Significant Associations between Expression Level and Clinical Outcome. PLoS ONE 2011, 6, e24426.
[CrossRef]

27. Brantley-Sieders, D.M.; Zhuang, G.; Hicks, D.; Bin Fang, W.; Hwang, Y.; Cates, J.M.; Coffman, K.; Jackson, D.; Bruckheimer, E.;
Muraoka-Cook, R.S.; et al. The receptor tyrosine kinase EphA2 promotes mammary adenocarcinoma tumorigenesis and metastatic
progression in mice by amplifying ErbB2 signaling. J. Clin. Investig. 2008, 118, 64–78. [CrossRef]

28. Kaenel, P.; Mosimann, M.; Andres, A.-C. The multifaceted roles of Eph/ephrin signaling in breast cancer. Cell Adhes. Migr. 2012,
6, 138–147. [CrossRef]
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