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Cell Line MDA-MB-231 Express a Distinct
Set of Eph Receptors and Ephrin Ligands

MARIANA LUCERO, JASPREET THIND, JACQUELINE SANDOVAL,
SHAYAN SENAATI, BELINDA JIMENEZ and RAJ P. KANDPAL

Department of Basic Medical Sciences, Western University of Health Sciences, Pomona, CA, U.S.A.

Abstract. Background/Aim: Breast cancer cell lines consist
of bulk tumor cells and a small proportion of stem-like cells.
While the bulk cells are known to express a distinct
combination of Eph receptors and ephrin ligands, the
transcript profiles of stem-like cells in these cell lines have
not been adequately characterized. The aim of this study was
to determine Eph receptor/ephrin ligand profiles of cancer
stem cells specific to a triple negative breast carcinoma cell
line. Materials and Methods: The normal breast cell line
MCF10A and the invasive breast carcinoma cell line MDA-
MB-231 were used to isolate CD24%/CD24" cell populations.
The profiles of Eph receptors and ephrin ligands were
determined by real-time PCR and the relative abundance in
bulk and stem cells were compared. Results: Based on the
mean ACT values, the descending order of abundance was
as follows. Ephrin-A5 > EPHA2 > (EPHAS, EPHB2) >
ephrin-B2 > (EPHA7, EPHB4, ephrin-A4) > ephrin-A3 >
ephrin-Al > (EPHB3, ephrin-Bl) > EPHA4 > EPHAI >
EPHAIO. EPHA6 and ephrin-A2 transcripts were not
detectable in stem cells from either cell line. The expression
of EPHA4, EPHA7, EPHAS, and ephrin-AS5 in MDA-MB-231
stem cells was up-regulated by 12, 20, ~500, and 6.5-fold
respectively. Conclusion: The up-regulation of transcripts for
EPHAS and its cognate ligand, ephrin-AS, in the stem cells
isolated from MDA-MB-231, suggest their involvement in the
invasiveness of this cell line. Based on literature reports, we
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propose the role of EPHAS and ephrin-A5 in MDA-MB-231
stem cells via the PI3K-AKT-mTOR pathway.

Breast cancer is the leading cause of cancer-related mortality
among women globally. According to breast cancer statistics,
the majority of breast cancer-related deaths are attributed to
the development of secondary tumors that arise via metastasis
(1). Triple-negative breast cancer (TNBC) is the most
aggressive subtype and accounts for approximately 10-15%
of all cases (1). Accumulating evidence suggests that a small
subset of tumor-initiating cells, collectively referred to as
breast cancer stem-like cells (BCSCs), are potential drivers
of the metastatic progression of breast cancers (2, 3). BCSCs
are a distinct subset of tumor cells that display the capacity
for self-renewal, differentiation, recapitulation of tumor
cellular heterogeneity, and tumor cell metastasis (4-6).
Erythropoietin-producing hepatocellular carcinoma (EPH)
receptors and their cognate ephrin ligands constitute the
largest family of receptor tyrosine kinases (RTKs). Our
laboratory has previously demonstrated that the aberrant
expression of EPH receptors and ephrin ligands contributes
to the invasive characteristics of breast carcinoma cells (7-
9). In the human proteome, there are nine Eph-A receptors
(EPHA1-EPHAS8 and EPHA10) that bind with high affinity
to five GPI-linked ephrin-A ligands (ephrin Al- ephrin AS5)
(10). Similarly, there are five Eph-B receptors (EPHBI-
EPHB4, and EPHBO6) that bind with high affinity to three
ephrin-B ligands that are structurally defined by a single
transmembrane-domain and a cytoplasmic PDZ binding
domain (11). Eph receptors have prototypical RTK modular
architecture as displayed by the highly conserved
extracellular and cytoplasmic domains (12). Eph-ephrin
interactions can activate intracellular signaling cascades via
forward, reverse, and lateral cis mechanisms, which
modulate cell adhesion and repulsion dynamics (13).
Interestingly, the distinctive spatiotemporal expression
patterns of EPH/ephrin membrane proteins in epithelial cells
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can either promote or suppress tumorigenicity (14). In the
context of breast cancer, EPHA?2 is expressed at low levels
in non-tumorigenic human breast epithelial tissue; however,
in 60-80% of human breast carcinomas EPHA2 is
overexpressed while its preferred ligand, ephrin-Al, is down-
regulated (15) substantiating EPHA2 ligand-independent
signaling as a mechanism for breast cell tumorigenesis. More
recent data suggest the disruption of the Eph/ephrin signaling
may also contribute to the acquisition of the breast stem-like
phenotype (16). Studies have shown that BCSC self-renewal
and differentiation are orchestrated by cells that inhabit the
stem cell niche, which employ Eph-ephrins to facilitate cell-
cell and cell microenvironment communication thereby
implicating the Eph-ephrin system as potential regulators of
both stem cell and cancer stem cell dynamics.

Therefore, in order to investigate the potential role of
EPH-ephrins in the breast cancer stem cell niche, mRNA
expression profiles were established for all detectable EPH-
ephrins transcripts in the CD44%/CD24~ and CD44%/CD24*
cells from two phenotypically distinct breast epithelial cell
lines: non-tumorigenic breast epithelial cells (MCF10A) and
invasive, triple-negative breast carcinoma cells (MDA-MB-
231). The comparative analysis of EPH/ephrin transcripts in
MCF-10A and MDA-MB-231 from bulk (CD44%/CD24%)
and tumor-initiating (CD44%/CD247) cell populations
indicated distinct expression profiles and suggested an
important role for EPHAS and ephrin-AS5 receptor/ligand pair
in modulating the invasive phenotype of MDA-MB-231.

Materials and Methods

Cell culture method. MCF10A (nontumorigenic breast epithelial
cells) and MDA-MB-231 (triple-negative, invasive breast
carcinoma) cell lines were obtained from American Type Culture
Collection (Manassas, VA, USA). MCF-10A cells were maintained
in 1:1 DMEM:F12 medium (Thermo Fisher Scientific, Grand
Island, NY, USA) supplemented with 5% horse serum and 0.1 pg/ml
Cholera Toxin, and 500 ng/ml hydrocortisone (Sigma-Aldrich, St.
Louis, MO, USA), 10 ng/ml EGF and 10 pg/ml of insulin (Thermo
Fisher Scientific). MDA-MB-231 cells were maintained in DMEM
medium (Thermo Fisher Scientific) supplemented with 10% horse
serum from Sigma-Aldrich. The culture medium was supplemented
with 5,000 U/ml of penicillin/streptomycin (Sigma-Aldrich), and the
cells were grown in a humidified chamber with 5% CO, at 37°C.

Cancer stem cell separation. The cells (~2x107) were rinsed in PBS
and suspended in cold 1X MagCellect Plus Buffer from the
MagCellect CD44high CD24low Breast Cancer Stem Cell Isolation
Kit (R&D Systems, Minneapolis, MN, USA). Cells were placed in
a polystyrene round bottom tube and 25 pl of human CD24
biotinylated antibody was added to the cell suspension and
incubated for 15 min at 4°C. The cell pellet was separated by
centrifugation and mixed with sterptavidin for 15 min at 4°C. The
reaction was placed in a MagCellect magnet (R&D systems) for 6
min at room temperature after which the supernatant containing the
desired CD24-/CD44+ breast cancer stem cells were placed in new
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tubes. This step was repeated three times. The cells were centrifuged
at 300 x g for 8 min, the supernatant was removed, and cells were
re-suspended in 0.5 ml of provided buffer and 10 pl human CD44
biotinylated antibody and incubated for 15 min at 4°C, and cells
were centrifuged at 300 x g for 8 min. The cell pellet was re-
suspended in a buffer with Strepavidin Ferrofluid, mixed gently,
incubated for 15 min at 4°C, and the desired CD44high CD24low ce]]
population separated with a MagCellect magnet.

Total RNA isolation. Total RNA was extracted from the
CD44+/CD24+ and CD44+/CD24- cell populations isolated from
MCF-10A and MDA-MB-231 using the E.Z.N.A.® HP Total RNA
Kit (Omega Bio-tek®, Norcross, GA, USA). Cell lysate was passed
through a 21-gauge syringe 15-20 times and then transferred to a
RNA Homogenizer Mini Column. The column was centrifuged, and
the eluate was mixed with 70% ethanol and transferred to a HiBind®
RNA Mini Column. The RNA was eluted per the protocol from the
vendor. The quality and quantity of isolated RNA was measured
using Nanodrop Lite spectrophotometer (Thermo Scientific).

Two-step quantitative PCR. Total RNA (2 ng) was converted to
cDNA (40 pl) using iScript cDNA Synthesis Kit (Omega Bio-tek,
Hercules, CA, USA) according to the manufacturer’s protocol. The
reaction was carried out in a Perkin—Elmer 9600 Gene Amp PCR
System by priming for 5 min at 25°C, reverse transcription for 20 min
at 46°C, and incubation for 1 min at 95°C. The cDNA was diluted to
a concentration of 5 ng/ul, and stored in aliquots at -20°C.
Quantitative PCR (qPCR) was performed by using the StepOnePlus
Real-Time PCR System and PowerUp™ SYBR™ Green (Applied
Biosystems, Foster City, CA, USA). Primers were used to amplify
regions that span exon-exon junctions to ensure gene specific
amplification. The amplicon sizes for various transcripts ranged from
100 and 500 bp. The following cycling protocol was used: UDG
activation at 50°C for 2 min; DNA polymerase activation at 95°C for
2 min; denaturation at 95°C for 15 s, annealing at 60°C for 15s, and
extension at 72°C for 1 s for 40 cycles. The relative gene expression
was calculated using the AACt model (17).

Statistical analysis. Data are expressed as mean+S.E.M., and were
analyzed using GraphPad Prism version 8.0 (La Jolla, CA, USA).
A one-way analysis of variance (ANOVA) was followed by Tukey
Kramer or Sidak’s post-hoc comparison test. The specific post-hoc
tests are outlined in figure legends. For all statistical analysis, means
were indicated to be statistically different when p<0.05.

Results

EPH/ephrin transcript expression profiles in CD44%/CD24~
cells from non-tumorigenic breast epithelial cells (MCF10A).
CD44%/CD24~ stem-like cells isolated from non-tumorigenic
breast epithelial cells (MCF10A) have a unique expression
pattern of EPH receptors and ephrin ligands with certain
transcripts undetectable under the experimental parameters.
Of the 12 EPH receptors and 8 ephrin ligand transcripts
profiled, transcripts for EPHA3, EPHA6, EPHA10, and
ephrin-A2 were not detectable in MCF10A cells. As shown
in Figure 1A, EPHA2 had the highest transcript abundance
in CD44*/CD24 cells with a mean ACy value of 3.7
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Figure 1. Expression pattern of EPH-ephrin transcripts in CD44+CD24~ cells isolated from a non-tumorigenic breast epithelial cell-line (MCF10A).
(A) Box Plot of ACy values ranked in order of decreasing abundance. AC value of three biological replicates is represented as the mean+SD. ACp
values were obtained by normalizing EPH-ephrin to PPIA expression. Differences in AC values between transcripts were measured via two-way
ANOVA and Tukey’s Post Hoc Multiple Comparisons test: ***p<0.001, **p<0.002, *p<0.03, p>0.01 (not significant). (B) Amplified EPH receptor
electrophoresed on 2.0% agarose gel after 40 cycles of amplification. (C) Amplified ephrin ligands electrophoresed on 2.0% agarose gel after 40

cycles of amplification.

followed by ephrin-AS, ephrin-B2, and ephrin-Al, which
had mean ACy values of 5.4, 5.5, and 5.8 respectively. The
difference in normalized gene expression between these three
transcripts was not significant indicating that these ligands
are expressed in relatively equal abundance. EPHB4 was
present in the highest abundance. The transcripts for EPHB4

and ephrin-B1 had mean ACy values of 7.6 and 7.4
respectively. The mean AC for ephrin-A4 was significantly
lower than ephrin-A3 and EPHB2, which were expressed in
relatively equal abundance. EPHB3 and EPHA1 also showed
robust expression in CD44%/CD24~ cells with mean ACy
values of 9.5 and 10.5, respectively. Receptors EPHAL,
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EPHA4, EPHAS were the least expressed transcripts; faint
bands for EPHA7 and EPHA4 were visible on agarose gel,
whereas EPHAS8 was not detectable. Although, qPCR data
indicate that EPHA3 is expressed in a very low abundance,
a signal was not determined for every technical replicate
hence the expression of EPHA3 in MCF10A stem-like cells
cannot be confirmed under the experimental parameters
used. The overall ranking of EPH/ephrin transcript
abundance in the stem-like cells isolated from non-
tumorigenic breast epithelial cell is as follows: EPHA2 >
ephrin-AS5 > (ephrin-Al, ephrin-B2) > (EPHB4, ephrin-B1)
> ephrin-A4 > (EPHB2, ephrin-A3) > EPHB3 > EPHAI >
EPHA7 > EPHA4 > EPHAS8. A qualitative pattern of
expression for various Eph receptors and ephrin ligands in
MCF10A stem-like cells is shown in Figures 1B and C.

EPH/ephrin transcript expression profiles in CD44%/CD24~
cells from invasive triple-negative breast carcinoma cells
(MDA-MB-231). As shown in Figure 2A, the CD44%/CD24~
stem-like cells isolated from invasive, triple-negative breast
carcinoma cell line MDA-MB-231 have a distinct expression
pattern of EPH/ephrin ligands. Transcripts for EPHA3,
EPHAG, and ephrin-A2 were not detectable in this cell-line
under the experimental parameters. The transcript for ephrin-
A5 was expressed in the highest abundance overall with a
mean ACp value of 3.5, EPHA2 was the most robustly
expressed A-class receptor with mean ACt value of 5.1, and
EPHB2 was the B-class receptor expressed in the highest
abundance. However, receptors EPHA8 and EPHB2 were
expressed at relatively equal abundance with mean ACp
values of 7.9. The abundance of EPHAS was significantly
higher in the stem-like cells isolated from MDA-MB-231
which is in stark contrast to the stem-like cells isolated from
MCFI10A. Ephrin-B2 was the next highest ranked transcript
with a mean ACy value of 8.3. The transcripts for EPHA7,
EPHB4, and ephrin-A4 were present in a relatively equal
abundance (ACp values 9.2, 9.7, and 9.4, respectively).
Signals were also detected for ephrin-A3 (10.3), ephrin-Al
(10.8), ephrin-B1 (11.8), and EPHA4 (12.2). Receptors
EPHA1 and EPHB3 were expressed in relatively equal
abundance (mean ACy values of 12.9 and 13.0). The least
expressed transcript was EPHA10 with mean ACt value of
15.9. According to qPCR data, the relative abundance of
EPH/ephrin transcripts in CD44%/CD24~ cells isolated from
invasive MDA-MB-231 is as follows: ephrin-AS > EPHA2
> (EPHAS8, EPHB2) > ephrin-B2 > (EPHA7, EPHB4,
ephrin-A4) > ephrin-A3 > ephrin-A1l > (EPHB3, ephrin-B1)
> EPHA4 > EPHAI> EPHAI10. A qualitative pattern of
expression for various Eph receptors and ephrin ligands in
MDA-MB-231 stem-like cells is shown in Figure 2B and C.

Quantitative differences in Eph/ephrin transcripts in
CD44%/CD24~ and CD44%/CD24™" cells isolated from
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MCF10A. There was no significant difference in the ACt
values for EPHA4, EPHAS, EPHB2, EPHB3, ephrin-A4,
ephrin-B1, ephrin-B2 and ephrin-B3 suggesting that these
transcripts are expressed at relatively equal abundance in
both the stem-like and differentiated bulk cells. All other
transcripts showed significant changes in abundance (Figure
3A). While EPHA1, EPHA7, EPHAS, and ephrin-AS5 were
all down-regulated in the CD44%/CD24~ stem-like cell
fraction relative to the CD44%/CD24" bulk cell fraction,
EPHA?2, ephrin-Al, and ephrin-A3 were up-regulated
(Figure 3C). EPHAS and ephrin-A3 displayed the greatest
differences in expression between the stem-like and bulk cell
fractions. Ephrin-A3 was significantly up-regulated by ~20-
fold in the stem-like cell fraction. Moreover, EPHA?2 as well
its preferred ligand, ephrin-Al, are both comparably up-
regulated by 7.0 and 6.0-fold respectively, and EPHAS8 was
decreased by ~11-fold. In addition, EPHA1, EPHA7, and
ephrin-AS5 (cognate ligand of EPHAS8) were down-regulated
in the stem-like cell fraction by 6.8, 8.0, and 6.8-fold
respectively (Figure 3E).

Quantitative differences in Eph/ephrin transcripts in
CD44%/CD24~ and CD44%/CD24* cells isolated from MDA-
MB-231. As shown in Figure 3B, there was a significant
difference in normalized gene expression (ACt) between the
stem-like and bulk cells for the transcripts corresponding to
EPHA2, EPHA4, EPHA7, EPHAS, EPHB2, EPHB3, ephrin-
Al, ephrin-A3, and ephrin-AS. All other detectable
transcripts were expressed in relatively equal abundance in
both the stem-like cells and the bulk cells. Ephrin-Al was
the only transcript down-regulated in the stem-like cell
fraction, which was down-regulated by ~4.3-fold (Figure
3D). The transcripts for EPHA2, EPHA4, EPHA7, EPHAS,
EPHB2, EPHB3, ephrin-A3, and ephrin-AS5 were all up-
regulated by ~41, 15, 20, 160, 12, 7, 26, and 3.6-fold
respectively (Figure 3F). Similar to MCF-10A, EPHAS and
ephrin-A3 displayed the greatest difference in expression
between the stem-like and differentiated cell fractions.
However, in contrast both EPHAS and ephrin-A3 and their
preferred binding partners, ephrin-AS5 and EPHA4, were also
up-regulated in the stem-like cell fraction relative to the
differentiated bulk cells (Figure 3F).

Comparative analysis of EPH receptor and ephrin ligand
expression in CD44%/CD24~ cells isolated from normal and
carcinoma breast cell-lines. When evaluating the qualitative
differences in EPH/ephrin expression in the CD44%/CD24~
cells isolated from MDA-MB-231 and MCF-10A, EPHA10
was the only transcript that was differentially expressed.
EPHA10 was not detectable in MCF10A, but a faint signal
was detected in the stem-like cells isolated from MDA-MB-
231. The transcripts for EPHA3, EPHAG6, and ephrin-A2
were not detectable in both CD44%/CD24~ and
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Figure 2. Expression pattern of EPH-ephrin transcripts in CD44*CD24~ cells isolated from invasive, triple-negative breast carcinoma cells (MDA-
MB-231). (A) Box Plot of ACy values ranked in order of decreasing abundance. ACy value of three biological replicates is represented as the
mean+SD. ACy values were obtained by normalizing EPH-ephrin to PPIA expression. Differences in ACy values between transcripts were measured
via two-way ANOVA and Tukey’s Post Hoc Multiple Comparisons test: ***p<0.001, **p<0.002, *p<0.03, p>0.01 (not significant). (B) Amplified
EPH receptor electrophoresed on 2.0% agarose gel after 40 cycles of amplification. (C) Amplified ephrin ligands electrophoresed on 2.0% agarose

gel after 40 cycles of amplification.

CD44%/CD24% cells isolated from the MDA-MB-231 and
MCFI10A cell lines (Figure 4A). All other differences in
EPH/ephrin transcript expression were quantitative. There
was a significant difference in the normalized EPH/ephrin
expression (ACt) for the stem-like cell fractions isolated
from MDA-MB-231 and MCFI10A for all detectable
transcripts, with the exception of EPHA2, EPHB2, and
ephrin-A4 (Figure 4A). These findings suggest there is a

negligible difference in transcript abundance for EPHA2,
EPHB2, and ephrin-A4 in the stem-like cell fractions
isolated from these phenotypically distinct cell-lines. The
transcripts for EPHA4, EPHA7, EPHAS and ephrin-AS were
up-regulated in MDA-MB-231 CD44%/CD24~ cells relative
to MCF10A (Figure 4B). EPHAS8 was up-regulated by ~486-
fold (mean AACt of -8.9). Transcripts for EPHA7 and
EPHA4 were also up-regulated by ~20.2 and ~12.3-fold with

733



CANCER GENOMICS & PROTEOMICS 17: 729-738 (2020)

A .t | B [ MDA-MB-231
O coasaco24 3 cpsaco2e
2 CoMrcae e CD44'CD24*
g . & vor .o
3 0 s e -
s e
i bt ;ﬁ ":\. %1 ‘f“ F - F
e
= UT . § g é—‘ g
g 1 - 1
fj
] ] < 5! i :
JEPEICRTIFRFRr. T T T TN
¥ R & & oF ¥ K
< q q < & & &8 & & F N F T
¢ ¢ ¢ & &M &S & & & S &a
C - D W ACExp FEve
5 1
Q A, B2
E § . AN, Exp.3
$ s
i e
£
3 :
§ 3
B [ McF10A | F [ MmDA-MB231 |
Gene Fold Change | Gene Fold Change
EPHA1 88 EPHAZ 410
EPHAZ2 70 EPHA4 153
EPHAT 27 EPHAT 199
EPHAB -110 EPHAS 162.4
i EPHB2 128
o a2 EPHB3 73
ephrinA3 203
. ephrinA1 43
ephrinAS 66 ephrinA3 264
AACs < 0 Fold Change = 2°4vcT) e =
AACy > 0 Fold Change = 1727
AACy < O Fokd Change = 2" VT
AACr > O- Fold Change = 1/2°9%"

Figure 3. Comparative analysis of EPH/ephrin expression in CD44%/CD24~ and CD44+/CD24%* cells. (A) Box and whisker plot of EPH/ephrin normalized
mRNA expression in CD44*%/CD24~ and CD44+/CD24% cells from MCF10A. ACyvalues are represented as the mean+SD of three biological replicates.
ACyp values were obtained by normalizing EPH-ephrin expression by PPIA expression. Differences in ACpvalues between transcripts were measured via
two-way ANOVA and Sidak’s Post Hoc Multiple Comparisons test: **¥p<0.001, **p<0.002, *p<0.03, p>0.01 (not significant). (B) Box and whisker plot
of EPH/ephrin normalized mRNA expression in CD44%/CD24™ and CD44+/CD24* cells from MDA-MB-231. (C) Stacked Bar graph of AACy values
ranked in order of decreasing abundance in MCF10A. The mean AACy values were calculated by normalizing ACy values the CD44+/CD24~ stem-like
cell fraction relative to the CD44+/CD24* differentiated cell fraction isolated from the same cell-line. Negative AACy values indicate an up-regulation
and positive AAC values indicate a down-regulation. (D) Stacked Bar graph of AACy values ranked in order of decreasing abundance in MDA-MB-
231. (E) Mean fold change for transcripts corresponding to MCF10A. For AACy < 0, fold change was calculated using the equation 2*(AACT). For
AACT > 0, fold change was calculated using the equation -1/2"-(AACT)_(F) Mean fold change for transcripts corresponding to MDA-MB-231.
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Figure 4. Relative difference in EPH/ephrin expression in CD44+CD24~ cells isolated from invasive triple-negative breast carcinoma cells (MDA-MB-
231) and non-tumorigenic breast epithelial cells (MCF-10A): (A) Box and whisker plot of EPH/ephrin normalized mRNA expression in CD44%/CD24~.
ACT values are represented as the mean+SD of three biological replicates. ACT values were obtained by normalizing EPH-ephrin expression by PPIA
expression. Differences in ACy values between transcripts were measured via two-way ANOVA and Sidak’s Post Hoc Multiple Comparisons test:
Ep<0.001, **¥p<0.002, *p<0.03, p>0.01 (not significant). (B) Stacked Bar graph of AACT values ranked in order of decreasing abundance. AACp
values were caluculated by normalizing ACy values for CD44+CD24~ cells isolated from MDA-MB-231 by the ACyvalues for CD44+CD24~ cells isolated
from MCF-10A. The mean AACy value for each experiment is represented as the mean+SD. The differences in AACy values between transcripts were
measured via two-way ANOVA and Sidak’s Post Hoc Multiple Comparisons test: ***p<0.001, **p<0.002, *p<0.03, p>0.01 (not significant). Negative
AACy values indicate an up-regulation and positive AAC values indicate a down-regulation. (C) Mean fold change for indicated transcripts. For AACy
<0, fold change was calculated using the equation 2*(AACT) For AACy > 0, fold change was calculated using the equation -1/2"(AACT),
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mean AACy of -3.6 and -3.4. Ephrin-AS5 was the only ligand
that was up-regulated (~6.5-fold; AA Ct of -1.9). Ephrin-A3
was slightly down-regulated by ~2.9-fold (mean AACy of
1.5). Transcripts for EPHA1, EPHB3, EPHB4, and ephrin-
B2 were down-regulated in the MDA-MB-231 stem cell
fraction by approximately 5.8, 2.8, 4.9, 3.9-fold with
negligible differences in AACt values (2.4, 2.1, 2.0, 2.7).
Ephrin-B1 and ephrin-A1 were the most down-regulated
transcripts overall. These transcripts were down-regulated by
~27-fold and ~31-fold, respectively (Figure 4C). Therefore,
the relative abundance of EPH/ephrin transcripts in MDA-
MB-231 relative to MCFI10A is as follows: EPHA8 >
(EPHA7, EPHA4) > ephrin-AS5 > ephrin-A3 > (EPHAI,
EPHB3, EPHB4, ephrin-B2) > ephrin-B1 > ephrin-Al.

Discussion

The analysis of EPH/ephrin expression in CD447CD24~
stem-like cells isolated from non-tumorigenic (MCF10A) and
invasive breast carcinoma (MDA-MB-231) cells revealed that
distinctive EPH/ephrin molecular signatures are inherent to
each cell line and may contribute to the breast stem-like cell
phenotype. As seen in MCF10A, EPH/ephrin expression is
stringently regulated in non-tumorigenic mammary stem cells
(16) wherein a variety of EPH/ephrin genes associated with
tumorigenesis and invasiveness were either not detectable or
suppressed in the CD44*CD24~ fraction. In quiescent stem
cells, genes responsible for cell proliferation are often down-
regulated, while cell-fate determination genes are frequently
up-regulated (18). Thus, the differences in EPH/ephrin
expression in CD44*CD24~ cells isolated from non-
tumorigenic and invasive breast epithelial cells lines may
contribute to the functional differences in stem-cell
proliferation and/or stem-cell quiescence observed in these
phenotypically distinct cell-lines.

For instance, the differential expression of ephrin-A1l and
ephrin-A5 in the non-tumorigenic and invasive breast
carcinoma cell lines was notable. In MCF-10A, ephrin-Al
was up-regulated while ephrin-A5 was down-regulated.
Conversely, in MDA-MB-231, ephrin-Al was down-
regulated while ephrin-AS was up-regulated. These findings
are significant in the context of the receptor-ligand pairs,
which are up-regulated in the stem-like cells relative to the
bulk cells for each cell line. EPHA2 was the only receptor
up-regulated in MCF10A, whereas several receptors were
up-regulated in MDA-MB-231, including both EPHA?2 and
EPHAS. The up-regulation of EPHA2 in cancer stem-like
cells enhances the self-renewal capacity of the CSC
population, whereas ephrin-Al expression negatively
regulates EPHA2-mediated CSC proliferation (19).
Therefore, EPHA2/ephrin-A1l forward signaling in MCF10A
may contribute to the reduced stem-like cell fraction
observed in this cell line. Conversely, the suppression of
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ephrin-A1l expression in the MDA-MB-231 stem-like cell
fraction facilitates ligand-independent activation of EPHA?2,
which is associated with increased stem-cell pluripotency
(19), and contributes to the increased stem-like cell fraction
observed in this cell line.

Moreover, EPHAS and its cognate ligand ephrin-AS5 were
up-regulated in MDA-MB-231 and down-regulated in
MCF10A. This Eph/ephrin pair appears to influence the stem-
like cell dynamics in these cell lines. The systematic
comparison of EPH/ephrin transcripts in the CD44%/CD24~
cells isolated from MDA-MB-231 and MCF10A revealed that
receptors EPHAS, EPHA7, EPHA4, and ephrin-A5 were
significantly up-regulated in the stem-like cells isolated from
invasive breast carcinoma cells. On the other hand, the
transcripts for EPHA1, EPHB3, EPHB4, ephrin-Al, ephrin-
A3, ephrin-B1 and ephrin-B2 were significantly down-
regulated. The down-regulation of EPHB/ephrin-B pairs in
MDA-MB-231 cells suggests the involvement of EPHB
receptor class in suppressing the BCSC niche. This
explanation is supported by the observations indicating the
regulation of stem cell proliferation by EPHB/ephrin-B
signaling (20), which has been shown to attenuate cell
migration and cell differentiation (21). These receptors and
ligands have been implicated in activities that regulate the
cancer cell communication with tumor-associated monocytes
(22), stem/progenitor cell maintenance and cell migration
through Racl activation (23). In light of our observations with
Eph/ephrin profiles of cancer stem cells presented here and
reported involvement of these molecules in cancer
invasiveness, we postulate that the suppression of EphB
receptors, ephrin-B and ephrin-A1 ligands in combination with
the upregulation of EPHAS, EPHA7, EPHA4 and ephrin-AS
may contribute to the invasiveness of MDA-MB-231 cells.

Although the role of EPHAS in cancer stem cells remains
elusive, its overexpression correlates to a poor overall survival
in other human malignancies, such as epithelial ovarian cancer
(EOC) (24-26). In EOC, both EPHAS8 and ephrin-AS5 are
significantly up-regulated (24), while only EPHAS8 was
reported to be overexpressed in OTSCC and GC (25). In
gastric cancer cells, the up-regulation of EPHAS gene occurs
with the up-regulation of the P-catenin gene (27). Wnt/pB-
catenin and PI3K/Akt signaling has been shown to promote
EMT of gastric cancer cells (28). Interestingly, BCSCs display
significantly increased Wnt/B-catenin signaling relative to the
non-tumorigenic bulk cells (29), and the aberrant activity of
Whnt/B-catenin is implicated in the acquisition of the BCSC
phenotype (30, 31). Moreover, miR-10a mediates glioma cell
migration and invasion by negatively regulating EphAS8 to
induce EMT (32). Although no data regarding the involvement
of EPHAS signaling in breast cancer stem-like cells is
available, it is known to alter the expression of cell-cycle
regulatory proteins, matrix metalloproteinases, AKT pathway
(26), PI-3 kinase pathway (33), and sustained MAPK activation
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(34). Based on significant alteration in EphA8/ephrin-AS
abundance, we hypothesize that either EPHAS8 mediates cancer
stem cells transition from quiescent to proliferative state in the
milieu of MDA-MB-231 environment or alternatively its
constitutive expression in stem cells transforms stem cells as
well as the bulk cells. Overall, our observations support
previously reported data regarding the role of the EPH/ephrin
in modulating stem-cell behavior (35), and contribute to our
current understanding of how the altered expression of the
EPH/ephrin gene family may influence the distinct functional
and cellular phenotypes of breast cancer. In particular, the
established role of EphA8/ephrin-AS in facilitating PI3 Kinase-
Akt-MAP kinase axis points to a probable interaction of cancer
stem cells and bulk cancer cells to determine the overall
phenotype of breast tumors.
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