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Ephrin Type-A Receptor 3 (EphA3) and Ephrin Type-B Receptor 6 (EphB6) belong to the ephrin receptor group
consisting of the largest subset of receptor tyrosine kinases (RTKs) and are essential for neurogenesis and embryogenesis.
The current study aimed to evaluate their functional roles in transforming colorectal epithelial cells and dissect the under-
lying molecular mechanisms. We observed altered EphA3 and EphB6 expression in tumor tissues as compared to normal
tissues in a tissue microarray study. Enforced EphB6 expression promoted IMCE cell proliferation, migration, and invasion
in vitro and tumor formation in nude mice, with a stronger oncogenic activity than EphA3. Pathway analysis of differentially
expressed genes from a gene microarray study provided important insight into potential mechanisms through which EphB6
may regulate the malignant transformation of colorectal epithelial cells. This study represents the first demonstration of
EphB6 in enhancing colorectal epithelial cell transformation, suggesting its stipulative role in the early stage of colorectal
tumorigenesis. Our findings primarily uncover novel biomarkers and therapeutic targets of colorectal cancer.
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Among the various types of cancer, colorectal cancer
(CRC) has the second and third highest incidence among
females and males, respectively. Its incidence has continu-
ally increased in recent years, with more than 1.8 million
new cases being estimated globally in 2018 [1, 2]. Patients
with early- and late-stage CRC showed 5-year survival rates
of 90.3% and 12.0%, respectively [3]. Therefore, in CRC,
early diagnosis is critical for effective interventions. CRC
transformation is known to be driven by complex interac-
tions between genetic and environmental factors, however,
the exact mechanisms involved in this process remain poorly
understood [4, 5]. Hence, there is an urgent need to discover
diagnostic biomarkers of an early-stage CRC, which would
contribute to establishing effective therapies.

Among the receptor tyrosine kinases (RTKs), the largest
subfamily is the erythropoietin-producing hepatocellular
(Eph) receptor group, which is further divided into the
EphA1-10 and EphB1-6 subgroups, involved in the invasive-
ness during cancer progression [6, 7]. EphA3 was demon-
strated to be a tumor suppressor in various circumstances
[8-10], it was also found to exert oncogenic effects in several

solid and hematopoietic cancers [11]. Our previous study
revealed that EphA3 could maintain tumor-initiating cells
in CRC [12], while others reported its high mutation rate in
CRC [13].

As a special member of the Eph receptor group, EphB6
lacks catalytic activity and has been identified as a tumor
suppressor in melanoma, neuroblastoma, and non-small cell
lung cancer [14-16]. Consistent with this, its downregulation
was found to be associated with the increased invasiveness
and aggressiveness of these cancers [17]. However, EphB6
has been poorly investigated in CRC and its function therein
is largely unknown.

This study was established to determine the transforma-
tive potential of EphA3 and EphB6 in the colonic adenoma
cell line IMCE (Immortomouse-Min Colonic Epithelial
Cells ApcMin/+). Our data demonstrated that increased
EphB6 expression contributed to cell proliferation in vitro
and CRC initiation in vivo to a much greater extent than
ectopic EphA3 expression. To further investigate the mecha-
nism through which EphB6 promotes CRC transforma-
tion, we carried out microarray, proteomic, and bioinfor-
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matic analyses. We herein demonstrated that EphB6 plays a
crucial role in the PI3K-AKT and MAPK signaling, thereby
providing new insights into the mechanisms regulating the
initiation of CRC.

Materials and methods

Immunohistochemistry. EphA3 and EphB6 antibodies
were used in the immunohistochemical (IHC) analysis
of a human tissue microarray to investigate their protein
levels. The tissue samples in the microarray included 40
normal controls, 40 adenomas, 60 adenocarcinomas, and
60 metastatic lymph nodes. Immunoreactivity was scored as
follows: 0 (as negative), 0-4% positive cells; 1, 5-24% positive
cells; 2, 25-49% positive cells; 3, 50-100% positive cells.
Staining intensity was scored as follows: 0, negative; 1, mild
2, intermediate; 3, intense. Immunoreactivity and intensity
scores were added to determine EphA3 and EphB6 expres-
sion levels; expression levels were as follows: low, total score
0-2; high, total score >3.

Mice and cell culture. Prior to the experiments, all animal
protocols were approved by the Institutional Animal Care and
Use Committee (IACUC) of the Third Affiliated Hospital of
Harbin Medical University. Throughout the experiment, the
5-6-week-old BALB/c-nu male mice were maintained in the
experimental animal center (a pathogen-free environment),
the Third Affiliated Hospital of Harbin Medical University.

The rat colorectal YAMC, IMCE, YAMC-Ras, and
IMCE-Ras cells originated from the colonic epithelium of F1
immorto-ApcMin/+ mouse hybrids. Upon being maintained
in a humidified incubator with 5% CO, at 37°C, the cells
were cultured in RPMI 1640 supplemented with heat-inacti-
vated fetal bovine serum (5%), 5 ng/ml selenium acid, 5 pg/
ml transferrin, 100 U/ml penicillin/streptomycin, 5 U/ml
murine IFN-y, and 5 pg/ml insulin.

Gene expression analysis. TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) was used to extract total RNA from
IMCE cells, of which the mRNAs were reverse-transcribed
into cDNAs using the Superscript First-Strand Synthesis
System (Invitrogen), in accordance with the manufacturer’s
protocol, using poly(dT) primer. Primers used to amplify
the coding regions of the EphA3 and EphB6 were as follows
(from 5 to 3°): EphA3, ACT GGA TCC ATG GAT TGT
CAG CTC TCC ATC CTC CTC CTT CTC and ACT CTC
GAG TCA cag atc ctc ttc tga gat gag ttt ttg ttc GAA CAC
GGG AACTGG GCCATT CTT TGA TTG CG (the lower-
case part encodes a MYC tag); EphB6, ACT GGA TCC
ATG GTG TGT AGC CTA TGG GTG CTG C; and ACT
GAT ATC TTA ctt gtc gtc gtc atc ctt gta gtc ATC GAC CTC
CAC TGA GCC CTG CTG (the lower-case part encodes
a Flag tag). The housekeeping gene GAPDH was used as a
reference with the PCR primers GCC AAA AGG GTC ATC
ATC TC and GTA GAG GCA GGG ATG ATG TTC. The
PCR protocol was as follows: 95°C for 2 min; 30 cycles of
95°C for 30 s, 55°C for 45 s, and 72°C for 1 min; and then

final elongation at 72°C for 15 min. The amplified EphA3-
Myc and EphB6-Flag were individually subcloned into the
pcDNA3 vector.

Protein expression analysis. Upon the preparation of
IMCE cell lysates, the Bradford protein assay was used
to quantify the protein concentrations. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
then used to separate the whole-cell lysates with an equal
amount of proteins, followed by a transfer onto a nitrocel-
lulose membrane for western blot analysis. Antibodies
directed against Flag (cat#14793), Myc tag (cat#2278),
vimentin (cat#3932), phospho-Erk1/2 (cat#4370), phospho-
JNK (cat#4668), phospho-Akt (cat#9271), and anti-GAPDH
(cat#5174) were purchased from Cell Signaling, while the
B-actin antibody (cat#A1978) was from Sigma-Aldrich.
Following washing and incubation with the secondary
antibodies, a chemiluminescence system (Perkin-Elmer) was
used to develop the blots. Quantity One software was used
in the densitometric quantification of the bands in western
blot analyses.

Stable cell line generation. Lipofectamine 2000
(cat#11668019; Invitrogen, Carlsbad, CA, USA) was used
to individually transfect the EphA3 and EphB6 vectors into
IMCE cells, in accordance with the manufacturer’s instruc-
tions. Twenty-four hours after transfection, cell culture was
initiated in a medium containing G418 (Sigma, St. Louis,
MO, USA) at concentrations increasing from 200 to 800 pg/
ml over the course of 2 weeks. G418-resistant clones were
identified to establish stable cell lines. The expression of
EphA3 or EphB6 was determined by western blotting with
Myc or Flag tag antibody to screen for stable cell lines
individually expressing these two proteins. The generated
cell lines are hereafter referred to as IMCE-EphA3 and
IMCE-EphB6. The cell line generated using an empty vector
is called IMCE-neo.

Cell viability assay. To assess cell viability, the CellTiter
96° AQueous One Solution Cell Proliferation Assay (cat#
G3582, CellTiter96; Promega, Madison, WI, USA) was used,
according to the manufacturer’s instructions. A spectropho-
tometer (UV5100; Metash Instruments Co., Ltd, Shanghai,
China) was subsequently used to measure the optical density.
Data are presented as mean * standard error (SE). Each
experiment was triplicated.

Clonogenicity assay. Using a two-layer soft-agar system,
seeding of IMCE cells was performed at a density of 1x10°
cells/well into six-well plates, as previously described [12].
Incubation of the plates was then performed for 3 weeks in a
37°C cell culture incubator, followed by staining using 0.5%
crystal violet and counting the colonies with at least 50 cells.
Experiments were performed in triplicate and repeated at
least three times.

Wound-healing assay. Seeding of IMCE cells was
performed at a density of 2x10° cells/well into 12-well plates
in 500 pl of DMEM with 10% FCS. When cell confluence
reached 100%, a pipette tip was used to create a scratch wound
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in each well, and the width of each wound was demarcated.
Cells were immediately washed with PBS to remove loose
cells and debris from the culture. Plates were then incubated
at 37°C for 24 h to allow wound healing, which was then
visualized using an inverted microscope. Each experiment
was triplicated and repeated at least three times.

In vitro migration assays. Briefly, a total of 5x10* cells
were seeded into the upper chamber of a 24-well Transwell
filter insert (pore size: 8 um; Costar, Cambridge, MA, USA),
which contained 500 ul of DMEM with 1% FCS, while the
lower chamber contained 500 pl of DMEM with 10% FCS.
The migration of cells was allowed to continue for 24-36 h,
followed by the removal of nonmigrating cells on the upper
surface with a cotton swab. Filters were then placed into 4%
formaldehyde for fixation, after which the cells were stained
with 0.5% crystal violet. Cells were then counted in five fields
using a light microscope. Each experiment was triplicated
and repeated at least three times.

Scanning electron microscopy. The morphology of
stably transfected IMCE cells was analyzed using scanning
electron microscopy. Incubation of cells in 2.5% glutaralde-
hyde was performed for 24 h, followed by dehydration using
graded concentrations of ethanol and then CO,. Mounting
of samples was subsequently performed on aluminum, after
which sputter-coating with gold was carried out, followed by
analysis using a scanning electron microscope (JSM-7500F;
JEOL, Tokyo, Japan) to visualize cell morphology.

In vivo tumorigenesis assays. To evaluate tumorigenesis
in vivo, the flanks of nude mice were subcutaneously injected
with 8x10°% IMCE cells as follows: Group A) IMCE-neo cells
(negative control); Group B) IMCE-EphA3 cells; and Group
C) IMCE-EphB6 cells. Each group consisted of 10 mice.
Tumors were allowed to grow for 4 weeks, and then tumor
volumes (V, cm?®) were calculated (V=Ixwxhx0.5236)
using caliper-measured tumor length (1), width (w), and
height (h).

Gene expression microarray analysis. To establish
profiles of the differentially expressed genes, IMCE-neo,
IMCE-EphA3, and IMCE-EphB6 cells were analyzed using
an 8x60K LncRNA Expression Array (Arraystar, Rockville,
MD, USA). The mRNA microarray contained 23,420 probes
for 17,298 genes. The IncRNA microarray included 34,735
probes. We defined a fold change of expression of >1.5
as indicative of a gene or IncRNA differentially expressed
between IMCE-EphA3 and IMCE-EphB6 cells. We next used
the human RefSeq reference genome (hgl9) to determine
potential target genes of the IncRNAs. Genes located within
the region 500 kb upstream of the transcription start site of a
given IncRNA were considered as its potential target.

Bioinformatic analysis of differentially expressed genes
and IncRNAs. For Gene Ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) functional enrichment
analysis, we used DAVID Functional Annotation Bioinfor-
matics Microarray Analysis (http://david.abcc.nciferf.gov/
home.jsp) on the differentially expressed genes and candi-

date target genes of the differentially expressed IncRNAs,
respectively. Statistically significant differences in functional
classes and pathways were determined using Fisher’s exact
test. We used the EnrichmentMap plug-in in Cytoscape to
perform GO_BP term enrichment analysis. To determine the
relationship between significantly enriched functional classes
and KEGG pathways, we used the EnrichmentMap plug-in in
Cytoscape software to analyze enrichment results. Network
nodes were differentially expressed mRNA-enriched GO
terms and KEGG pathways, and node sizes were where the
number of differentially expressed mRNAs was proportional.
The edges of the network indicated that the nodes contained
the same mRNA, the greater the number of shared mRNAs,
the greater the width of the sides is.

Protein-protein interaction subnetwork construction.
To create an integrated protein-protein interaction (PPI)
network using Cytoscape (http://www.cytoscape.org), we
used the following databases: the Biological General Reposi-
tory for Interaction Datasets (BioGRID), the Biomolecular
Interaction Network Database (BIND), the Human Protein
Reference Database (HPRD), the Database of Interacting
Proteins (DIP), the Molecular Interaction Database (MINT),
PDZBase (a PPI database for PDZ domains), the Mammalian
PPI Database of the Munich Information Center on Protein
Sequences (MIPS), and Reactome. Seed genes were deter-
mined by common mRNAs and IncRNA candidate target
genes. These seed genes as well as IncRNA candidate target
genes and genes connected to the seed genes were then used
to populate the sub-network.

Statistical analysis. In all of the statistical analyses, SAS
software (version 9.2) was used. To determine the statistical
significance of differences between groups, either paired
Student’s t-test or chi-squared (x?) test was used. One-way
ANOVA was used for comparing multiple groups. A p-value
<0.05 indicates a statistically significant difference.

Results

Expression of EphA3 and EphB6 in colorectal tissues
and colorectal epithelial cell lines. We first carried out
immunohistochemical studies to evaluate EphA3 and EphB6
expression in colorectal tissues in a tissue microarray and
observed their upregulation as CRC progressed toward an
adenocarcinoma. Strong EphB6 staining was detected in
most adenoma tissues, but only in some cancer tissues. In
metastatic lymph nodes, EphB6 protein expression was found
to be reduced compared with that in primary tumors. Weak
EphB6 staining was also detected at crypt bases in normal
tissues. Both EphA3 and EphB6 were highly expressed in
adenomas (Figure 1A). High EphB6 protein expression was
present in 26.7% (16/60) of tumor tissues, 82.5% (33/40) of
adenoma tissues, and 12.5% (5/40) of normal tissues. The
rate of high EphB6 expression in samples of metastatic lymph
nodes (20.0%, 12/60) was lower than that in tumor tissues
(26.7%, 16/60; Figure 1B).
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Stable expression of Eph in IMCE cells. Using RT-PCR
analysis, we discovered low endogenous EphA3 and EphB6
expression in IMCE cells; however, we found that they were
expressed at relatively high levels in malignant YAMC-Ras
and IMCE-Ras cell lines (Figure 1C). Given our observation
of low endogenous EphA3 and EphB6 expression in IMCE
cells, we next sought to determine whether enforced expres-
sion of these proteins could transform colorectal epithelial
cells. For this purpose, we first constructed stable cell lines by
individually transfecting pcDNA3-EphA3-Myc, pcDNA3-
EphB6-Flag, and an empty vector into IMCE cells, followed
by antibiotic selection for stable clones. The generated stable
cell lines were named IMCE-EphA3, IMCE-EphB6, and
IMCE-neo, respectively, and their expression of EphA3-Myc
and EphB6-Flag was confirmed by western blot analysis
(Figure 1D).

EphA3 and EphB6 promoted colorectal epithelial cell
transformation in vitro. Upon using MTT assays to evaluate
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cell proliferation, we are unable to find significant differences
between IMCE-EphA3 and IMCE-neo cells, while ectopic
IMCE-EphB6 cells showed substantially increased cell prolif-
eration compared with IMCE-neo cells (p<0.05, Figure 1E).
In colony formation assays, IMCE-EphA3 and particularly
IMCE-EphB6 cells formed more colonies than the control
cells (Figure 1F), indicating that these two proteins could
confer the transformative capacity to colorectal epithelial
cells.

EphA3 and EphB6 promoted colorectal epithelial cell
motility. Next, in wound-healing and Transwell assays, we
discovered that both EphA3 and EphB6 could promote the
migration of IMCE cells compared with the control cells.
Notably, IMCE-EphB6 cells showed much more pronounced
enhancement in the wound-healing and Transwell migra-
tion assays than IMCE-EphA3 cells (p<0.05, Figures 2A, 2B).
Furthermore, using scanning electron microscopy (SEM), we
observed marked morphological alterations of IMCE-EphA3

B /;100 -
S
T 80 I mEphA3
@ 8 EphB6
L 60 f
<
it
N 40
B
a 20 I
o
&~ 0 - . . .
N AN CA LN
N: Normal, AN: Adenoma, CA: Carcinoma, LN: Lymph node

0 ¢
XN\C?J < ﬁ?‘“}

v ' Anti-Myc
—

O
o (90
o qﬁ”\&

S Anti-Flag
S | nii-p-octin

Anti-GAPDH

.h

F %100
S * p<0.01
=80
ol
> 60 F
S
3 40
B 20 b
5 l_j
"g O I | i
Z IMCE-neo IMCE-EphA3 IMCE-EphB6

.-

Figure 1. The expression of EphA3 and EphB6 in adenoma tissues and their roles in colony formation of colorectal epithelial cells. A) Immunohisto-
chemical staining of EphA3 and EphB6 in normal mucosa (N), adenoma (AN), adenocarcinoma (CA), and metastatic lymph node (LN) obtained from
patients with colorectal cancer. B) Quantification of EphA3 and EphB6 expression based on the analysis of A. Data of quantitative analyses are shown
as mean * SD (n=3). %, p<0.01. C) RT-PCR analysis of EphA3 and EphB6 mRNA levels in rat colorectal cells. YAMC: immorto-min F1, IMCE: immorto-
min F1 with APCM"*, YAMC-Ras: Ras-transgenic YAMC, IMCE-Ras: Ras-transgenic+APC""*, D) Western blot analysis of EphA3 and EphB6 pro-
teins. E, F) MTT assays and colony formation assays of IMCE-EphA3 and IMCE-EphB6 cells. Data are shown as mean + SD (n=3). ns: not significant.
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Figure 2. Effects of EphA3 and EphB6 on migration and invasion of colorectal epithelial cells. A) Wound-healing assays to evaluate migration rates.
Data of quantitative analyses are shown as mean + SD (n=3). *p<0.05, **p<0.01, ***p<0.001 B) Transwell assays to determine invasiveness of the IMCE-
neo, IMCE-EphA3, and IMCE-EphB6 cells. Three representative images are shown. Data of quantitative analyses are shown as mean + SD (n=3). C)
SEM analysis of the morphology of the IMCE-neo, IMCE-EphA3, and IMCE-EphB6 cells as described in the Materials and Methods section.

and IMCE-EphB6 cells in comparison to the IMCE-neo cells,
including increased numbers of membrane ruffles and lamel-
lipodia in IMCE-EphA3 cells and more filopodia in IMCE-
EphB6 cells (Figure 2C). Taken together, these findings
indicated that EphB6 and, to a lesser extent, EphA3 could
promote colorectal cell motility, one of the characteristics of
tumor cells.

EphA3 and EphB6 promoted colorectal epithelial
cell tumorigenesis in vivo. Given that EphA3 and EphB6
conferred tumorigenic properties on IMCE cells in vitro, we
investigated whether they could promote tumorigenesis in
vivo. For this purpose, we employed a xenograft mouse model
by individually inoculating IMCE-EphA3, IMCE-EphBe6,
and IMCE-neo cells into the flanks of athymic nude mice,
with 10 mice in each group. Within 13 days post-inoculation,
we observed tumors in 7 of the 10 mice injected with IMCE-

EphB6 cells. In contrast, mice injected with IMCE-EphA3
cells did not form any palpable tumors in this time period,
but tumors started to be detectable after day 13, suggesting
longer latency of tumor formation than for the IMCE-EphB6
cells. No tumor formation was observed in the mice inocu-
lated with IMCE-neo cells (Figures 3A and B). Furthermore,
the tumors in the EphB6 mice grew significantly larger than
those in the EphA3 mice (p<0.05, Figure 3C).
Tumorigenesis is particularly characterized by the dysreg-
ulation of cell proliferation. In view of this, we subsequently
investigated the expression of proliferating cell nuclear
antigen (PCNA), a marker of proliferating cells, in the
xenograft tumors. In the immunohistochemical studies, we
observed a PCNA signal in infiltrating lymphocytes in mice
injected with IMCE-EphA3 and IMCE-EphB6 cells. Consis-
tent with the difference in tumor size, the PCNA staining in
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the EphB6 mice had a higher intensity than that in the EphA3
mice (Figures 3D, 3E).

mRNAs and IncRNAs differentially expressed between
IMCE-EphA3 and IMCE-EphB6 cells. To provide mecha-
nistic insight into how EphA3 and EphB6 could promote
colorectal cell tumorigenicity, we compared mRNA and
IncRNA expression profiles between the stable cell lines
IMCE-EphA3 and IMCE-EphB6, using gene expression
microarray analysis. While the mRNA expression patterns
were generally highly similar between these two cell lines
(Figure 4A), we observed 185 downregulated and 111 upreg-
ulated genes (fold change >1.5), and 250 downregulated and
231 upregulated IncRNAs (fold change >1.5) in the IMCE-
EphB6 cells relative to the levels in the IMCE-EphA3 cells
(Figures 4B, 4C).

To identify genes particularly associated with the obtained
IncRNAs, we applied the GO and KEGG analyses. According
to our results, cell morphogenetic formation in differen-
tiation, regulation of cysteine-type endopeptidase activity

during apoptosis, and modulation of cellular metabolic
processes are particularly associated with the candidate
target genes. Eight pathways, such as the PI3K-AKT and
MAPK signaling pathways, were particularly strongly linked
to these genes (Figure 5A). To obtain an understanding of the
cytoplasmic signaling used by Ephs to promote cell prolif-
eration in tumorigenesis, we assessed their effects on essen-
tial signaling pathways. Although our findings revealed that
the activating phosphorylation of Akt kinases was enhanced
by EphA3 and EphB6, they did not appear to influence the
phosphorylation of Erk1/2 and JNK. Given the association
of EMT with the malignant transformation from normal
epithelial cells to cancer cells, we next focused on whether
Ephs affected the expression of the EMT marker vimentin,
which is usually found in mesenchymal cells and promotes
EMT. Our experiment indicated that EphB6 promoted
vimentin expression (Figure 5D).

To determine the functional relationships between
differentially expressed mRNA-enriched GO terms and
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Figure 3. Xenograft mouse study to evaluate the effects of EphA3 and EphB6 on tumor formation. A) Nude mouse xenograft tumor formation study.
The IMCE-neo, IMCE-EphA3, and IMCE-EphB6 cells were subcutaneously inoculated into the flanks of the athymic nude mice and the mice were
sacrificed at 80 days after the inoculation. B) Tumor-free survival curves. C) Tumor volumes of the mice in the three groups. D) Representative images
of PCNA staining of xenografts. E) The quantitation in the three groups. Data are shown as mean * SD (n=3). Scale bar = 20 um.
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KEGG pathways, we constructed an enrichment-respon-
sive network with 113 nodes (p<0.05) and 1,392 edges, of
which the red nodes were much more significant (p<0.005),
including the HSA04151:PI3K-AKT signaling pathway
(Figure 5B). The largest network was randomly walked and
identified based on the relevance scores. Seven potential
mRNA-IncRNA interaction pairs were identified, namely,
RELA-ENST00000531155, IL6-ENST00000422542, IKBKB-
ENST00000520890, TNF-NR_002812, IFNAR1-NR_038974,
IFNAR2-NR_038974, and JAK1-ENST00000447748
(Figure 5C).

Discussion

Numerous studies have indicated the oncogenic activi-
ties of Ephs and ephrins in human cancers [7, 18]. Unfortu-
nately, few studies have been performed on the roles of most
Eph RTK group members, particularly EphA3 and EphB6,
in CRC [19]. The current study represents a step toward
filling this information gap. In this study, we demonstrated
the overexpression of EphA3 protein in human tissue speci-
mens from colorectal cancer and showed that its ectopic
expression in IMCE cells prompted colorectal epithelial cells
to undergo malignant transformation, albeit to a modest
extent, in vitro and in vivo, as we previously reported [9]. Our
EphB6 immunohistochemistry data showed that its staining
intensity was first greatly increased in the progression from
normal status to adenoma. Although this has not been
reported previously, it is consistent with previous findings
on other Eph subgroup members including EphA1l, EphA2,

EphB1, EphB2, and EphB4 [6, 7, 18-20]. Moreover, in the
progression of carcinoma to lymph node metastasis, EphB6
was found to show a stepwise decrease, while EphA3 exhib-
ited a gradually increasing trend, suggesting that EphB6,
but not EphA3, plays an oncogenic role at the early stage of
colorectal cancer.

Our data demonstrated that enforced EphB6 expres-
sion promoted the proliferation, migration, and invasion
of IMCE cells in vitro, along with tumor formation in nude
mice. This suggested the potential oncogenic role played
by EphB6 at the early stage of colorectal cancer. However,
to date, no reports have been published about EphB6’s role
during tumor initiation. Nonetheless, studies focusing on
other solid tumors, including non-small cell lung cancer,
melanoma, and prostate cancer, reported that EphB6 acted
as a tumor suppressor [14, 17, 21]. In clinical studies, it was
also shown that EphB6 expression was decreased in CRC
compared with the levels in adenoma and normal tissues,
indicating that the loss of EphB6 contributed to the metas-
tasis of colorectal cancer [22, 23]. Clinical evidence suggested
that EphB6 shifted its function to a tumor suppressor in
later stages of colorectal cancer. Our tissue microarray data
revealed a significant reduction of EphB6 expression in the
process of carcinoma progression to lymph node metastasis,
confirming the phenomenon in later-stage colorectal cancer.
The findings suggested that EphB6 acted as an oncogenic
promoter in the early stage of colorectal cancer but then
changed to a tumor-suppressive regulator. Thus, the loss of
EphB6 expression in the late stage of tumor development,
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possibly through epigenetic silencing, may facilitate tumor
cell migration and metastasis [14, 19, 21].

EphB6 expression has been shown to be associated with
poor overall survival in those with tongue squamous cell
carcinoma and malignant thyroid lesions [24, 25]. A recent
report also described a complex effect of EphB6 in regulating
the initiation of triple-negative breast cancer [26], indicating
that EphB6 plays various roles in different human malig-
nancies. Intriguingly, Matsuoka et al. demonstrated that
cell adhesion and migration were positively and negatively
regulated by EphB6, respectively, showing that EphB6 exerts
biphasic functions in the transition from oncogenic promo-
tion to tumor suppression [27]. Thus, EphB6 may play
different roles in a context-dependent manner and produce
opposite responses in cell migration/invasion against
different molecular backgrounds, or at different levels of its
expression or signaling at different stages of malignancy. Our
study represents the first demonstration that ectopic EphB6
expression can promote the malignant transformation of
colonic adenoma cells.

In the current study, we explored downstream signaling
events affected by ectopically expressed EphA3 and EphB6 in
colorectal epithelial cells. The mRNAs and IncRNAs differ-
entially expressed between EphA3- and EphB6-expressing
IMCE cells were particularly associated with the PI3K-AKT
and MAPK pathways, both of which regulate cell prolif-
eration and differentiation. By western blot analysis, we
also demonstrated that EphB6 increased the activation of
phosphorylation of Erk1/2 and Akt kinases, as reported in a
study on triple-negative breast cancer [27]. As these pathways
and processes are known to affect oncogenic potential, these
findings provide insight into the molecular mechanisms
through which EphB6 promotes oncogenesis in colorectal
cells. However, additional investigations are needed to
delineate the molecular mechanisms responsible for EphB6-
mediated oncogenic activity in CRC.

In our interaction network, seven potential mRNA-
IncRNA interaction pairs were identified, six of which
(RELA, IL6, IKBKB, TNE IFNARI, and IFNAR2) are
important factors in immunological processes. Investiga-
tions have also shown that EphB6 could play a key role in
immunological processes and particularly T-cell functions.
EphB6 actually exerts adverse effects on the immune system
and suppresses T-cell activity; the lack of EphB6 in these
cells leads to inappropriately large numbers of T cells in the
germinal centers resulting from relaxed repulsion of T follic-
ular helper cells [28]. Loss of T-cell activity resulting from
the presence of EphB6 in patients with tongue squamous
cell carcinoma and malignant thyroid lesions resulted in
a decreased ability to eliminate malignant cells [24, 25].
However, the current study has the potential limitation
that only cases at the early stages of colorectal cancer were
included. There is a need for further studies of the expres-
sion of EphB6 protein and mRNA in the late stages of
colorectal cancer and in metastatic colorectal cancer tissues,

to provide further insight into the oncogenic mechanisms
of EphB6 in CRC, and also its function in immunological
processes. There is a need for careful evaluation to recog-
nize the patterns and roles of EphB6 expression during CRC
progression, which is essential for rationally targeting CRC
with Eph-specific therapies.

Both EphA3 and EphB6 could promote the proliferation
and migration of colorectal tumor cells. EphB6 enhanced
the early-stage colorectal epithelial cell transformation and
exhibited stronger oncogenic activity than EphA3. Thus,
EphB6 expression may serve as a new marker and a potential
therapeutic target of CRC at an early stage. Our data provide
insights into the clinical diagnosis of CRC and early inter-
ventions to treat CRC patients.
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