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ABSTRACT

We have shown that carcinoembryonic antigen cell adhesion molecule 1 long 
isoform (CEACAM1-L) expression in MC38 metastatic colorectal cancer (CRC) cells 
results in liver metastasis inhibition via CCL2 and STAT3 signaling. But other molecular 
mechanisms orchestrating CEACAM1-L-mediated metastasis inhibition remain to be 
defined. We screened a panel of mouse and human CRC cells and evaluated their 
metastatic outcome after CEACAM1 overexpression or downregulation. An unbiased 
transcript profiling and a phospho-receptor tyrosine kinase screen comparing MC38 
CEACAM1-L-expressing and non-expressing (CT) CRC cells revealed reduced ephrin 
type-A receptor 2 (EPHA2) expression and activity. An EPHA2-specific inhibitor 
reduced EPHA2 downstream signaling in CT cells similar to that in CEACAM1-L cells 
with decreased proliferation and migration. Human CRC patients exhibiting high 
CEACAM1 in combination with low EPHA2 expression benefited from longer time to 
first recurrence/metastasis compared to those with high EPHA2 expression. With 
the added interaction of CEACAM6, we denoted that CEACAM1 high- and EPHA2 low-
expressing patient samples with lower CEACAM6 expression also exhibited a longer 
time to first recurrence/metastasis. In HT29 human CRC cells, down-regulation of 
CEACAM1 along with CEA and CEACAM6 up-regulation led to higher metastatic burden. 
Overall, CEACAM1-L expression in poorly differentiated CRC can inhibit liver metastasis 
through cell context-dependent EPHA2-mediated signaling. However, CEACAM1’s role 
should be considered in the presence of other CEACAM family members.
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INTRODUCTION

Liver metastasis of colorectal cancer (CRC) occurs in 
approximately 30% of CRC patients and is a major cause of 
CRC related mortality [1]. While improvements in surgical 
techniques, chemotherapeutic regimens and the availability 
of anti-EGFR- and anti-VEGFR2-targeted therapies have 
contributed to longer survival and better quality of life for 
CRC metastatic patients, further research is needed to identify 
novel metastatic targets for therapeutic intervention. Carcino 
embryonic antigen cell adhesion molecule 1 (CEACAM1), a 
member of the CEA gene family, is a cell adhesion molecule 
known to be associated with CRC tumor development and 
metastasis [2]. Numerous human and murine CEACAM1 
splice variants have been identified that differ with respect to 
the expression of either a short (S) or a long (L) cytoplasmic 
domain. CEACAM1-L becomes Tyr phosphorylated on its 
two cytosolic Tyr residues within its immunoreceptor tyrosine 
inhibition motifs (ITIMs) by several activated receptor 
tyrosine kinases (RTKs) or SRC-like kinases leading to 
binding of the SHP-1 or -2 Tyr phosphatase [2]. CEACAM1-L 
is multifunctional and acts as a negative regulator of 
many signaling pathways [3] involved in intercellular 
adhesion regulation [4], insulin and lipid metabolism [5, 6], 
angiogenesis [7], innate and adaptive immune responses [8–
10] and microbial and viral pathogen interactions [3].

In tumor development, CEACAM1 plays a 
paradoxical role. CEACAM1 down-regulation is associated 
with initiation and early development of several solid tumors 
including CRC [2, 11]. However, CEACAM1 behaves as an 
oncogene in aggressive cancers. CEACAM1-L expression 
mediates tumor development within tumor cells directly 
(colon [12], melanoma [13], non-small-cell lung cancer 
[14], thyroid [15], gastric [16]) as well as indirectly via 
cells in the stromal compartment (endothelial cells [7, 
17], CD11b+Gr1+ immature myeloid cells [18, 19], matrix 
metalloproteinase 9-positive leukocytes [20], tumor-
associated macrophages [21] and activated T cells [8]).

Ieda and colleagues reported that CEACAM1-L 
dominance over CEACAM1-S in human CRC 
corresponds to increased lymph node and hematogenous 
metastasis, in addition to shorter patient survival [12]. 
However, our studies in murine poorly differentiated 
MC38 CRC cells demonstrated reduced liver metastatic 
burden with increased CEACAM1-L expression, in part 
due to diminished levels of CCL2 and STAT3 activity 
[22]. Furthermore, we showed that patients exhibiting 
high CEACAM1 expression along with a signature of 
inflammation- and STAT3-regulated genes demonstrate 
improved 10-year overall survival [22].

To determine whether CEACAM1-L produces similar 
metastasis corollary in other CRC cells, we investigated 
a large panel of human and mouse CRC cells presenting 
unique mutations and expression of different CEACAM 
family members. We show here that up- or down-regulation 
of CEACAM1 does not change metastasis outcome in all 
cases, except in HT29 cells. Notably, HT29 cells have a 

similar KRAS and SMAD4 mutational status as MC38 cells, 
despite being different with respect to CEA and CEACAM6 
expression. Moreover, knockdown of CEACAM1 in HT29 
cells led to up-regulation of both CEA and CEACAM6 that 
altogether increased liver metastatic burden.

To define other CEACAM1-L-elicited networks 
regulating liver metastasis, we performed unbiased 
transcriptome and phospho-receptor tyrosine kinase (RTK) 
screens of the MC38 cells that do (MC38-CC1-L) or don’t 
(MC38-CT) express CEACAM1-L. Gene expression 
profiling and phospho-RTK screens revealed that the 
EPHA2 receptor, a member of the EPH family of receptors 
[23], is down-regulated in MC38-CC1-L cells both at the 
transcriptional and activity levels. In human CRC patients, 
increased EPHA2 expression levels are positively correlated 
with cancer progression and liver metastasis [24–26]. We 
demonstrate herein that CEACAM1-L expression modulates 
the expression and activity of the EPHA2 receptor in a cell 
context-dependent manner and that inhibition of EPHA2-
mediated signaling also inhibits metastasis. Furthermore, 
bioinformatics analyses of TCGA CRC patient cohorts 
confirm that a signature of high CEACAM1/low EPHA2/
low CEACAM6 gene expression corresponds to significantly 
longer time to first recurrence/metastasis for CRC patients. 
Therefore, CEACAM1, CEACAM6 and EPHA2 represent 
additional actionable targets to increase overall survival in 
cohorts of patients with liver metastasis produced by poorly 
differentiated CRC.

RESULTS

CEACAM1-L-mediated metastasis inhibition is 
dependent on CRC cell context

We have previously shown that CEACAM1-L 
expression in poorly differentiated murine MC38 CRC 
metastatic cells results in an approximate 80% reduction in 
liver metastatic tumor burden following intrasplenic injection 
in C57BL/6 mice [22]. This is in part due to compromised 
STAT3 activity which results in reduced CCL2 chemokine 
expression and decreased signaling through its CCR2 
receptor. To determine whether this is a general phenomenon 
applying to other CRC cells, we investigated a panel of 
mouse (MC38, CT26) and human (HT29, HCT116, LS174T, 
LS180, SW620, Colo320, KM12) metastatic CRC cells. 
As summarized in Figure 1A, these cells show different 
status of KRAS and SMAD4 mutational status, two genetic 
mutations frequently observed in CRC patients [27–33], as 
well as varying levels of CEACAM1 expression and that 
of two other well-known pro-metastatic CEACAM family 
members namely CEA and CEACAM6 [2]. To examine how 
CEACAM1-L affected development of CRC liver metastasis, 
we either overexpressed or down-regulated CEACAM1 using 
appropriate vectors (Figure 1A). Cells exhibiting CEACAM1 
knockdown (CC1KD: HT29, SW620 and KM12) or with its 
overexpression (CC1-L: MC38, CT26, HCT116, LS174T, 
LS180, Colo320) were compared to their control counterparts 
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(CT) in all assays. Mouse CRC cells do not normally 
express any of glycosylphosphatidylinositol (GPI)-anchored 
CEACAM proteins including CEA and CEACAM6 (Figure 
1A and 1B), as these genes do not exist in the murine genome 
[34]. Among human CRC cells, HT29, LS174T, LS180 and 
KM12 expressed both molecules abundantly either at the 
protein level (Figure 1B) or at the transcriptional level (Figure 
1C-1D). HCT116 cells had no CEA and CEACAM6 at 
mRNA or protein levels, whereas SW620 and Colo320 cells 
exhibited low mRNAs but undetectable CEA and CEACAM6 
protein (Figure 1B-1D). Overexpression or knockdown of 
CEACAM1 did not appreciably change the levels of the other 
two CEACAM proteins in LS180 or KM12 cells, with only 
modest reductions in LS174T cells. However, both CEA and 
CEACAM6 proteins were notably up-regulated in HT29 cells 
upon CEACAM1 knock-down (Figure 1B-1D).

In vivo experimental metastatic assays demonstrated 
that except in the case of MC38 cells [22] and HT29 cells 
(Figure 1E), CEACAM1-L did not change the outcome 
of metastasis in other CRC cells tested (Supplementary 
Figure 1). Notably, HT29 cells have a similar KRAS 
and SMAD4 mutational status as MC38 cells, despite 
being different with respect to presence of both CEA and 
CEACAM6. In this context, reduced CEACAM1 possibly 
in combination with increased CEA and CEACAM6 in 
HT29 cells contributed to increased liver metastatic 
burden (Figure 1E). This suggests that co-regulation of 3 
CEACAM family members may have an additive effect on 
the outcome of metastasis and modification of one protein 
likely impacts on the expression of other CEACAM family 
members. Altogether, these results suggest that the fate of 
metastatic CRC cells may be affected by CEACAM1-L 
in a cell context-dependent manner, where mutational 
cell background or presence/absence of other CEACAM 
family members in human CRC cells may override the 
reported anti-metastatic effect of CEACAM1-L.

The EPHA2 receptor exhibits decreased 
expression and activity in MC38-CC1-L cells

To identify other targets involved in CEACAM1-
L-mediated CRC liver metastasis suppression, we first 
profiled the mRNA expression of MC38-CT and -CC1-L 
cells using an unbiased transcript microarray. Filtering 
through Ingenuity pathways identified five clusters 
with differentially expressed genes showing over-
representation in metabolic processes, cellular transport 
and communications, and cellular localization pathways 
(Supplementary Figure 2). Differentially expressed genes 
in MC38-CC1-L relative to -CT cells were selected based 
on statistically significant F-values (P<0.05) and False 
Discovery Rates (<0.05) and were further validated using 
qPCR. Genes differentially over-expressed in MC38-CC1-L 
relative to -CT cell microarray (GEO dataset, accession # 
GSE73208) included decorin (Dcn), a member of the small 
leucine-rich proteoglycan gene family, that was the most 
over-expressed RNA in the MC38-CC1L cells [35]. In CRC 

tissue and cell lines, Dcn is usually down-regulated [36] and 
Dcn-/- mice fed a high-fat diet develop spontaneous intestinal 
tumors through disruption of enterocyte maturation [37]. 
Furthermore, DCN binds to E-cadherin and mediates 
E-cadherin protein stability that results in inhibition of CRC 
HCT116 cell migration [38]. Other up-regulated transcripts 
included Bmp4 and Tgfβr2, involved in bone morphogenic 
protein (BMP) and transforming growth factor β (TGFβ) 
signaling, respectively, as well as alpha B crystallin (Cryab) 
implicated in CRC distant metastasis [39] and bone marrow 
stromal cell antigen 2 (Bst2) overexpressed in breast cancer 
bone metastasis [40]. Examining the down-regulated 
genes in this microarray, Epha2 corresponded to one of the 
down-regulated genes in the microarray analysis (Figure 
2A; 50-70% reduction). CEACAM1-L expression affects 
many cellular processes through its co-receptor function 
with a number of receptor Tyr kinases [2] and given that 
EPHA2, a member of the EPH family of receptors [23], 
is a receptor Tyr kinase (RTK), we further investigated 
which other RTKs were activated in MC38-CT cells and 
reduced in MC38-CC1-L cells by applying cell lysates to a 
mouse phospho-RTK array. Seven RTKs were significantly 
expressed and activated in both cell lines (Figure 2B) with 
EPHA2 being the only RTK differentially activated between 
the two cell lines. Reduced activity and expression of 
EPHA2 was confirmed by immunodetection of pEPHA2-
Tyr588 and pEPHA2-Ser897 in MC38-CC1-L versus 
MC38-CT cells (Figure 2C) which supports previously 
published literature showing correlation between increased 
EPHA2 expression levels and CRC cancer progression/
liver metastasis [24, 25]. No noteworthy differences in 
ERBB2 activity in basal and EGF-stimulated MC38-CT and 
-CC1-L cells were observed (Supplementary Figure 3A). 
Similarly, PDGFRA expression levels and basal activity 
were unchanged in these cells (Supplementary Figure 3B). 
While AXL activity appeared lower in MC38-CC1-L cells 
compared to MC38-CT cells (Figure 2B), we observed no 
changes in the AXL receptor phosphorylation or AXL-
mediated downstream signaling to STAT3 and AKT upon 
treatment with its GAS6 ligand (data not shown).

EPHA2 activity and expression were then 
investigated in other mouse and human CRC cells 
(Supplementary Figure 3C). CRC cells expressed varying 
levels of the EPHA2 receptor along with different degrees 
of Tyr588 phosphorylation (tyrosine controlling kinase 
activity) and Ser897 phosphorylation (ligand-independent 
serine). Among human CRC cells, only HT29 cells 
exhibited increased Tyr and Ser phosphorylation upon 
CEACAM1 knockdown (Supplementary Figure 3C) 
that mirrors reductions in EPHA2 pTyr and pSer upon 
CEACAM1-L over-expression in MC38 cells (Figure 
2C). These results suggest that CEACAM1-L impacts on 
expression and/or activity of EPHA2 receptor Tyr kinase 
in some CRC cells. Whether or not heterogeneity of 
a tumor or different mutations acquired by cancer cells 
in CRC patients can modulate CEACAM1’s effect on 
EPHA2 activity has yet to be investigated.
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Figure 1: Screening of mouse and human CRC cells with respect to mutational background, expression of CEA and 
CEACAM6, and in vivo metastasis. (A) Mouse and human CRC cells were investigated for their mutational status of KRAS and 
SMAD4 (using DNA sequencing data), expression of pro-metastatic CEACAM molecules (CEA and CEACAM6) (based on results of 
protein levels) and their metastatic potential in vivo. A summary of these results is tabulated. Under metastasis column, +/-, +, ++, +++, 
++++ denote arbitrary values based on increase in basal liver weight, corresponding to <10%, 20%, 30%, 50-60%, and >80% increases, 
respectively. (B) Protein expression of CEACAM1, CEA, CEACAM6, SMAD4 and actin was evaluated by immunoblotting CRC cell lysate 
proteins. Cell lysates are categorized based on their KRAS and SMAD4 mutational status. (C-D) CEA and CEACAM6 RNA expression from 
human CRC cells was performed by Q-PCR and normalized to RPLP expression. All fold change (FC) values were normalized to the FC 
value (set at 1) of lowest CEA- and CEACAM6-expressing cells, namely HCT116 cells. Note that mouse cells do not intrinsically express 
the CEA and CEACAM6 genes and no Q-PCR was performed for these. (E) Evaluation of in vivo liver metastasis development by murine 
(MC38-CT and -CC1-L) or human (HT29-CT and -CC1KD) CRC cells. C57BL/6 mice were injected with MC38 cells and monitored for 
2 weeks, while SCID Beige mice were injected with HT29 transfectants and euthanized after 3 weeks. Liver weights were measured and 
represent metastatic burden. Student two-tailed t or ANOVA with Bonferroni correction tests were performed as appropriate to determine 
significance (ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001). Data are presented as means ± SEM with n = at least 2 independent sets 
of experiments. For in vivo studies a minimum of 10 mice per group were used.
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Inhibition of EPHA2 kinase suppresses MC38 
cell growth and impacts downstream signaling

To confirm that EPHA2 signaling regulated 
CRC metastasis, MC38-CT and -CC1-L cells were first 

stimulated with ephrin A1 (EFNA1), an EPHA2 receptor 
ligand [23] and then downstream signaling was evaluated 
by immunoblotting of various proteins regulating several 
biological processes. EFNA1-EPHA2 binding resulted 
in increased EPHA2 Tyr588 phosphorylation activity 

Figure 2: Contribution of the EPHA2 receptor signaling to CC1-L-mediated metastasis inhibition in MC38 cells. 
(A) Validation of Epha2 expression by Q-PCR, normalized to Psmb6 expression for MC38-CT vs -CC1-L. (B) A phospho-RTK array 
was performed on protein lysates from MC38-CT or -CC1-L cells as described in Materials and Methods. Kinase phosphorylation was 
quantified and those showing prominent levels of activity were subjected to further validation by immunoblotting of new batches of lysates 
(2C and Supplementary Figure 3A-3B). (C) EPHA2 receptor phosphorylation (pTyr588 and pSer897) and expression in MC38-CT or 
-CC1-L cell lysates were measured by immunoblotting. Actin was used as the loading control. (D) MC38-CT or -CC1-L cells were treated 
with 1 μM of DMSO, or the non-specific NG-25 or specific ALW-II-41-27 EPHA2 receptor inhibitor for indicated periods of time, followed 
by stimulation with EFNA1-Fc (2 μg/ml) in the last 15 min of treatments. Protein lysates were prepared and subjected to immunoblotting 
using antibodies to determine the effect of kinase inhibitors on EPHA2 activation. Actin was used as the loading control. (E) Effect of 
two receptor Tyr kinase inhibitors, differing in their activity against EPHA2, was examined through proliferation and migration assays. 
MC38-CT or -CC1-L cells were treated with 1 μM ALW-II-41-27, NG-25 or DMSO for 2 h after which they were set up for proliferation 
and migration assays. Migration took place in the presence of 10% serum as chemoattractant, while serum-free medium (SFM) was used 
as negative chemotaxis control. (F) MC38-CT or -CC1-L cells were treated with 1 μM DMSO or ALW-II-41-27 for 6 h, followed by serum 
starvation overnight. Cells were then stimulated or not with 10% serum for 10 min before lysis. Expression levels of various signaling 
proteins were evaluated by immunoblotting using total protein and phospho-protein antibodies as indicated. Student two-tailed t or ANOVA 
with Bonferroni correction tests were performed as appropriate to determine significance (ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 
0.001). Data are presented as means ± SEM with n = at least 2 independent sets of experiments.
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in MC38-CT and -CC1-L cells followed by receptor 
internalization and degradation (Supplementary Figure 
4). As noticed previously, MC38-CC1-L cells expressed 
less EPHA2 receptor than -CT cells and showed reduced 
EPHA2 Tyr588 phosphorylation activity relative to CT 
cells 2 h post-stimulation (Supplementary Figure 4; P < 
0.05; ANOVA for groups P < 0.0001). Some signaling 
proteins downstream of EPHA2 stimulation in CC1-L cells 
showed slower deactivation kinetics than in CT cells such 
as pSTAT3 and pERK. Some pathways (e.g. p38) were 
deactivated faster, whereas the SRC pathway was indeed 
increased and sustained in CC1-L cells (Supplementary 
Figure 4). The AKT pathway was the most negatively 
affected with the first wave of phosphorylation being 
almost abolished in CC1-L cells, whereas the second 
wave peaked with the same intensity as in CT cells 30 
min post-stimulation (Supplementary Figure 4). These 
results suggest that CEACAM1-L impacts both positively 
and negatively on various EPHA2 downstream pathways 
upon EFNA1 stimulation.

We then tested on MC38 cells several EPHA2 Tyr 
kinase inhibitory compounds. ALW-II-41-27 is a small 
molecule inhibitor binding to and inhibiting EPHA2 kinase 
activity with high potency [41–44]. NG-25, a compound 
with similar structure and profile of kinase targets with 
exception of EPHA2 was used as a control. In MC38-CT 
and -CC1-L cells, 1μM ALW-II-41-27 impaired EFNA1-
induced EPHA2 Tyr phosphorylation within 30 min and 
continued to do so through 6 h of treatment (Figure 2D). 
However, NG-25 at the same concentration did not exhibit 
any effect on EPHA2 Tyr phosphorylation in either cell 
lines (Figure 2D). MC38-CT cells treated with ALW-
II-41-27 inhibitor exhibited significant reductions in 
proliferation and migration (Supplementary Figure 5A and 
5B: ns, P > 0.05 relative to DMSO or NG-25 treatments; 
*, P < 0.05 or ***, P < 0.001 relative to DMSO vs ALW-
II-41-27 treatments). MC38-CC1-L cells with reduction 
of EPHA2 expression and activity were less sensitive to 
the inhibitory effects of ALW-II-41-27 on proliferation and 
particularly migration (Figure 2E: ns, P > 0.05 relative to 
DMSO vs ALW-II-41-27 treatments in CC1-L cells; *, P < 
0.05 or ***, P < 0.001 relative to DMSO treatments in CT 
vs CC1-L cells). As depicted in the graphs, NG-25 had 
nearly no effect on these processes. These results suggest 
that EPHA2 is a potential target to inhibit metastasis of 
MC38 cells.

We next collected lysates from serum-starved 
MC38-CT and -CC1-L cells treated for 6 h with 
either ALW-II-41-27 or DMSO, in order to assess 
intracellular consequences of EPHA2 inhibitor targeting. 
Immunoblotting analyses revealed reductions in both the 
basal and serum-stimulated phosphorylation of STAT3 
and SRC (regulators of cell proliferation, migration and 
invasion) as well as increases in phosphorylation of p38 
and cleaved caspase3 (regulators of migration and cell 
death) at baseline and upon serum stimulation (Figure 

2F). Such modifications were much more pronounced 
in MC38-CC1-L cells (see Supplementary Table 4 for 
quantifications), suggesting reduced survival in response 
to cell stress, which renders them less fit during the 
metastatic process. In the case of cleaved caspase 3, 
CC1-L cells show elevated level of this protein even 
in the absence of EPHA2 inhibitor. Other cell survival 
molecules including S6K1B, S6, BAD and ERK were not 
significantly affected, whereas AKT was modestly reduced 
in CC1-L cells at baseline upon ALW-II-41-27 treatment 
(Figure 2F and Supplementary Table 4). These data 
suggest that EPHA2 signaling is an important pathway 
necessary to maintain MC38 cell migration and survival, 
as previously shown in CRC patients by Dunne et al. [26].

Cross-talk between EPHA2 receptor and 
CEACAM1-L in MC38 cells

We next examined whether CEACAM1-L is 
regulating EPHA2 signaling as a co-receptor, as with 
many other RTKs [2]. We found no direct association of 
the two cell surface molecules by co-immunoprecipitation 
(data not shown). We then treated MC38-CT, -CC1-L 
and CC1-FF (CC1-L harboring mutations in both 
cytoplasmic ITIM-associated Tyr residues) with either 
ALW-II-41-27 or DMSO for 2 h, followed by brief 
EFNA1 stimulation. Immunoprecipitation using a pTyr 
antibody revealed phosphorylation of CEACAM1-L at 
both the basal and ligand-stimulated levels in MC38-
CC1-L cells as compared to -CT cells (Figure 3). EPHA2 
Tyr phosphorylation is shown as a reference. In addition, 
CEACAM1-L Tyr phosphorylation was significantly 
reduced in the presence of EPHA2 inhibitor and 
completely abolished in CC1-FF-mutated cells (Figure 
3). Given that phosphorylated CEACAM1-L recruits 
the SHP-1 phosphatase in order to dephosphorylate and 
attenuate the signaling downstream of many RTKs [2, 
45], we examined association of this phosphatase with the 
CEACAM1 complex. SHP-1 was present in CEACAM1 
immunoprecipitates, significantly reduced upon ALW-
II-41-27 treatment and absent in CEACAM1-FF immune 
complexes (Figure 3). These results suggest that EFNA1-
mediated EPHA2 stimulation can lead to phosphorylation 
of CEACAM1-L ITIM-associated Tyr residues, with 
recruitment of its SHP-1 phosphatase partner resulting in 
EPHA2 downstream signaling modulation, as reported for 
other CEACAM1-L-mediated processes downstream other 
RTKs [2].

High CEACAM1/low EPHA2/low CEACAM6 
expression predicts better outcome for CRC 
patients

Our experimental data indicated that CEACAM1-L 
expression in the context of murine MC38 CRC metastatic 
cells affects EPHA2 expression and signaling resulting in 
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significantly decreased development of liver metastases 
in immunocompetent mice. In addition, HT29 human 
CRC cells abundantly express 3 of the CEACAM family 
members, namely CEACAM1, CEA and CEACAM6 
(Figure 1B). HT29 CC1KD cells have elevated CEA and 
CEACAM6 levels (Figure 1B-1D) along with increased 
activity of EPHA2 (Supplementary Figure 3C) and 
produce a higher liver metastatic burden (Figure 1E). To 
examine whether these proteins (i.e. CEACAM1, CEA, 
CEACAM6 and EPHA2) are associated with clinical 
outcomes in CRC patient cohorts, we screened the TCGA 
RNA-Seq database and evaluated 514 colon and rectal 
tumor samples of all stages for CEACAM1 expression 
in correlation with CEACAM5 (CEA), CEACAM6 and 
EPHA2 over a 10-year survival period. EPHA2 displays a 
complex expression pattern in CRC patients, with greater 
expression in CRC stages 1 and 2 than in stages 3 and 
4, with marked down-regulation in metastatic cases [26, 
46]. EPHA2 expression acts as a driver of migration 
and invasion and represents a poor prognostic marker in 
CRC [26]. Previous studies have shown that CEA and 
CEACAM6 are markers of poor outcome and tumor 
recurrence in several types of cancers including CRC [2, 
47, 48]. In addition, plasma-based CEA levels are utilized 
for surveillance of CRC recurrence and monitoring of 
disease status [49].

Using univariate (Supplementary Table 1) 
and multivariate (Table 1) linear regression models, 
we evaluated associations between the CEACAM1, 
CEACAM5, CEACAM6 and EPHA2 mRNA levels in 
tumors and clinicopathological parameters relative to age, 
gender, primary tumor site presentation, primary lymphatic 
presentation (i.e. a yes/no/unknown indicator whether a 
lymph node assessment was performed at the primary 
presentation of disease), lymphatic and venous invasion. In 

multivariate analyses (Table 1), as described in Materials 
and Methods, the most significant p value associations (P 
< 0.1) based on analyses of low or high expression of each 
mRNA in stages 3 and 4 tumors or in tumors of all stages 
(T1-T4) were: as single genes, CEACAM1 expression with 
male patients and primary lymphatic presentation in aged 
patients; CEACAM5 expression with primary lymphatic 
presentation in aged male and female patients; CEACAM6 
expression with female patients at the primary tumor site; 
and finally, EPHA2 expression with primary tumor site 
and primary lymphatic presentation in aged male patients 
and venous invasion. When examining multiple gene 
associations together, CEACAM5, CEACAM6 and EPHA2 
expression were significant with clinical presentation in 
the sigmoid colon whereas CEACAM1, CEACAM5 and 
EPHA2 expression, with primary lymphatic presentation 
in patients ≥ 60 years of age. In univariate analyses 
(Supplementary Table 1), CEACAM1, CEACAM5 and 
CEACAM6 expression showed significant association 
with primary tumor site, while EPHA2 expression was 
associated with both lymphatic and venous invasion.

We next performed survival analysis examining 
either new metastatic tumor recurrences or death of 
patients enrolled in the TCGA study (TCGA version 
January 2016) (Figure 4). Of 514 patients of all stages, 
104 developed new metastatic lesions and were considered 
as “events” in the analysis (94 for T3 and T4 stages). 
High CEACAM1 expression is significantly predictive 
of a better 10-year overall survival in stage 3 and 4 
tumors (Figure 4A, P < 0.05) as well as in tumors of 
all stages (Supplementary Figure 6A, P < 0.1). Kaplan-
Meier analyses also indicated that patients exhibiting low 
EPHA2 expression in either stage 3 and 4 (Figure 4B, P < 
0.05) or those of all stages (Supplementary Figure 6B, P < 
0.1) fared better over a 10-year survival course in terms of 

Figure 3: Cross-talk between EPHA2 RTK and CEACAM1 in MC38 cells. MC38-CT, -CC1-L or -CC1-FF cells were treated 
with 1 μM DMSO or ALW-II-41-27 for 2 h, followed or not by stimulation with EFNA1-Fc (2 μg/ml) in the last 15 min of treatments. 
Phospho-tyrosine (pTyr) immunoprecipitates were analyzed for CEACAM1 and pEPHA2-Tyr588, while CEACAM1 immunoprecipitates 
were immunoblotted for CEACAM1 and SHP-1.
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time to first recurrence/metastasis, whereas the CEACAM6 
expression was not statistically indicative despite showing 
a similar trend (Figure 4C, P = 0.244 for T3 and T4 stages; 
Supplementary Figure 6C, P = 0.133 for all stages). On the 
other hand, high CEACAM5 RNA expression correlated 
with better overall outcome (Figure 4D, P < 0.05 for T3 
and T4 stages; Supplementary Figure 6D, P < 0.1 for all 
stages). When these same genes (CEACAM5, CEACAM6 
and EPHA2) were analyzed with the added interaction of 
CEACAM1 high/low expression, we denoted that some 
patients with higher CEACAM1 expression in concordance 
with the low expression of either EPHA2 or CEACAM6 
exhibited better outcome than those displaying low 
CEACAM1 expression and high EPHA2 or CEACAM6 
expression (Figure 4E and 4F, blue versus green lines 
for T3 and T4 stages; Supplementary Figure 6E and 6F, 
blue versus green lines for all stages). This is reminiscent 
of the MC38-CT and HT29 CC1KD cells. In addition, 
patients exhibiting high expression of both CEACAM1 and 
CEACAM6 genes had a much poorer outcome than those 
with high CEACAM1 and low CEACAM6 expression 
(Figure 4F, blue versus yellow line for T3 and T4 stages; 
Supplementary Figure 6F, blue versus yellow line for all 
stages), confirming the importance of other CEACAM 
family members in CRC metastasis. However, the 
added interaction of CEACAM5 did not reach statistical 
significance in any of the patient cohorts (Figure 4G and 
Supplementary Figure 6G).

Furthermore, combining high CEACAM1 with 
low EPHA2 and low CEACAM6 expression showed 
very significant correlations whether in advanced 
disease stages (Figure 4H, blue line) or throughout CRC 
development (Supplementary Figure 6H, blue line) as 
compared to patients expressing high CEACAM1/high 
CEACAM6/high EPHA2 (Figure 4H and Supplementary 
Figure 6H, purple lines) or those expressing low 
CEACAM1/ high CEACAM6/high EPHA2 (Figure 4H 
and Supplementary Figure 6H, brown lines). Regarding 
CEACAM5 combination effect, although similar trends 
could be observed in survival curves, the P values 
however, did not reach statistical threshold (Figure 4I 
and Supplementary Figure 6I) except in the case of high 
CEACAM1/low CEACAM5/low EPHA2 as compared to 
low CEACAM1/high CEACAM5/high EPHA2 in tumors 
of all stages (Supplementary Figure 6I). Results obtained 
with the CEACAM1, EPHA2 and CEACAM6 analysis in 
CRC patients therefore validate the experimental model 
developed with the MC38 and HT29 metastatic cell 
lines herein, such that high CEACAM1 with low EPHA2 
expression along with added interaction of CEACAM6 
(in the case of human cells) in poorly differentiated 
CRC carcinomas constitutes a signature for significantly 
reduced CRC liver metastasis and overall better outcome. 
The lack of significant correlation between disease 
outcome and added expression of CEACAM5 in patient 
cohorts may arise from the fact that the TCGA data are 

Table 1: P values for multivariate analyses of associations between clinicopathological data and expression of 
quantile-normalized CEACAM1, CEACAM5, CEACAM6 and EPHA2 genes*

Stages
CEACAM1 CEACAM5 CEACAM6 EPHA2

T3-T4 T1-T4 T3-T4 T1-T4 T3-T4 T1-T4 T3-T4 T1-T4

Age ≥60 0.227 0.247 0.138 0.282 0.205 0.455 0.893 0.688

< 60 0.524 0.297 0.294 0.059 0.976 0.553 0.226 0.320

Gender M 0.078 0.056 0.693 0.449 0.820 0.895 0.723 0.865

F 0.517 0.674 0.359 0.920 0.018 0.092 0.484 0.304

Primary tumor site SC 0.568 0.240 0.036 0.010 0.357 0.049 0.049 0.013

R 0.201 0.133 0.704 0.659 0.438 0.319 0.208 0.271

Primary lymphatic presentation ≥ 60 0.013 0.015 5×10-5 6×10-5 0.233 0.202 0.012 0.013

< 60 0.848 0.997 0.987 0.746 0.734 0.809 0.917 0.892

M 0.348 0.381 0.035 0.047 0.262 0.268 0.091 0.095

F 0.217 0.225 0.076 0.052 0.740 0.929 0.529 0.530

Lymphatic invasion 0.743 0.707 0.837 0.890 0.237 0.163 0.608 0.804

Venous invasion 0.782 0.256 0.786 0.299 0.436 0.210 0.021 0.041

* P values are indicated for associations between each of the genes and the indicated covariate, either for T3-T4 stages or 
T1-T4 stages; statistically significant values (P < 0.1) are indicated in bold italics. ≥ 60 or < 60, greater/equal or lower than 
60 years of age; M, male; F, female; SC, sigmoid colon; R, rectum. Primary lymphatic presentation: The yes/no/unknown 
indicator whether a lymph node assessment was performed at the primary presentation of disease.
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based on transcriptional measurements rather than serum 
CEA levels. Although several studies have shown that 
high serum CEA levels represent a poor outcome [49, 50], 

the prognostic value of CEA in cancer patients as well as 
its effect on tumor cell survival is widely debated (see 
further in the discussion section).

Figure 4: Kaplan-Meier survival analysis. Kaplan-Meier survival analysis was performed on 403 colon and rectal tumor samples of 
T3-T4 stages examining either new metastatic tumor recurrences or death of patients enrolled in TCGA. (A-I) Survival data are shown for: 
(A) CEACAM1, (B) EPHA2, (C) CEACAM6, (D) CEACAM5, (E) combination of CEACAM1 with EPHA2 expression, (F) combination of 
CEACAM1 with CEACAM6 expression, (G) combination of CEACAM1 with CEACAM5 expression, (H) combination of CEACAM1 with 
CEACAM6 and EPHA2 expression, (I) combination of CEACAM1 with CEACAM5 and EPHA2 expression. For each gene combination, 
the patients were classified into high- or low-expressing groups according to whether the expression of the candidate gene was greater 
or smaller than the median expression of the candidate gene. The x-axis shows either time to first recurrence/metastasis or time to death 
in days; the y-axis shows proportion without progression. Progression is defined as metastasis recurrence or progression at the initial 
tumor site. For ease of comparisons in combination plots, individual P values have been depicted underneath the survival plots. P value 
significance, P < 0.1. Note that CEA is referred to CEACAM5 in the new nomenclature. However, given the retention of CEA name in 
CEACAM research community, we have used the original name i.e. CEA throughout the current study except in the TCGA results section 
where CEACAM5 is the given name in the TCGA database.
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DISCUSSION

Our group has recently shown that CEACAM1-L 
expression in murine MC38 poorly differentiated CRC 
cells dramatically reduced experimental liver metastasis as 
a consequence of diminished STAT3 activity and lessened 
CCL2 chemokine expression [22]. This was validated 
in a cohort of CRC patients demonstrating improved 
overall 10-year survival with high CEACAM1/low STAT3 
inflammatory signature expression. To better understand 
CEACAM1-L’s role in inhibition of CRC liver metastasis, 
we first examined a large panel of murine and human 
CRC cells expressing CEACAM1 or not. This not only 
enabled us to take into consideration genetic diversity of 
CRC cells, but also allowed us to examine involvement of 
other CEACAM family members in metastatic outcome. 
The impact of CEACAM expression on malignant tumors 
is still controversial and only a few studies have examined 
tandem tumor expression of several CEACAM molecules 
[51–55]. Moreover, our experimental setting benefited 
from use of both syngeneic immunocompetent (for murine 
CRC cells) and immunodeficient (for human CRC cells) 
mice, where immune differences can significantly impact 
the metastatic process. Although in this study we focused 
on the KRAS and SMAD4 genetic mutations to categorize 
our CRC cell lines, [30–33, 56], we cannot disregard 
several other genes (e.g. BRAF, PIK3CA, c-MET) whose 
mutations can further impact the CRC patient disease 
outcome. Of all CRC cells tested in this study, only 
MC38 and HT29 produced different metastasis outcomes 
upon altered CEACAM1 expression, with CEACAM1-L 
over-expression in MC38 suppressing and CEACAM1 
knockdown in HT29 enhancing liver metastasis. 
Although murine cells are intrinsically devoid of GPI-
linked CEACAMs (e.g. CEA and CEACAM6), abundant 
expression of both CEA and CEACAM6 in HT29 cells 
and their up-regulation upon CEACAM1 knockdown 
suggests that co-regulation of the three molecules can 
cooperatively affect metastasis development. Indeed, 
HT29 cells accurately represent CRC patient samples with 
expression of all three proteins [2]. Similar data by Singer 
et al. showed that interplay of CEACAM1, CEACAM5 
and CEACAM6 in human lung adenocarcinoma cells is 
critical for regulation of cell proliferation, differentiation 
and tumorigenicity [55].

Previously, we showed that CEACAM1-L-mediated 
reduction of liver metastasis is partly due to compromised 
STAT3 activity that results in reduced activity of CCL2-
CCR2 axis [22]. Transcriptome and phospho-RTK 
profiling of MC38 cells have now given further insights 
into mechanisms of CEACAM1-mediated reduction 
of metastasis; we have identified that CEACAM1-L 
acts as a negative regulator of the EPHA2 receptor Tyr 
kinase, also involved in CRC progression and liver 
metastasis [24–26], as judged by either lower EPHA2 Tyr 
phosphorylation in MC38-CC1-L cells or higher pEPHA2 

levels in HT29 CC1KD cells. Indeed, EFNA1 triggering 
of CEACAM1-L-expressing cells modified pEPHA2-
Tyr588 phosphorylation, pSTAT3 dephosphorylation 
kinetics and pAKT activation relative to MC38-CT 
cells. Moreover, CEACAM1-L-expressing cells have 
reduced expression and activity of EPHA2, consequently 
exhibiting less sensitivity to inhibitory effects of 
ALW-II-41-27 (EPHA2 inhibitor) on proliferation and 
migration. EPHA2 is also a regulator of cell migration 
and survival, which further emphasizes implication of 
STAT3 and SRC signaling pathways downstream of 
EPHA2/CEACAM1-L, confirming our previous findings 
[22]. Since CEACAM1-L does not directly associate with 
EPHA2, the recruitment of the SHP-1 Tyr phosphatase 
associating with both proteins [57, 58] could constitute a 
possible target involved in this phenotype. This hypothesis 
was addressed by immunoprecipitation experiments, 
where EFNA1 stimulation led to CEACAM1-L Tyr 
phosphorylation and recruitment of SHP-1. This effect 
was diminished upon treatment with the EPHA2 inhibitor 
and completely abolished in cells expressing Tyr-mutated 
isoform of CEACAM1-L. This corresponds to a common 
theme observed with several other RTKs [2] where 
CEACAM1-L’s ITIM-associated pTyr moieties become 
docking sites for recruitment of phosphatases (including 
SHP-1), which in turn dephosphorylate nearby RTKs and 
negatively regulate downstream signaling (Figure 5).

The signaling association between CEACAM1-L 
and EPHA2 is further strengthened by the RNAseq 
data of TCGA samples indicating that patients with 
high CEACAM1/low EPHA2 expression exhibit a more 
favorable 10-year survival outcome than those having 
low CEACAM1/high EPHA2 expression. This signature 
becomes even more significantly representative of our 
experimental setting: CRC patients whose samples were 
collected in TCGA database with demonstrated high 
CEACAM1/low EPHA2/low CEACAM6 expression 
benefited from a much better prognosis and longer 
survival. Given that EPHA2 is one of the key regulators 
of cell proliferation, migration, invasion and metastatic 
spread, targeting this RTK in several types of cancers 
including breast [59], CRC [24, 26, 60, 61], lung [44], 
brain [62] and prostate [63] impairs tumor growth and 
metastasis. Our results also suggest that a combined 
targeting approach of at least 2 targets (EPHA2 and 
CEACAM6) might highly improve survival of certain 
CRC patients. On the other hand, our result denoting 
correlation of high CEACAM5 expression with better 
overall outcome is in contrast with high serum CEA levels 
representing a poor outcome prognostic marker [49, 50]. 
The prognostic value of CEA in cancer patients as well as 
its effect on tumor cell survival is widely debated. Singer 
et al. demonstrated that human lung adenocarcinoma 
cells expressing CEA have significantly reduced survival 
[55], while Spindler et al. showed that pre-treatment CEA 
plasma levels of patients with metastatic CRC treated 
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with Cetuximab and Irinotecan were not associated 
with differences in overall survival or progression-free 
survival, while TIMP-1 showed significant prognostic 
value [64]. Similar controversial findings were discussed 
by Grunnet and Sorensen in their review of CEA use as 
a tumor marker in lung cancer [65]. Moreover, whether 
KRAS status or mutations of other cancer driver genes in 
CRC patients (TCGA database) might have led to lack 
of CEACAM5 interaction with the other studied genes 
(CEACAM1, CEACAM6 and EPHA2) will need further 
investigation.

In conclusion, the results of our study highlight 
several important points: they provide insight into 
complexity and diversity of CEACAM1, CEA and 
CEACAM6 expression and their functions in CRC 
metastasis. As schematized in Figure 5, our data have 
identified and validated a new signaling axis in poorly 
differentiated murine SMAD4-mutated and wild-type 
RAS CRC cells that is influenced by the CEACAM1 
expression/activity. Upon activation of the EPHA2 

receptor by its cognate EFNA1 ligand, CEACAM1-L 
and STAT3 become tyrosine phosphorylated by either 
the EPHA2 kinase or a SRC-like kinase activated by 
this receptor (as shown by dotted lines in Figure 5). 
Phosphorylated STAT3 translocates to the nucleus to 
exert its transcriptional activity, thus activating several 
signaling pathways resulting in heightened cytokine 
expression, cell proliferation, migration and invasion. 
Tyrosine phosphorylation of CEACAM1-L provokes the 
recruitment to the vicinity of the receptor and association 
with the tyrosine phosphatase SHP-1 that then decreases 
inherent tumor cell EPHA2-mediated signaling along with 
reduced STAT3 activity, rendering the development of in 
vivo CRC liver metastasis inefficient. Many human CRC 
cells also express CEA and CEACAM6 that independently 
influence in vivo CRC liver metastasis (Figure 5). The 
effective delivery of novel EPHA2 specific inhibitors [66] 
or STAT3 inhibitors [67] may thus become therapeutic 
modalities available for some CRC metastatic patients in 
the future. Finally, our proposed signature combining three 

Figure 5: Schematic diagram depicting CEACAM1-L association with SHP-1, as a proposed mechanism for negative 
regulation of metastasis. Several studies have demonstrated that CEACAM1-L acts as a co-receptor and a negative regulator of many 
receptor Tyr kinases (RTKs), thereby leading to very diverse phenotypes in different cells types. Through a series of studies from our 
laboratory [2, 22, 38, 49, 61, 62], we are showing that in mouse CRC cells, CEACAM1-L’s ITIM-associated pTyr moieties (488 and 515) 
become a docking site for recruitment of SHP-1 phosphatase, which can in turn dephosphorylate nearby RTKs (EPHA2 in the current 
study), negatively regulate downstream signaling and impact on metastasis. Similar scenarios can be envisaged in the case of human CRC 
cells, however, with the added complexity from expression of two other CEACAM family members i.e. CEA and CEACAM6.
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genes (high CEACAM1/low EPHA2/low CEACAM6) can 
be used for screening and identifying CRC patients with 
better outcome.

MATERIALS AND METHODS

Cell lines and cell culture

Metastatic mouse MC38 and CT26 CRC cells 
were maintained in either D-MEM (Life Technologies, 
Carlsbad, California) or A-MEM (Wisent, St-Bruno, 
Quebec) respectively. The human CRC cells were 
maintained in RPMI 1640 (Life Technologies, Carlsbad, 
California) (for HCT116, Colo320 and KM12), A-MEM 
(for HT29, LS174T and LS180) or D-MEM (for SW620). 
All media were supplemented with 10% heat-inactivated 
fetal bovine serum (FBS, Life Technologies, Carlsbad, 
California), 100 U/ml penicillin and 10μg/ml streptomycin 
(Wisent, St-Bruno, Quebec). Cells were grown in a 
humidified incubator with 5% CO2 at 37oC. Stable CC1 
KD human cell lines (HT29, SW620 and KM12) were 
generated with pLKO.1 vector (with puromycin as 
selection) containing the human CEACAM1 shRNA, 
while for CEACAM1-L stable overexpression in CC1-L 
lines (LS174T, LS180 and Colo320), we used PQCXIB 
vector (with Blasticidin as selection) containing the human 
CEACAM1-L cDNA. All control cell lines (CT) were 
generated using the same empty vectors. HT29 and KM12 
cells were subjected to lentiviral infection, while the others 
were transfected using Lipofectamine (Life Technologies, 
Carlsbad, California). MC38, CT26 and HCT116 cells 
expressing either the murine CEACAM1-L (MC38 and 
CT26) or human CEACAM1-L (HCT116) or empty (CT) 
constructs have been reported elsewhere [68–70]. MC38 
cell lines were subjected to incubation with 1 μM of 
either ALW-II-41-27 or NG-25 (MedChem Express, NJ; 
dissolved in DMSO), with 20 ng/ml of mouse epidermal 
growth factor (EGF) (Sigma; Saint-Louis, MO) or 2 μg/ml 
of EFNA1 (R & D Systems; Minneapolis, MN).

Immunoblot analyses

Cell pellets were lysed in the buffer described [19]. 
Proteins were separated on SDS-PAGE gels, transferred to 
PVDF membranes and immunoblotted with the following 
antibodies (Supplementary Table 3): phospho- and total 
STAT3, ERK, AKT, EPHA2 (Tyr588 and Ser897), ERBB2 
(Tyr1221 and Tyr877), PDGFRA, SRC, p38, S6K1B, S6, 
BAD, cleaved caspase3 (all from Cell Signaling, Danvers, 
MA), pTyr 4G10 (Millipore, Billerica, MA), SHP-1 
(kind gift from Dr. A. Veillette), mouse CC1 (kind gift 
from Dr. K.V. Holmes), human CEACAM1 (Millipore, 
Billerica, MA), CEA (kind gift from Dr. C. P. Stanners), 
CEACAM6 (BioLegend, San Diego, CA), SMAD4 (Santa 
Cruz, Dallas, TX) and beta-Actin (BD Biosciences). The 
secondary HRP anti-rabbit or -mouse antibodies (GE 
Healthcare, Baie-D’Urfe, Quebec) were detected using the 

Western Lightning Plus-ECL kit (Perkin-Elmer, Waltham, 
MA).

Immunoprecipitation

MC38 cells were treated with either 1 μM ALW-
II-41-27 (MedChem Express, NJ; dissolved in DMSO) 
or 1 μM DMSO for 2 h, followed by EphrinA1 (R & D 
Systems; Minneapolis, MN; 2 μg/ml) stimulation in the 
last 15 min of treatments. Cells were then lysed in the 
buffer described [19]. 400 μg of Lysates was subjected to 
immunoprecipitation using either 4G10 anti-pTyr mAb, or 
anti-mouse CC1 mAb. Immunoprecipitates were analyzed 
by SDS-PAGE and immunodetection was performed as 
described above (Supplementary Table 3) using mouse 
CC1, pEPHA2 (Tyr588), and SHP-1 antibodies.

In vivo experiments and metastasis induction

For mouse CRC metastasis assays, 8 - 10 week old 
C57BL/6 or BALB/c wild-type mice (Harlan; Montreal, 
Quebec) received an intrasplenic injection of 2 × 105 
viable MC38 or CT26 cells, respectively. For human CRC 
cell lines, 8 - 10 week old SCID Beige mice (Charles 
River Laboratories; St-Constant, Quebec) were injected 
intrasplenicaly with either 1 × 106 (LS174T, LS180, 
SW620 and Colo320) or 2 × 106 (HT29, HCT116 and 
KM12) cells. All CRC cells were resuspended in 50-100 
μl of phosphate-buffered saline (PBS), injections were 
performed under general anesthesia and followed by 
splenectomy 3 min post-injections. Mice were sacrificed 
either 2 weeks (for mouse CRC cells) or 4-6 weeks 
(for human CRC cells) post-injection and tissues were 
collected to assess liver metastasis. All experiments were 
repeated twice with a minimum of 10 mice per condition.

Ethics statement

This investigation has been conducted in accordance 
with the ethical standards and according to the Declaration 
of Helsinki and according to national and international 
guidelines. All experimental animal procedures were 
approved by the McGill University Animal Ethics 
committee (protocol 5008) in accordance with the 
guidelines of the Canadian Committee on Animal Care.

Proliferation, migration and invasion assays

MC38-CT and -CC1-L cells were plated in 16-well 
E-Plates or CIM-Plates (ACEA Biosciences; San Diego, 
CA) and proliferation, migration and invasion were 
measured in real-time using an xCELLigence instrument 
(Roche; Basel, Switzerland) with assays performed in the 
presence of 1μM ALW-II-41-27 or NG-25 or DMSO. Fetal 
bovine serum (FBS; 10%) was used as chemoattractant in 
migration and invasion assays, with serum-free medium 
(SFM) as a negative control. Invasion assays were also 
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performed using Matrigel-coated BD Falcon Cell Culture 
Inserts (BD Biosciences; Durham, NC) as described [71].

RNA extraction, cDNA synthesis and qPCR

Total RNA was isolated using the Qiagen 
RNeasy mini kit (Qiagen, Toronto, ON). To quantify 
gene expression levels, equal amounts of cDNA were 
synthesized using the InVitrogen cDNA synthesis kit 
(InVitrogen, Carlsbad, CA) and mixed with the hot 
start reaction SYBR Green I PCR master mix (Roche 
Diagnostics, Indianapolis, IN, USA) containing 10 μM 
of the primers (BioCorp; Dollard-Des Ormeaux, Quebec) 
described in Supplementary Table 2. Psmb6 or RPLP was 
amplified as an internal control. All qPCR reactions for 
mouse primers were conducted using the LightCycler® 
480 Instrument (Roche Life Science, Indianapolis, IN, 
USA) at 95°C for 5 min, followed by 45 cycles of 95°C 
for 10 s, 60°C for 10 s and 72°C for 10 s. Using primers 
for the human cDNAs, the reactions were performed at 
95°C for 10 min, followed by 45 cycles of 95°C for 15 
s, 60°C for 20 s and 72°C for 20 s. The specificity of 
the reaction was verified by melting curve analysis. The 
relative quantification of each mRNA was performed 
using the comparative Ct method. Data processing was 
performed using LightCycler® 480 software (Roche Life 
Science).

Transcriptome and phospho-receptor tyrosine 
kinase (RTK) screen analysis

MC38-CT and -CC1-L RNA (n = 4 independent) 
was prepared for microarrays studies. Hybridization of 
samples was performed by the Centre d’Innovation de 
Genome Quebec facility (Montreal, QC, Canada) on 
Illumina chips (MouseWG-6_V2). The quality control 
of each chip was performed as recommended by the 
lumi package [72]. A filtering step was applied based 
on detection of P (< 0.05), representing the probability 
of the observed signal being significantly different than 
the background signal (noise). We retained only probes 
with a detection P < 0.05 in 50% of replicates in each 
experimental group. The VST algorithm was applied 
to stabilize variance of the raw expression level [73] 
and normalization was applied with the Robust spine 
normalization (RSN) algorithm included in lumi package. 
Differential analysis of the conditions of experiment 
was then performed using one-way ANOVA (by limma 
package) and we retained only the probes with a F-value 
< 0.05 and FDR < 0.05 (total of 5697 probes). Further 
functional analyses were performed on these selected 
probes. Data were deposited at GEO (Gene Expression 
Omnibus; http://www.ncbi.nlm.nih.gov/geo/info/
submission.html) under accession number GSE73208. 
For phospho-RTK determination, cell lysate samples 
of MC38-CT and -CC1-L cells were applied to mouse 

Phospho-Receptor Tyrosine Kinase Array (R&D Systems) 
according to manufacturer’s instructions. Validation of 
candidate genes was performed using Q-PCR analyses on 
RNA isolated from independent samples. These results 
were validated on independent samples using qPCR (see 
primers in Supplementary Table 2) or using total protein 
and phospho-protein antibodies.

Analysis of patient samples using the Cancer 
Genome Atlas (TCGA)

Data were analyzed from the January 2016 
version of the TCGA colon and rectal adenocarcinoma 
(COADREAD) dataset. When colon and rectal carcinomas 
were sequenced on both Illumina HiSeq & GA platforms, 
only the HiSeq results were used. Zero reads were 
replaced with a random number based on the mean and 
standard deviation of very low read numbers (where the 
number of reads is smaller than 1). Two normalization 
methods were used, quantile normalization of all samples, 
and a Z-transformation of batches with at least 10 samples. 
For the Z-transformation, the overall mean of gene 
expression in each batch was Z-transformed to have mean 
0 and standard deviation of 1. This gauged if a gene was 
expressed at a high or low level within this specific batch, 
and corrected for batch-specific effects. The batch-specific 
Z-filtered and quantile scores were used in all further 
survival calculations. First recurrence or progression was 
defined as the minimum of the six follow-up variables, 
days_to_new_tumor_event_after_initial_treatment in the 
TCGA COADREAD clinical dataset (columns 458, 481, 
501, 518, 525, 561). There were 514 samples with both 
gene expression and survival data, and of these, time to 
first recurrence/metastasis was available for 104, and time 
to death was available for 103. Only 479 (95 recurrence/
metastasis events) were included in the Z-transformed 
analysis restricting to batches of 10 or more samples. 
T3, T4, T4a and T4b colorectal carcinomas were also 
separately analyzed which narrowed the number of 
samples to either 335, from which time of first recurrence/
metastasis was available for 71 (Z-normalization) or 
403, from which time of first recurrence/metastasis was 
available for 94 (Q-normalization). Results of the time to 
recurrence analyses should be interpreted as suggestive 
only, since no corrections for multiple testing were used.

Statistical analysis

All data is expressed as mean ± SEM. Statistical 
analyses were performed using GraphPad Prism 6 software 
(GraphPad Software, Inc. La Jolla, CA, USA) or R (www.
cran-r.project.org). Results were considered significant 
if P ≤ 0.05 using either a Student two-tailed t test or 
one way-ANOVA and the Bonferroni post-test multiple 
testing correction. Multivariate linear regression models 
were used to examine associations between CEACAM1 
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expression and other genes, correcting for age, gender, 
primary tumor site, primary lymphatic presentation, 
lymphatic invasion, and venous invasion. Survival 
analysis used Kaplan-Meier curves with significance set 
at 0.1.
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Author contributions

AA was responsible for acquisition of data, analysis 
and interpretation of data and drafting of the manuscript. 
VB and LVDK provided technical support. KM, CMTG 
and UDA analyzed the TCGA data. AA and NB were 
responsible for the study concept and design, and wrote 
the manuscript.

ACKNOWLEDGMENTS

The authors wish to thank the personnel of the 
Goodman Cancer Research Centre Histology Core Facility 
for tissue processing. We are greatly indebted to Drs. 
Peter Siegel and Julie St-Pierre for insightful discussions, 
Marie-Anne Goyette and Dr. Jean-François Coté (Institut 
des Recherches Cliniques de Montréal, Univ. of Montréal) 
for preliminary experiments with Gas6 and the AXL 
receptor, Dr. K.V. Holmes (Univ. of Colorado) for the kind 
gift of the anti-mouse CC1 mAb, Dr. A. Veillette (IRCM, 
Montreal) for the anti-SHP-1 Ab and Dr. C.P. Stanners for 
the anti-CEA mAb.

CONFLICTS OF INTEREST

NB declares that she is a consultant to Syntalogic 
that is developing immuno-oncology agents. Other authors 
declare no competing financial interests.

FUNDING

This work was funded by grants from the Canadian 
Institute of Health Research (grant number 86582 to NB 
and 300545 to CG), the National Research Council of 
Canada and the Weekend to End Women’s Cancers (CG), 
the “Fonds de Recherche du Québec en Santé” fellowship 
(AA) and the Canadian Institutes of Health Research 
studentship (LVDK).

REFERENCES

1. Allemani C, Rachet B, Weir HK, Richardson LC, Lepage C, 
Faivre J, Gatta G, Capocaccia R, Sant M, Baili P, Lombardo 
C, Aareleid T, Ardanaz E, et al. Colorectal cancer survival 
in the USA and Europe: a CONCORD high-resolution 
study. BMJ Open. 2013; 3:e003055.

2. Beauchemin N, Arabzadeh A. Carcinoembryonic antigen-
related cell adhesion molecules (CEACAMs) in cancer 
progression and metastasis. Cancer Metastasis Rev. 2013; 
32:643-671.

3. Gray-Owen SD, Blumberg RS. CEACAM1: contact-
dependent control of immunity. Nat Rev Immunol. 2006; 
6:433-446.

4. Müller MM, Klaile E, Vorontsova O, Singer BB, Obrink 
B. Homophilic adhesion and CEACAM1-S regulate 
dimerization of CEACAM1-L and recruitment of SHP-2 
and c-Src. J Cell Biol. 2009; 187:569-581.

5. Poy MN, Yang Y, Rezaei K, Fernstrom MA, Lee AD, Kido 
Y, Erickson SK, Najjar SM. CEACAM1 regulates insulin 
clearance in liver. Nat Genet. 2002; 30:270-276.

6. Xu E, Leung N, Dubois MJ, Charbonneau A, Streichert T, 
Elcheby M, Turbide C, Lévy E, Beauchemin N, Marette 
A. Targeted disruption of Ceacam1 promotes diet-induced 
hepatic steatosis and insulin resistance. Endocrinology. 
2009; 150:3503-3512.

7. Ergün S, Kilic N, Ziegeler G, Hansen A, Nollau P, Götze 
J, Wurmbach JH, Horst A, Weil J, Fernando M, Wagener 
C. CEA-related cell adhesion molecule 1 (CEACAM1): a 
potent angiogenic factor and a major effector of vascular 
endothelial growth factor (VEGF). Mol Cell. 2000; 
5:311-320.

8. Huang YH, Zhu C, Kondo Y, Anderson AC, Gandhi A, 
Russell A, Dougan SK, Petersen BS, Melum E, Pertel T, 
Clayton KL, Raab M, Chen Q, et al. CEACAM1 regulates 
TIM-3-mediated tolerance and exhaustion. Nature. 2015; 
517:386-390.

9. Horst A, Bickert T, Brewig N, Schumacher U, Beauchemin 
N, Fleischer B, Wagener C, Ritter U. CEACAM1+ myeloid 
cells control angiogenesis in inflammation. Blood. 2009; 
113:6726-6736.

10. Pan H, Shively JE. Carcinoembryonic antigen-related 
cell adhesion molecule-1 regulates granulopoiesis by 
inhibition of granulocyte colony-stimulating factor receptor. 
Immunity. 2010; 33:620-631.

11. Dankner M, Gray-Owen SD, Huang YH, Blumberg RS, 
Beauchemin N. CEACAM1 as a multi-purpose target in 
immunotherapy. Oncoimmunology. 2017; 6:e1328336.

12. Ieda J, Yokoyama S, Tamura K, Takifuji K, Hotta T, 
Matsuda K, Oku Y, Nasu T, Kiriyama S, Yamamoto N, 
Makamura Y, Shively JE, Yamaue H. Re-expression of 
CEACAM1 long cytoplasmic domain isoform is associated 
with invasion and migration of colorectal cancer. Int J 
Cancer. 2011; 129:1351-1361.

13. Zippel D, Barlev H, Ortenberg R, Barshack I, Schachter J, 
Markel G. A longitudinal study of CEACAM1 expression 
in melanoma disease progression. Oncol Rep. 2015; 
33:1314-1318.

14. Dango S, Sienel W, Schreiber M, Stremmel C, Kirschbaum A, 
Pantel K, Passlick B. Elevated expression of carcinoembryonic 
antigen-related cell adhesion molecule 1 (CEACAM-1) is 



Oncotarget104344www.impactjournals.com/oncotarget

associated with increased angiogenic potential in non-small-
cell lung cancer. Lung Cancer. 2008; 60:426-433.

15. Liu W, Wei W, Winer D, Bamberger AM, Bamberger 
C, Wagener C, Ezzat S, Asa SL. CEACAM1 impedes 
thyroid cancer growth but promotes invasiveness: a 
putative mechanism for early metastases. Oncogene. 2007; 
26:2747-2758.

16. Zhou CJ, Liu B, Zhu KX, Zhang QH, Zhang TG, Xu WH, 
Wang HB, Yu WH, Qu YD, Wang HJ, Wu HL, Sun SZ, 
Guo JQ. The different expression of carcinoembryonic 
antigen-related cell adhesion molecule 1 (CEACAM1) and 
possible roles in gastric carcinomas. Pathol Res Pract. 2009; 
205:483-489.

17. Nouvion AL, Oubaha M, LeBlanc S, Davis EC, Jastrow H, 
Kammerer R, Breton V, Turbide C, Ergun S, Gratton JP, 
Beauchemin N. CEACAM1: a key regulator of vascular 
permeability. J Cell Sci. 2010; 123:4221-4230.

18. Lu R, Kujawski M, Pan H, Shively JE. Tumor angiogenesis 
mediated by myeloid cells is negatively regulated by 
CEACAM1. Cancer Res. 2012; 72:2239-2250.

19. Arabzadeh A, Chan C, Nouvion AL, Breton V, Benlolo 
S, DeMarte L, Turbide C, Brodt P, Ferri L, Beauchemin 
N. Host-related carcinoembryonic antigen cell adhesion 
molecule 1 promotes metastasis of colorectal cancer. 
Oncogene. 2013; 32:849-860.

20. Gerstel D, Wegwitz F, Jannasch K, Ludewig P, Scheike 
K, Alves F, Beauchemin N, Deppert W, Wagener C, 
Horst AK. CEACAM1 creates a pro-angiogenic tumor 
microenvironment that supports tumor vessel maturation. 
Oncogene. 2011; 30:4275-4288.

21. Samineni S, Zhang Z, Shively JE. Carcinoembryonic 
antigen-related cell adhesion molecule 1 negatively 
regulates granulocyte colony-stimulating factor production 
by breast tumor-associated macrophages that mediate tumor 
angiogenesis. Int J Cancer. 2013; 133:394-407.

22. Arabzadeh A, Dupaul-Chicoine J, Breton V, Haftchenary 
S, Yumeen S, Turbide C, Saleh M, Greenwood CC, 
Akavia UD, Blumberg RS, Gunning PT, Beauchemin N. 
Carcinoembryonic antigen cell adhesion molecule 1 long 
isoform modulates malignancy of poorly differentiated 
colon cancer cells. Gut. 2016; 65:821-829.

23. Pasquale EB. Eph receptors and ephrins in cancer: 
bidirectional signalling and beyond. Nat Rev Cancer. 2010; 
10:165-180.

24. Herath NI, Boyd AW. The role of Eph receptors and 
ephrin ligands in colorectal cancer. Int J Cancer. 2010; 
126:2003-2011.

25. Saito T, Masuda N, Miyazaki T, Kanoh K, Suzuki H, 
Shimura T, Asao T, Kuwano H. Expression of EphA2 and 
E-cadherin in colorectal cancer: correlation with cancer 
metastasis. Oncol Rep. 2004; 11:605-611.

26. Dunne PD, Dasgupta S, Blayney J, McArt DG, Redmond 
KL, Weir JA, Bradley CA, Sasazuki T, Shirasawa S, 
Wang T, Srivastava S, Ong CW, Arthur K, et al. EphA2 

expression is a key driver of migration and invasion and 
a poor prognostic marker in colorectal cancer. Clin Cancer 
Res. 2015; 22:230-242.

27. Bacolod MD, Barany F. Molecular profiling of colon 
tumors: the search for clinically relevant biomarkers of 
progression, prognosis, therapeutics, and predisposition. 
Ann Surg Oncol. 2011; 18:3694-3700.

28. Cui S, Chang PY. Current understanding concerning 
intestinal stem cells. World J Gastroenterol. 2016; 
22:7099-7110.

29. Mármol I, Sánchez-de-Diego C, Pradilla Dieste A, Cerrada 
E, Rodriguez Yoldi MJ. Colorectal carcinoma: a general 
overview and future perspectives in colorectal cancer. Int J 
Mol Sci. 2017; 18:E197.

30. Zhang B, Halder SK, Zhang S, Datta PK. Targeting 
transforming growth factor-beta signaling in liver metastasis 
of colon cancer. Cancer Lett. 2009; 277:114-120.

31. Janakiraman M, Vakiani E, Zeng Z, Pratilas CA, Taylor BS, 
Chitale D, Halilovic E, Wilson M, Huberman K, Ricarte 
Filho JC, Persaud Y, Levine DA, Fagin JA, et al. Genomic 
and biological characterization of exon 4 KRAS mutations 
in human cancer. Cancer Res. 2010; 70:5901-5911.

32. Zhang B, Halder SK, Kashikar ND, Cho YJ, Datta A, 
Gorden DL, Datta PK. Antimetastatic role of Smad4 
signaling in colorectal cancer. Gastroenterology. 2010; 
138:969-980.

33. Fleming NI, Jorissen RN, Mouradov D, Christie M, 
Sakthianandeswaren A, Palmieri M, Day F, Li S, Tsui C, 
Lipton L, Desai J, Jones IT, McLaughlin S, et al. SMAD2, 
SMAD3 and SMAD4 mutations in colorectal cancer. 
Cancer Res. 2013; 73:725-735.

34. Beauchemin N, Draber P, Dveksler G, Gold P, Gray-
Owen S, Grunert F, Hammarstrom S, Holmes KV, 
Karlsson A, Kuroki M, Lin SH, Lucka L, Najjar SM, 
et al. Redefined nomenclature for members of the 
carcinoembryonic antigen family. Exp Cell Res. 1999; 
252:243-249.

35. Neill T, Schaefer L, Iozzo RV. Oncosuppressive functions of 
decorin. Mol Cell Oncol. 2015; 2:e975645. https://doi.org/1
0.4161/23723556.2014.975645.

36. Santra M, Skorski T, Calabretta B, Lattime EC, Iozzo RV. 
De novo decorin gene expression suppresses the malignant 
phenotype in human colon cancer cells. Proc Natl Acad Sci 
U S A. 1995; 92:7016-7020.

37. Bi X, Tong C, Dockendorff A., Bancroft L, Gallagher 
L, Guzman G, Iozzo RV, Augenlicht LH, Yang W. 
Genetic deficiency of decorin causes intestinal tumor 
formation through disruption of intestinal cell maturation. 
Carcinogenesis. 2008; 29:1435-1440.

38. Bi X, Pohl NM, Qian Z, Yang GR, Gou Y, Guzman G, 
Kajdacsy-Balla A, Iozzo RV, Yang W. Decorin-mediated 
inhibition of colorectal cancer growth and migration 
is associated with E-cadherin in vitro and in mice. 
Carcinogenesis. 2012; 33:326-330.



Oncotarget104345www.impactjournals.com/oncotarget

39. Shi C, He Z, Hou N, Ni Y, Xiong L, Chen P. Alpha 
B-crystallin correlates with poor survival in colorectal 
cancer. Int J Clin Exp Pathol. 2014; 7:6056-6063.

40. Cai D, Cao J, Li Z, Zheng X, Yao Y, Li W, Yuan Z. 
Up-regulation of bone marrow stromal protein 2 (BST2) 
in breast cancer with bone metastasis. BMC Cancer. 2009; 
9:102.

41. Choi Y, Syeda F, Walker JR, Finerty PJ Jr, Cuerrier 
D, Wojciechowski A, Liu Q, Dhe-Paganon S, Gray 
NS. Discovery and structural analysis of Eph receptor 
tyrosine kinase inhibitors. Bioorg Med Chem Lett. 2009; 
19:4467-4470.

42. Liu Y, Gray NS. Rational design of inhibitors that bind 
to inactive kinase conformations. Nat Chem Biol. 2006; 
2:358-364.

43. Moccia M, Liu Q, Guida T, Federico G, Brescia A, Zhao 
Z, Choi HG, Deng X, Tan L, Wang J, Billaud M, Gray NS, 
Carlomagno F, et al. Identification of novel small molecule 
inhibitors of oncogenic RET kinase. PLoS One. 2015; 
10:e0128364.

44. Amato KR, Wang S, Hastings AK, Youngblood VM, 
Santapuram PR, Chen H, Cates JM, Colvin DC, Ye F, 
Brantley-Sieders DM, Cook RS, Tan L, Gray NS, Chen J. 
Genetic and pharmacologic inhibition of EPHA2 promotes 
apoptosis in NSCLC. J Clin Invest. 2014; 124:2037-2049.

45. Beauchemin N, Kunath T, Robitaille J, Chow B, Turbide C, 
Daniels E, Veillette A. Association of biliary glycoprotein 
with protein tyrosine phosphatase SHP-1 in malignant colon 
epithelial cells. Oncogene. 1997; 14:783-790.

46. Kataoka H, Igarashi H, Kanamori M, Ihara M, Wang JD, 
Wang YJ, Li ZY, Shimamura T, Kobayashi T, Maruyama 
K, Nakamura T, Arai H, Kajimura M, et al. Correlation 
of EPHA2 overexpression with high microvessel count 
in human primary colorectal cancer. Cancer Sci. 2004; 
95:136-141.

47. Duffy MJ, Lamerz R, Haglund C, Nicolini A, Kalousová 
M, Holubec L, Sturgeon C. Tumor markers in colorectal 
cancer, gastric cancer and gastrointestinal stromal cancers: 
European group on tumor markers 2014 guidelines update. 
Int J Cancer. 2014; 134:2513-2522.

48. Johnson B, Mahadevan D. Emerging role and targeting of 
carcinoembryonic antigen-related cell adhesion molecule 6 
(CEACAM6) in human malignancies. Clin Cancer Drugs. 
2015; 2:100-111.

49. Zarour LR, Anand S, Billingsley KG, Bisson WH, 
Cercek A, Clarke MF, Coussens LM, Gast CE, Geltzeiler 
CB, Hansen L, Kelley KA, Lopez CD, Rana SR, et al. 
Colorectal cancer liver metastasis: evolving paradigms and 
future directions. Cell Mol Gastroenterol Hepatol. 2017; 
3:163-173.

50. Lee JH, Lee SW. The roles of carcinoembryonic antigen in 
liver metastasis and therapeutic approaches. Gastroenterol 
Res Pract. 2017; 2017:7521987.

51. Simeone DM, Baoan J, Banerjee M, Arumugham T, Li 
D, Anderson MA, Bamberger AM, Greenson J, Brand 
RE, Ramachandran V, Logsdon CD. CEACAM1, a novel 
serum biomarker for pancreatic cancer. Pancreas. 2007; 
34:436-443.

52. Duxbury MS, Matros E, Clancy T, Bailey G, Doff M, Zinner 
MJ, Ashley SW, Maitra A, Redston M, Whang EE. CEACAM6 
is a novel biomarker in pancreatic adenocarcinoma and PanIN 
lesions. Ann Surg. 2005; 241:491-496.

53. Strickland LA, Ross J, Williams S, Ross S, Romero M, 
Spencer S, Erickson R, Sutcliffe J, Verbeke C, Polakis 
P, van Bruggen N, Koeppen H. Preclinical evaluation of 
carcinoembryonic cell adhesion molecule (CEACAM) 6 as 
potential therapy target for pancreatic adenocarcinoma. J 
Pathol. 2009; 218:380-390.

54. Blumenthal RD, Leon E, Hansen HJ, Goldenberg DM. 
Expression patterns of CEACAM5 and CEACAM6 in 
primary and metastatic cancers. BMC Cancer. 2007; 7:2 
https://doi.org/10.1186/1471-2407-1187-1182.

55. Singer BB, Scheffrahn I, Kammerer R, Suttorp N, Ergun 
S, Slevogt H. Deregulation of the CEACAM expression 
pattern causes undifferentiated cell growth in human lung 
adenocarcinoma cells. PLoS One. 2010; 5:e8747.

56. Sarshekeh AM, Advani S, Overman MJ, Manyam G, Kee 
BK, Fogelman DR, Dasari A, Raghav K, Vilar E, Manuel 
S, Shureiqi I, Wolff RA, Patel KP, et al. Association of 
SMAD4 mutation with patient demographics, tumor 
characteristics, and clinical outcomes in colorectal cancer. 
PLoS One. 2017; 12:e0173345.

57. Huber M, Izzi L, Grondin P, Houde C, Kunath T, Veillette 
A, Beauchemin N. The carboxyl-terminal region of biliary 
glycoprotein controls its tyrosine phosphorylation and 
association with protein-tyrosine phosphatases SHP-1 and 
SHP-2 in epithelial cells. J Biol Chem. 1999; 274:335-344.

58. Miao H, Burnett E, Kinch M, Simon E, Wang B. Activation 
of EphA2 kinase suppresses integrin function and causes 
focal-adhesion-kinase dephosphorylation. Nat Cell Biol. 
2000; 2:62-69.

59. Song W, Hwang Y, Youngblood VM, Cook RS, Balko JM, 
Chen J, Brantley-Sieders DM. Targeting EphA2 impairs cell 
cycle progression and growth of basal-like/triple-negative 
breast cancers. Oncogene. 2017. https://doi.org/10.1038/
onc.2017.170.

60. Walkiewicz K, Kozieł P, Bednarczyk M, Błażelonis A, 
Mazurek U, Muc-Wierzgoń M. Expression of migration-
related genes in human colorectal cancer and activity of a 
disintegrin and metalloproteinase 17. Biomed Res Int. 2016; 
2016:8208904.

61. Cuyàs E, Queralt B, Martin-Castillo B, Bosch-Barrera J, 
Menendez JA. EphA2 receptor activation with ephrin-A1 
ligand restores cetuximab efficacy in NRAS-mutant 
colorectal cancer cells. Oncol Rep. 2017; 38:263-270.



Oncotarget104346www.impactjournals.com/oncotarget

62. Hamaoka Y, Negishi M, Katoh H. EphA2 is a key effector 
of the MEK/ERK/RSK pathway regulating glioblastoma 
cell proliferation. Cell Signal. 2016; 28:937-945.

63. Wang H, Lin H, Pan J, Mo C, Zhang F, Huang B, Wang Z, 
Chen X, Zhuang J, Wang D, Qiu S. Vasculogenic mimicry 
in prostate cancer: the roles of EphA2 and PI3K. J Cancer. 
2016; 7:1114-1124.

64. Spindler KL, Christensen IJ, Nielsen HJ, Jakobsen A, 
Brünner N. TIMP-1 and CEA as biomarkers in third-line 
treatment with irinotecan and cetuximab for metastatic 
colorectal cancer. Tumour Biol. 2015; 36:4301-4308.

65. Grunnet M, Sorensen JB. Carcinoembryonic antigen 
(CEA) as tumor marker in lung cancer. Lung Cancer. 2012; 
76:138-143.

66. Miao B, Ji Z, Taylor M, Zhang J, Choi HG, Frederick 
DT, Kumar R, Wargo JA, Flaherty KT, Gray NS, Tsao 
H. EphA2 is a mediator of vemurafenib resistance and a 
novel therapeutic target in melanoma. Cancer Discov. 2015; 
5:274-287.

67. Garg N, Bakhshinyan D, Venugopal C, Mahendram S, Rosa 
DA, Vijayakumar T, Manoranjan B, Hallett R, McFarlane 
N, Delaney KH, Kwiecien JM, Arpin CC, Lai PS, et al. 
CD133+ brain tumor-initiating cells are dependent on 

STAT3 signaling to drive medulloblastoma recurrence. 
Oncogene. 2017; 36:606-617.

68. Kunath T, Ordonez-Garcia C, Turbide C, Beauchemin 
N. Inhibition of colonic tumor cell growth by biliary 
glycoprotein. Oncogene. 1995; 11:2375-2382.

69. Turbide C, Kunath T, Daniels E, Beauchemin N. Optimal 
ratios of biliary glycoprotein isoforms required for 
inhibition of colonic tumor cell growth. Cancer Res. 1997; 
57:2781-2788.

70. Chen Z, Chen L, Baker K, Olszak T, Zeissig S, Huang 
YH, Mandelboim O, Beauchemin N, Lanier LL, Blumberg 
RS. CEACAM1 dampens anti-tumor immunity by 
downregulation of NKG2D ligand expression on tumor 
cells and NKG2D function on NK cells. J Exp Med. 2011; 
208:2633-2640.

71. Rose AA, Pepin F, Russo C, Abou Khalil JE, Hallett M, 
Siegel PM. Osteoactivin promotes breast cancer metastasis 
to bone. Mol Cancer Res. 2007; 5:1001-1014.

72. Du P, Kibbe WA, Lin SM. lumi: a pipeline for processing 
Illumina microarray. Bioinformatics. 2008; 24:1547-1548.

73. Lin SM, Du P, Kibbe WA. Model-based variance-stabilizing 
transformation for illumina microarray data. Nucl Acids 
Res. 2008; 36:e11.


