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Abstract

Purpose—EphA2 receptor is involved in multiple cross-talks with other cellular networks
including EGFR, FAK and VEGF pathways, with which it collaborates to stimulate cell migration,
invasion and metastasis. Colorectal cancer (CRC) EphA2 overexpression has also been correlated
to stem-like properties of cells and tumor malignancy.
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We investigated the molecular crosstalk and microRNAs modulation of the EphA2 and EGFR
pathways. We also explored the role of EphA2/EGFR pathway mediators as prognostic factors or
predictors of cetuximab benefit in CRC patients.

Experimental Design—Gene expression analysis was performed in EphA2ygn cells isolated
from CRC of AOM/DSS murine model by FACS-assisted procedures. Six independent cohorts of
patients were stratified by EphA2 expression to determine the potential prognostic role of a
EphA2/EGFR signature and its effect on cetuximab treatment response.

Results—We identified a gene expression pattern (EphA2, Efnal, EGFR, Ptpn12, Atf2)
reflecting the activation of EphA2 and EGFR pathways and a coherent dysregulation of mir-26b
and mir-200a.

Such pattern showed prognostic significance in stage I-111 CRC patients, in both univariate and
multivariate analysis. In patients with stage IV and WT KRAS, EphA2/Efnal/EGFR gene
expression status was significantly associated with poor response to cetuximab treatment.
Furthermore, EphA2 and EGFR overexpression showed a combined effect relative to cetuximab
resistance, independently from KRAS mutation status.

Conclusions—These results suggest that EphA2/Efnal/EGFR genes, linked to a possible
control by mir-200a and mir-26b, could be proposed as novel CRC prognostic biomarkers.
Moreover, EphA2 could be linked to a mechanism of resistance to cetuximab alternative to KRAS
mutations.
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Introduction

Colorectal cancer (CRC) is the third most common cause of cancer mortality worldwide (1)
and among the four most commonly diagnosed cancers in women and men in USA in 2015

Q).

Over the past two decades, an improvement in overall survival in CRC patients has been
achieved due to the introduction of the new cytotoxic agents oxaliplatin and irinotecan and
the integration of targeted treatments, as the bevacizumab and the cetuximab which interfere
with the vascular endothelial growth factor (VEGF), and the epidermal growth factor
receptor (EGFR), respectively (3).

From the early studies conducted mainly in heavily pretreated chemotherapy-refractory
patients and also in chemotherapy-naive patients with metastatic CRC (mCRC), it became
clear that only 10% to 20% of patients with mCRC clinically benefited from anti-EGFR
monoclonal antibodies (moAbs) (4). Such variability in treatment response could be ascribed
to the CRC molecular heterogeneity, as recently investigated by several studies (5).

The recognition of the key role of cancer cell heterogeneity in tumor initiation and
progression represented the basis for the formulation of the cancer stem cell (CSC)
hypothesis, which has been widely accepted to be responsible of cancer spreading and
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recurrence (6). Recent studies concurred in concluding that the expression of stem cell and
mesenchymal genes in CRC cells is associated with poor patient outcome in CRC (7),
consequently this stem-like/mesenchymal CRC subtype represents a particular class of
highly aggressive CRCs.

A ten-years history of studies showed how cell distribution along the intestinal crypt axis is
not casual, but is guided by the bound between Eph receptors and their respective ephrin
ligands. In the intestine, EphB2 and EphA2 are two of the most studied Eph receptors. They
have opposite distribution and role along the crypt. EphB2pjgp, cells, recently identified as
intestinal stem cells (ISCs), are restricted to the normal crypt base thanks to the down-
regulation, by Wnt signaling, of ephrinB1 expression (8). Loss of EphB2 expression is
associated with cancer progression (9). Conversely, EphA2ygh cells in normal mucosa are
positioned at the top of the crypt, where differentiated cells lie, with E-cadherin limiting
EphA2 expression at epithelial cell junctions. In CRC, loss of E-cadherin and ligand-
independent phosphorylation of EphA2 lead to broader expression and greater activation of
the receptor, promoting cell detachment and metastasis (10).

Interestingly EphA2 has been found to be involved, with its ligand-independent activity, in
multiple cross-talks with other cellular molecular networks including EGFR, FAK and
VEGF pathways (11), with which it collaborates to stimulate migration, invasion and
metastasis (12,13). EphAZ2 is an attractive therapeutic target because of its diverse roles in
cancer growth and progression (14). Furthermore, two recent clinical studies on head and
neck squamous cell carcinoma and CRC patients suggested a role for EphA2 in
responsiveness to cetuximab-based targeted therapy (15,16). A preclinical study on lung
cancer also defined a role for EphA2 in the maintenance of cell survival of tyrosine kinase
(TKI)-resistant, EGFR-mutant cells and indicated that EphA2 may serve as a useful
therapeutic target in TKI-resistant tumors (17).

On this ground, with the aim of elucidating new molecular processes contributing to CRC
pathogenesis and drug resistance we characterized representative cell subpopulations with
stem/differentiation-like features purified from murine CRC and normal colon mucosa,
based on the differential expression of EphB2 and EphA2 receptors. We made use of the
chemically-induced AOM/DSS murine model of sporadic colon carcinogenesis taking
advantage of its high reproducibility and ability to recapitulate, within a predictable time
line, colorectal lesions distinctive of human CRC development (18,19).

Significantly, adenocarcinoma EphA2pgy, sorted cells displayed an increased expression of
the stemness gene Ascl2 along with a decreased expression level of differentiation gene
Krt20 in association with EGFR overexpression.

Since resistance to cetuximab, associated either to a prolonged usage or to an intrinsic
genetic heterogeneity, remains the most critical issue in treating CRC, we investigated the
crosstalk existing between EphA2 and EGFR pathway genes and its involvement in cancer
progression and response to therapy. We characterized the expression levels of relevant
EphA2/EGFR pathway targets (EphA2, Efnal, EGFR, Ptpn12, Pi3k, Akt Atf2, mir-200a and
mir-26b) in EphA2 sorted cell subpopulations and in public datasets of genomic data derived
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from multiple cohorts of CRC patients in order to assess their prognostic role and predictive
value for responsiveness to cetuximab.

Materials and Methods

Achievement of the AOM/DSS murine model

The AOM/DSS model was induced in 7-week-old Balb/c male mice following the protocol
described in our previous work (18). Two different experiments were performed in order to
validate the high reproducibility in terms of types of and timing of the lesions (ACF: IV-V
week, microadenoma: IV-V week, adenoma: V-VI week and adenocarcinoma: V111 week).

At the end of the 20th week after the start of the treatment, 10 AOM/DSS-treated mice and
10 untreated control mice were sacrificed and colon tissues were obtained for histological
and cytofluorimetric analyses.

All animal procedures were performed in accordance with institutional guidelines for
laboratory animal care and in adherence with ethical standards (20). The study was approved
by the Italian Ministry of Health according to the decree n. 336/2013-B.

Isolation of EphA2 and EphB2 Cell Populations in AOM/DSS murine model

CD45-EpCAM+EphA2high/iow and CD45-EpCAM+EphB2yighiow cell subpopulations were
isolated from colon normal mucosa and tumors of mice euthanized at the end of the 20th
week after the start of the treatment (AOM administration). Colons were removed from each
mouse, cut longitudinally and flushed with cold PBS. Normal mucosa and the
adenocarcinomas were disaggregated and cell subpopulations were directly processed for
cell sorting separation by adopting the procedure reported elsewhere (8).

Up to 107 cells were used for the staining with the following mix of antibodies: rat anti-
EpCAM-PE (eBioscience, Mab G8.8), rat anti-mouse CD45-FITC (eBioscience, Mab 30-
F11), rat anti-mouse EphA2-APC (R&D System, Mab 233720), rat anti-mouse EphB2-APC
(R&D Systems, Mab 512012) or appropriate isotype controls. Fixable viability dye eFluor
780 (eBioscience, San Diego, CA) was added to identify dead cells and debris.

Stained cells were sorted in a FACS Aria 2.0 (Becton Dickinson, Franklin Lakes, NJ) with
the support of the BD FacsDIVA software version 6.1.3 (BD Biosciences, Erembodegem,
Belgium). The following selection steps were applied to live cells: first, lymphoid cells were
discarded by removing the CD45+ cell population; then, epithelial cells were included by
selecting for EpCAM+ staining. Then, different intestinal epithelial cells were selected
according to graded EphA2 and EphB2 surface levels.

Normal and tumor CD45-EpCAM+ EphA2hjgh/jow and CD45-EpCAM+ EphA2pighyiow Cell
subpopulations were sorted and collected in DMEM medium. The percentages of
EphAZyigh/iow O EphB2highiow POsitive cells were defined on the base of the Fluorescence
Minus One (FMO) control stain strategy necessary to accurately identify expressing cells in
the fully stained sample (21) (Fig. 1C). Briefly, we prepared a sample with all reagents
except for those of interest (EphA2 and EphB2). Sorted cells were centrifuged and cell
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pellets were resuspended in Trizol® Reagent (Thermo Fisher Scientific, Waltham, MA) and
stored at —80°C for RNA extraction. Authentication of cell subpopulations was performed
by gPCR analysis in order to test the gene expression levels of EphA2 and EphB2 and
stemness/differentiation genes (Lgr5, Ascl2, and Krt20).

Total RNA extraction and molecular analysis in murine sorted cells

RNA was isolated using Trizol® Reagent according to the manufacturer’s instructions and
retrotranscribed using the High-Capacity cDNA reverse transcription kit (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA). Q-PCR analyses were performed
using the Tagman® Gene Expression Master Mix and TagMan assays obtained from
Applied Biosystems (Supplementary Fig. 1). Data were analyzed using SDS software 2.3
(Applied Biosystems). Relative expression was calculated according to the method of Fold
Change (2"-(DeltaDelta Ct)). Hprt1 and Hmbs normalized data gave comparable results,
similarly for U6snRNA and SnoRNAZ202 normalized data of microRNAs. Student-T test
was used to analyze the Q-PCR results.

Histopathological analysis and immunohistochemistry of murine tissue samples

Part of the tumor masses and normal colon mucosae were analyzed according to standard
histochemical procedures. Mouse adenocarcinoma were diagnosed according to the
histopathological criteria described by Boivin et al. (22).

Immunohistochemistry was performed on 4-um-thick FFPE tissue sections after antigen
retrieval with sodium citrate buffer. Goat anti-mouse Krt20 and Lgr5, rabbit anti-mouse
EphA2 and EphB2 (Santa Cruz Biotechnology, Santa Cruz, CA, 1:50) were used. The
immunostained slides were observed under a microscope, and the image data were analysed
using NIS FreeWare 2.10 software (Nikon, Japan).

Selection of CRC patient cohorts and genomic data from TCGA and GEO datasets

The analysis of the genes and microRNAs of interest was carried out on a multi-study
microarray database of CRC expression profiles (total n = 1171) based on the Affymetrix
U133 Gene Chip microarray platform. According to Lee et al. (23), five different CRC
cohorts were assembled in the database and microarray data and clinical annotations were
obtained from the GEO public data repository.

Cohort 1 - patients with stage I-111 CRC (n = 226). GEO accession number GSE14333 (24).
Cohort 2 - patients with stage I1-111 CRC (n = 130). GEO accession number GSE37892 (11).
Cohort 3 - patients with stage I-IV CRC (n = 566). GEO accession humber GSE39582 (25).
This cohort allowed us to calculate the Disease Free Survival (DFS), meant as the difference
between the time of surgery and the time of the first occurrence of death or of cancer
recurrence (2,11,24). Cohort 4 - we considered only patients at stage I-I111 of the disease (n =
125) as done by Lee et al. (23). GEO accession number GSE41258 (26). We considered the
“death” event only if related to cancer disease (Cancer Specific Survival, CSS). All the other
causes of deaths, i.e., for other or unknown causes, and alive patients were considered
“censored” events. Cohort 5 - patients with refractory metastatic CRC (n = 80) that received
cetuximab monotherapy in a clinical trial. GEO accession number GSE5851 (27). In the
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study of this cohort, patient characteristics were available, and the progression-free survival
(PFS) duration was defined as the time from study enrollment to disease progression or
death (26). Further, KRAS mutation status in cohort 5 was available (exon 2 genomic
region) (27).

Gene expression data for a sixth cohort were downloaded from The Cancer Genome Atlas
(TCGA,; http://cancergenome.nih.gov) (28) - patients with stage I-1V CRC (n = 130). We
excluded patients having Mucinous Adenocarcinoma. For this study the Overall Survival
(OS) is available, i.e. the time from study enrolment to death.

Statistical analysis

Results

Analysis of gene expression data and other statistical analyses were performed in R ver.
3.1.3 (http://www.r-project.org). Raw data from GEO were downloaded by GEOquery and
Biobase tools. Patients were dichotomized through maxstat R package, in order to obtain a
significant difference between survival values. Prognostic significance was estimated by log-
rank tests and plotted as Kaplan—Meier curves. Multivariate Cox proportional hazards
regression analysis was used to evaluate the effect of EphA2, Efnal, EGFR, Ptpn12, Pi3k,
Akt and Atf2 signatures on survival, independently of other clinical parameters. When
coupled with other gene signatures (e.g., Efnalpigh/iow), the threshold value between
EphA2high and EphA2),,, groups of samples was set to the median expression value of
EphA2, because of the extremely unbalanced sample sizes obtained with the maxstat R
package. In cohort 5, differences in response of CRC to treatment of cetuximab were
verified using the Fisher’s-exact test. Differences of expression between class members were
detected by Student T-test. P values less than 0.05 were considered statistically significant.

Molecular characterization of murine CRC EphA2 and EphB2 cell subpopulations unveil
molecular features of differentiation/stemness of EphA2 cells

To characterize two of the different cell types present in the intestinal epithelium, we
developed a cell isolation method based on surface expression of EphA2 and EphB2
receptors, which allowed us to isolate cell subpopulations with different levels of
differentiation and stemness properties.

Firstly, we analyzed the expression of both the ephrin receptors with IHC on mouse
adenocarcinoma and normal mucosa. In the normal colon mucosa EphB2 presented an
expression pattern characterized by a decreasing gradient from the crypt base to the top (Fig.
1A) (8). Crypt base columnar cells (ISCs) showed the highest expression of membrane
EphB2 (Fig. 1A right, black arrowhead), whereas the transient amplifying cells
progressively decreased EphB2 protein levels as they migrated toward the top of crypts.
Apical differentiated cells in the villi were negative for EphB2 expression (Fig. 1A right,
white arrowhead). Conversely, maximum EphA2 expression was observed in the most
differentiated crypt apical cells of the normal colon and a weak staining was shown at the
crypt basal level (Fig. 1A left, black and white arrowhead, respectively). Tumor cells
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displayed a highly heterogeneous and not gradient-disposed staining for both anti-EphA2
and anti-EphB2 antibodies (Fig. 1A).

The cytofluorimetric analysis showed a change in the cellular density of both EphA2 and
EphB2 cell populations between the adenocarcinoma and the normal colon mucosa (Fig.
1B). Specifically, an increase of EphA2pigh cell fraction was measured in adenocarcinoma
(17.18%) comparing to normal mucosa (0.71%). Differently, EphB2ygp cells resulted poorly
represented both in the adenocarcinoma (4.76%) and in normal colon mucosa (0.27%).

Gene expression analysis in EphB2ygp cell subpopulations from adenocarcinoma as well as
normal mucosa, revealed an upregulation of the stemness-specific genes Lgr5(8,29) and
Ascl2 (8,30) (p<0.001 in normal mucosa; p<0.01 in adenocarcinoma), with a down-
modulation of Krt20, a common differentiation marker (8) (p<0.001 in normal mucosa; p=ns
(not significant) in adenocarcinoma) (Fig. 2A right).

Importantly, a different expression pattern resulted associated to the EphA2ygh cell
population. In normal mucosa, we observed a coherent down-modulation of stemness genes,
Lgr5 (p<0.001) and Asc/2 (p<0.001) together with an up-modulation of Krt20expression
level (p<0.0001), suggesting an enrichment of the EphA2;gn cell population with
differentiated cells. In contrast in adenocarcinoma the EphA2ygh cells displayed a decreased
expression levels both of Krt20 (p<0.0001) and Lgr5 (p<0.01) along with an increased
expression of Asc/2 (p<0.0001) (Fig. 2A left).

Further this expression pattern was confirmed by IHC analysis which showed an overlapping
staining between Krt20 and EphAZ2 at the apical level of crypts in the normal mucosa
samples and between Lgr5 and EphB2 cells at the basal level (Fig. 1A and 2B).

Expression levels of EGFR/EphA2 signaling effectors are dysregulated in murine CRC
EphA2pigh cell populations

The molecular analysis in CRC EphA2pjgn and EphB2)q,, cells revealed a significant
dysregulation of the expression levels of EphA2 and its ligand ephrinAl (Efnal) as well as
the perturbation of gene transcriptional levels of EGFR signaling downstream players in
adenocarcinomas (Fig. 3A, B). These results provide new evidences that the CRC EphA2
cell signaling involves the dysregulation of EGFR effectors.

The analysis of the following genes of interest in EphA2ygp cells of adenocarcinoma versus
normal colon mucosa showed a peculiar pattern of gene expression involving the down-
modulation of £fnal (p<0.0001) as well as a slight over-expression of £gfr (p<0.001), a
marked down-modulation of Pipni2 (p<0.01), Akt (p<0.001), and Pi3k (p<0.0001), and an
up-modulation of A#f2 (p<0.0001). The expression levels of mir-200a and mir-26b were
both decreased (p<0.0001, and p<0.0001, respectively) (Fig. 3C), with an inverse correlation
respect to their target (EphAZand Atrf2) gene expression levels.

Such expression pattern of genes belonging to EphA2 and EGFR pathways (Fig. 3D) was
subsequently investigated in clinical sample cohorts to assess an association with CRC
disease.
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EphA2 and EphA2/EGFR downstream genes have prognostic significance in CRC patients

We examined the correlation of EphA2 gene expression with the clinical characteristics of
CRC patients included in six cohorts of public microarray dataset (Supplementary Fig. 2).
We found that 10% to 47.2% of the patients in the six cohorts had a high expression of
EphA2 gene. Also we analyzed the correlation of clinical characteristics of patients with the
EphAnigh gene expression level (Supplementary Fig. 3). We excluded cohort 5 since
consisted of patients with only stage IV CRC. Although EphA2yg, patients apparently had a
more advanced disease than did EphA2;,,, patients in cohort 1 and cohort 4 (p=ns), we did
not see a clear difference in stage distribution between the two groups of patients in the other
cohorts. Interestingly, in the cohort 3 we observed a slightly higher percentage of KRAS
wild type (WT) in EphA2,q,y patients than in EphA2yigy patients (p=0.02). Finally, we found
no differences in other clinical variables between EphA2ign and EphA2q,, patients groups
(Supplementary Fig. 3).

We then investigated the prognostic impact of EphA2 gene upregulation analyzing data of
patients with stage I-111 CRC (cohort 1 and 3) (Fig. 4A). Tumor recurrence and DFS data
were available for these two cohorts. We also analyzed CSS data for cohort 4 since DFS data
were not available for this group. Kaplan-Meier curves significantly showed much worse
survival durations in EphA2yigy patients than in EphA2)q,, patients (Fig. 4A), indicating that
the upregulation of EphA2 gene expression is related to poor prognosis for CRC. This result
was confirmed also in cohort 5 and 6. Additionally, down-modulation of Efnal had a
prognostic impact evaluating both all patients and EphA2yqn CRC patients (Fig. 4B, C).
Moreover, Kaplan-Meier curves for EphA2pig, patients showed a possible prognostic role
also for Ptpn12, Pi3k, and Atf2 (Supplementary Fig.4). The down-modulation of Akt gene
expression in EphA2yqn CRC patients did not show a significant prognostic role for such
gene (data not shown).

Interestingly, a significantly worse survival duration (DFS) was associated with elevated
EGFR gene expression for all patients and for patients stratified for EphA2 high expression
level (Supplementary Fig. 5). The hazard ratio (HR) values resulted statistically significant
for the cohorts 1 [HR, 2.7152; 95% confidence interval (CI), 1.26-5.84] and 3 [HR, 2.0696;
95% ClI, 1.02-4.19], meaning that patients with high expressions of EGFR and EphA2 die at
twice (and more) the rate per month as the EphA2 pjg, patients with EGFR|qy.

Kaplan-Meier curves for mir-200a and mir-26b were calculated considering all patients of
TCGA dataset, not stratified for EphA2 gene expression levels, because gene and microRNA
expression data were not available for the same set of subjects. Coherently to what has been
shown previously in this analysis we confirmed the prognostic impact of mir-200a in CRC.
Noteworthy a reduced expression of mir-26b was related to a decreased OS in patient with
CRC (Fig. 4D).

We conducted further analyses to determine whether the prognostic impact of the EphA2
gene expression pattern is independent of other clinical variables. We pooled the patients in
cohorts 1, 2 and 3 with available DFS data (n = 853) for univariate and multivariate analyses
of factors affecting DFS (Table 1). In the multivariate analysis, EphA2ygp, status was related

Clin Cancer Res. Author manuscript; available in PMC 2018 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

De Robertis et al.

Page 9

to worse DFS rates than was EphA2)q,, [HR, 1.47; 95% CI 1.10-1.96; p=0.0095]
independently of other clinical variables (Table 1A).

Furthermore, the univariate analysis only in CRC patients with EphA2ygp status, belonging
to cohorts 1, 2 and 3, showed a significant statistical association with the disease stage
(p<0.0001) and the adjuvant chemotherapy (p=0.042). Moreover, the percentage of up/
down-expression of EGFR, Ptpn12 and Atf2 associated to EphA2pg, status followed the
same trend of our preclinical expression results, although Atf2 did not reach statistical
significance (Supplementary Tab. 1).

Additionally, the multivariate analysis showed that EGFRygp is related to worse DFS rates
than was EGFR|q,, [HR, 1.81; 95% CI 1.24-2.66; p=0.0024], while opposite results were
observed for Pik3CG, i.e. the lower Pik3CG, the worse the DFS [HR, 1.68; 95% CI 1.15-
2.47; p=0.0083]. In this regard, this conclusion was reached by the analysis of only cohort 1
and 3, because the second cohort did not profile this gene. Efnal and Ptpn12 resulted not
significant by multivariate analyses (Supplementary Tab. 1).

These findings may suggest that the prognostic relevance of EphA2 (alone or in combination
with Efnal, Ptpn12 and EGFR gene expression status) in CRC patients is maintained even
when taking into account the classic clinical prognostic features.

EphA2/Efnal/EGFR gene expression status is significantly associated with poor response
to cetuximab treatment in CRC patients

Only the patients in cohort 5 (n=80) received cetuximab monotherapy. In the 70 patients of
this cohort who had KRAS mutation status data available, we observed no difference in the
KRAS mutation rates between the EphA2ygn and EphA2)q,y patients groups (Supplementary
Tab. 2A). However, we did notice differences in response to cetuximab between the two
groups (Fig. 5A). Specifically, complete remission or partial remission occurred only in the
EphA2),, group [response rate: 11.11% (EphA2jo,) vs. 0.0% (EphAZhigh); p=0.33], and the
disease control rate was significantly higher in the EphA2o,, group than in the EphA2 g
group (44.44% vs. 7.14%; p=0.012) (Supplementary Tab. 2B and 2C). We then restricted our
analysis to WT KRAS patients: partial remission occurred only in EphA2;4,, group
[response rate: 15.15% (EphA2jqy) vs. 0.0% (EphA2high); p=0.574] and also for the disease
control rate only EphA2),,, patients showed partial remission or stable disease [disease
control rate: 60.61% (EphA2jqy) vs. 0.0% (EphA2high); p=0.008] (Supplementary Tab. 2D
and 2E).

Patients with EphA2pigh status showed a shorter PFS duration than did EphA2),,, patients
(p=0.0057) (Fig. 5A). An inverse trend in PFS duration was displayed by Efnalpign/iow
patients both in all patients (Fig. 5A) and in EphA2pg, patients (Fig. 5B) of cohort 5.
Finally, it is worth noting that the cetuximab treated patients of the cohort 5 with increased
expression of EGFR showed a statistically significant longer duration of PFS comparing to
the patients with EGFR|q,, Status (Fig. 5A). However, a marked inversion of the PFS
duration trend was observed in patients EGFRpjg and EphA2yigh (Fig. 5B), suggesting a
possible role of EphA2 in bypassing the inhibition of EGFR pathway exerted by cetuximab.
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EphA2/Efnal/EGFR gene expression level is not correlated to KRAS genetic status

We further investigated the correlation between EphA2 status and somatic mutations in
KRAS gene in patient cohort 5. No significant differences in mutation rate for KRAS were
exhibited in the univariate analysis of all patients (Table 1B) neither in only EphA2pigh
patients of cohort 5 (Supplementary Tab. 3).

EGFR, Ptpn12, and Pi3k were significant by univariate analyses, and exhibited a prognostic
relevance when associated to gender (p=0.0036, 0.0493, 0.0584 respectively)
(Supplementary Tab. 3). Moreover, PFS rate trends are comparable to those of cohorts 1, 2
and 3, described above.

Considering the response to cetuximab treatment in the cohort 5, we observed, as expected,
that patients with WT KRAShad a longer PFS duration than patients with KRAS mutations
(31), although this correlation did not reach statistical significance (Table 1B).

Furthermore, the PFS of patients with EphA2y4p status was short considering all patients of
cohort 5 (p=0.0057; Fig. 5A) as well as for patients with WT KRAS (p=0.0037; Fig. 5 C).
On the contrary, for patients with mutant KRAS, no difference could be detected between
the PFS of EphA2pign and EphA2y,,, status, although this correlation did not reach statistical
significance (Fig. 5D), suggesting that the role of EphAz2 in the resistance to cetuximab
treatment is independent from the KRAS mutations.

Inversely to the trend of PFS observed for EphA2, Efnalyign patients had a significantly
longer PFS duration than did Efnalyy,, patients (p=0.0349; Fig. 5 A), more so in WT KRAS
patients (p=0.0534; Fig. 5C) than in KRAS-mutant patients (p=0.4487; Fig. 5D) although
this correlation did not reach statistical significance. Poor statistical significance of the
results described above is due to the small number of patients remaining for the analysis
after KRAS status and EphA2/Efnal-dependent stratification.

Discussion

A major issue of this study consisted in defining a coherent molecular picture linked to the
down or up-modulation of EphA2/EGFR downstream factors in colorectal carcinogenesis,
with the aim to translate potential novel prognostic biomarkers into clinical application. As
emerged, even if EphB2 marks a tumor initiating cell population with stem-like features (8)
and is a key actor in cancer initiation, it becomes less relevant in cancer progression,
invasion, angiogenesis and metastasis, where EphA2 plays a critical role (31), in multiple
crosstalks with other cellular molecular networks including FAK, VEGF and EGFR
pathways (9,10,13).

With this assumption, in this study we isolated, from a murine CRC model, cell
subpopulations that homogeneously expressed high or low level of EphA2. In such selected
subpopulations we investigated a combination of EphA2/EGFR downstream genes
perturbation pattern that was validated in clinical sample cohorts derived from 6 independent
public datasets.
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In agreement with previous studies (32,33) we have shown, by IHC staining, that a
decreasing gradient of EphB2 from the crypt base to the top characterized normal colon
mucosa, whereas EphA2 expression was mostly observed in the differentiated compartment
of crypt apical columnar cells. Differently than normal tissue, adenocarcinoma displayed a
highly heterogeneous and not gradient-disposed staining for both EphB2 and EphA2
proteins and it was enriched in EphA2ygp cell fractions also showed in the cytofluorimetric
analysis. The overexpression of EphA2 has been recently reported in different kinds of solid
tumors, included the colon (31,34-37). Conversely, a reduction of EphB2pg, cell
subpopulation was observed in adenocarcinoma. This finding obtained in our preclinical
model was in line with data reported elsewhere (8,38).

Notably adenocarcinoma EphA2pign tumor cells showed low expression levels both of Kr220
and Lgr5along with an increased expression of Asc/2suggesting that the EphA2pigy cell
population in tumors could represent a fraction of cells that underwent dedifferentiation and
likely acquired CSC-like properties as supported by other studies in CRC, NSCLC and
glioblastoma (17,39,40). We validated expression molecular results with the IHC analysis
and we showed an overlap between EphB2+ cells and Lgr5+/Krt20- cells in normal mucosa.
Similarly, normal EphA2+ cells resulted Lgr5- and Krt20+.

In the perspective to elucidate the role of EphA2 receptor in CRC, described elsewhere as an
important mediator of CRC cell migration/invasion (38), we focused on the signaling
crosstalk between EphA2 and EGFR.

EphA2;igh cells of murine adenocarcinoma showed a down-modulation of the ligand £7/nal
as well as a slight over-expression of £gfr, a marked down-modulation of Pfpni2 and an up-
modulation of the transcription factor A#f2. The expression profiles of each molecule
involved in EphA2/EGFR crosstalk in normal and tumoral cells resulted in reciprocal
coherence with each other, supporting the general picture we defined as the basis of this
study.

Specifically, in adenocarcinoma EphA2ygp cells we found the upregulation of the expression
of both the receptors tyrosine kinase, EphAZ2and Egfr, and a downregulation of the ligand
Efnal, which suggest a higher activation of the downstream pathways, respectively, as
confirmed by the overexpression of A2, a critical target of MAPK activities which are set
downstream of EGFR and EphA2 receptor. Such transcriptional factor is responsible of the
regulation of growth, survival or apoptosis in tumorigenesis (41).

Little is known about the regulation of EphA2 expression, however it has been demonstrated
that the regulation of EphA2 transcription can be also operated by ligand-activated EGFR
and by the constitutively active EGFRvIII (13,21). On the other hand, the downregulation of
Efnal suggests the possibility of a ligand-independent mechanism of action of the receptor
EphA2 in the EphA2ygp cells analyzed (42,43).

We also observed a down-modulation of the expression of the tumor suppressor PipniZ, a
tyrosine phosphatase that interacts with and inhibits multiple oncogenic tyrosine kinases,
including EphA2 and EGFR (44). Additionally, in cancer EphA2yigh cells we found down-
modulated two important downstream components of EGFR pathway: P/3k and Akt In this
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case, Pi3k and Akt functional hyper-activation in CRC is not dependent on transcriptional
upregulation, but likely on genetic mutations of the respective genes (45). It must be
considered also the number of downstream components which tightly buffer at multiple
levels the Pi3k signaling pathway, thereby leading to a complex network of signals (46).

A key finding of our study is that such gene expression pattern obtained in preclinical setting
had a reliable prognostic and predictive significance when evaluated in the heterogeneous
and complex human tumor, on a large humber of CRC patients considering different clinical
endpoints (OS, DFS, CSS and PFS).

Analysis of microarray data of six public CRC datasets showed that 10% to 47.2% of the
patients had a high expression of £PHAZ2 gene. This was in line with recent findings based
on studies focused on the oncogenic role of EphA2 in CRC and other tumors (31,34,37).

Based on the available clinical outcome data derived from the public datasets we observed
much worse survival durations (OS, DFS, CSS and PFS) in EphA2 ., patients than in
EphA2,,,, patients indicating that the upregulation of EphA2 gene expression is related to
poor prognosis for CRC. Conversely the decreased expression of the ligand Efnal was
significantly associated with worse survival duration evaluating both all patients and
EphA2gn CRC patients, sustaining the possibility of a ligand-independent mechanism of
action of the receptor EphA2 in tumors (42,43,46). In CRC patients with stage 11/111 we
confirmed that the prognostic role of EphA2 is independent of other clinical variables as
shown by the univariate and multivariate analysis. Interestingly increased EGFR gene
expression was significantly associated with worse survival duration (DFS) for all patients as
well as for stratified EphA2pign patients and with an increased HR values in EphA2pg, cases
suggesting that patients with high expressions of both EGFR and EphA2 die at twice the rate
per month as the EphA2ygp patients with EGFRpjgh.

We further investigated the prognostic impact of downstream targets of EGFR/EphA2
pathway such as Efnal, Ptpn12, Pi3k, Akt and Atf2 in EphA2pig stratified patients and we
showed that all these genes, except for Pi3k and Akt, are associated to a worse DFS when
dysregulated with the trend observed in the EphA2ygp, cells. Furthermore, the multivariate
analysis showed that the prognostic relevance of EphA2 (alone or in combination with
EGFR, Efnal, and Ptpnl12 status) in CRC patients is independent from classic clinical
prognostic features.

The molecular analysis was extended also to the mir-200a and mir-26b which target both
EphA2 and EGFR pathways. In EphA24qn murine cells sorted from CRC the expression
levels of Mir-200aand Mir-26b6 were both decreased and inversely correlated with the
expression levels of their validated targets EphA2 and Atf2, suggesting an epigenetic
regulation pattern coherent with the general expression framework object of our study
(47,48).

We also found that both mir-200a and mir-26b have a prognostic impact in CRC, confirming
a previous study on mir-200a (41) and providing the first evidence that the down-modulation
of mir-26b is significantly correlated with poor prognosis in patient with CRC.
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Resistance to cetuximab remains one of the most critical issue to treat CRC and up to 40%—
60% of patients with WT KRAS tumors do not respond to such therapy. In this perspective
we considered relevant to investigate the involvement of EphA2 and downstream targets
overlapping EGFR pathway in EphA2-stratified patients in relation to the therapy response
and to KRAS mutation status.

Particularly, disease control rate was significantly higher in the EphA24,, group than in the
EphA2;ign group which also showed a shorter PFS duration than did EphA2,q,, patients.
Consistent with the picture outlined by our molecular results and survival analysis,
EphA2hign patients displayed a worse outcome. In line with other and well established
evidences an increased expression of EGFR was significantly associated with a longer
duration of PFS in patients treated with cetuximab, coherently with the role of EGFR as
target of this drug (49). Interestingly, patients with an overexpression of EGFR and EphA2
displayed an inverse correlation with clinical outcome (PFS), corroborating the hypothesis
that dysregulated expression of EphA2 may overcome the EGFR pathway inhibition exerted
by cetuximab.

This observation was in line with recent findings obtained in other studies demonstrating
that EphA2 overexpression is involved in the resistance to both EGFR tirosin-kinase
inhibitors (TKI) such erlotinib (lung cancer) (17) and vemurafenib (melanoma) (50) and
moAbs as trastuzumab (breast cancer) (51). Additionally the EphA2 blockade is proposed as
a new strategy to restore the anti-EGFR sensitivity. Collectively, these studies demonstrated
the promise and utility of targeting EphA2 to overcome the resistance to anti-EGFR therapy.
The EPH is indeed a complex signaling system which impacts RAS—Pi3k—Akt and RAS-
RAF-MAPK pathways.

Further in our study EphA2 expression level was not correlated to KRAS mutation status.
The PFS of EphA2pig patients was short considering all patients as well as for patients with
WT KRAS, but not with mutant KRAS suggesting that EphA2 may have a role in the
resistance to cetuximab treatment independently from the KRAS mutations.

These results suggest the hypothesis that EphA2 can be linked to a novel mechanism of
resistance to cetuximab therapy which can be considered alternative to KRAS mutations. It
is known, indeed, that even in patients with WT KRAS, the efficacy of cetuximab therapy is
restricted to a small subset of patients and is not sustainable (52). To define the features of
patients with metastatic CRC which will respond better to cetuximab treatment is of great
relevance.

In conclusion, through a preclinical CRC model and retrospective studies on CRC patients,
we identified novel potential prognostic and predictive targets, as EphA2/Efnal/EGFR/
Ptpn12/Atf2/mir-200a/mir-26b genes, which could be helpful in selecting CRC patients with
poor prognosis and cetuximab resistance. However, since we applied our analysis to
retrospective patients cohorts, our results require validation in prospective studies.
Functional studies to elucidate the crosstalk of EphA2 with EGFR pathway effectors still
remain to be performed.
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Since EGFR signaling is one of the most druggable pathway (moAbs and TKIs), this study

represents an important advance also for further development of more personalized targeted
therapies against CRC which may take advantage of a chemosensitization approach through
EphA2 blockade.
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Translational relevance

Tumor heterogeneity and the presence of stem-like cells have been identified as key
features for resistance to anticancer treatments including targeted therapy. The Eph
receptors comprise a large family of receptor tyrosine kinases, that marks stem-like cells
in different tissues. In colorectal cancer (CRC) EphA2 overexpression has been linked to
stem-like properties of cells and tumor malignancy. We used a strategy to uncover in
murine homogeneous tumor EphA2high cell subpopulation, obtained by /n vivo FACS-
based isolation, a novel potential molecular signature involving EphA2 and EGFR
pathways. The pattern incorporates EphA2-linked modulation of mir-26b and mir-200a
expression. Such preclinical findings, based on modification of EphA2/Efnal/EGFR
pathways, correlated with clinical outcome and strengthened a predictive value for
cetuximab responsiveness. Since cetuximab resistance, associated to an intrinsic genetic
heterogeneity, remains the most critical issue in treating CRC, this study suggests new
potential biomarkers and therapeutically actionable kinase targets in the EphA2/Efnal/
EGFR/mir-26b/mir-200a linked pathways.
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Figure 1.

Isolation of mouse colorectal cell populations based on EphA2 and EphB2 expression. (A)
IHC analysis on normal colorectal tissue of control untreated mice demonstrated maximum
EphA2 and EphB2 expression in crypt apical columnar cells (white arrowhead) and basal
crypt compartment (black arrowhead), respectively; adenocarcinoma shows a diffuse
staining for both EphA2 and EphB2 (20x and 40x magnification). (B) Flow cytometry of
crypt cells stained for EphA2 revealed an increase of EphA2yign cell subpopulation in
adenocarcinoma with respect to normal mucosa. EphB2pjg, cells were poorly represented in
normal mucosa and colon adenocarcinoma. (C) Representative cell sorting strategy.
EphA2high and EphA2,,, cells as well as EphB2pjgh and EphB2)q,, subpopulations were
sorted after gating for CD45- and EpCAM+ staining to ensure epithelial identity.
Fluorescence Minus One (FMO) control stain strategy was used to accurately identify
EphA2 and EphB2 expressing cells in the fully stained sample.
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Figure 2.

(A) Q-PCR analysis of differentiation (Krt20) and stem cell markers (Lgr5, Ascl2) in
EphAZhigh/iow and EphB2hign/iow cell subpopulations purified from murine normal colon and
colorectal adenocarcinoma. Data are represented as mean +/— SD. Statistically significant
differences were calculated using Student’s T-test: *** p<0.0001; ** p<0.001; * p<0.01. (B)
IHC analysis of Krt20 and Lgr5 protein in normal murine colon. Left panels: cells on the top
of the crypt were strongly stained for Krt20. Right panels: cells at the crypt bottom were
strongly stained for Lgr5 (20x and 40x magnification).
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Figure 3.

Q-PCR analysis of EGFR signaling effectors in EphA2 cell subpopulations of murine CRC.
Data are represented as mean +/- SD. Statistically significant differences were calculated
using Student’s t-test: *** p<0.0001; ** p<0.001; * p<0.01. Gene expression levels in
EphA2yign and EphA2)q,, cell subpopulations of (A) normal mucosa and (B)
adenocarcinoma. (C) Gene expression levels in EphA2yqn subpopulation of adenocarcinoma
and EphA2pgh subpopulation of normal colic mucosa. (D) Schematic representation of the
dysregulation of EphA2/EGFR pathways crosstalk in adenocarcinoma EphA2ygp cell.
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Figure 4.

Kaplan-Meier survival curves of (A) EphA2pigh (dashed line) versus EphA2jq, (solid line)
for cohort 1, 3, 4, 5 and 6 (B) Efnalpign (dashed line) versus Efnaljq,y (solid line) for cohort
2,4 and 5. (C) Analysis of Efnal conducted only for patients belonging to EphAZ2pigh group
for the same cohorts of B. (D) Kaplan-Meier survival curves on TCGA dataset of
mir-200apign (dashed line) versus mir-200ajq, (solid line) and mir-26byign (dashed line)
Versus mir-26bjq,, (solid line). Expression value thresholds were determined through maxstat
R package. P-values were calculated using log-rank tests. Tick marks represent censored

data.
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(A) Kaplan-Meier survival curves of EphA2, Efnal and EGFR for cohort 5. Survival curves
of EphA2yigh (dashed line) versus EphA2,,, (solid line), Efnalpign (dashed line) versus
Efnaljoy (solid line) and EGFRyjgn (dashed line) versus EGFR|qy (solid line) for all patients
of the cohort. P-values were calculated using log-rank tests. Expression value thresholds for
determining high and low groups were determined through maxstat R package. (B) Analysis
of Efnal and EGFR conducted only for patients belonging to EphA2high group. EphA2pign

group was determined with EphA2 median expression threshold. (C) Survival curves of

EphA2 and Efnal for patients with WT KRAS. (D) Survival curves of EphA2 and Efnal for
patients with mutant KRAS. P-values were calculated using log-rank tests.
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