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Cell-cell and cell-matrix adhesion proteins that have been implicated in
colorectal epithelial integrity and epithelial-to-mesenchymal transition
could be robust prognostic and potential predictive biomarkers for stan-
dard and novel therapies. We analyzed in situ protein expression of E-
cadherin (ECAD), integrin B4 (ITGB4), zonula occludens 1 (ZO-1), and
cytokeratins in a single-hospital series of Norwegian patients with colorec-
tal cancer (CRC) stages I-IV (n = 922) using multiplex fluorescence-based
immunohistochemistry (mfTHC) on tissue microarrays. Pharmacoproteomic
associations were explored in 35 CRC cell lines annotated with drug sensi-
tivity data on > 400 approved and investigational drugs. ECAD, ITGB4,
and ZO-1 were positively associated with survival, while cytokeratins were
negatively associated with survival. Only ECAD showed independent prog-
nostic value in multivariable Cox models. Clinical and molecular associa-
tions for ECAD were technically validated on a different mfIHC platform,
and the prognostic value was validated in another Norwegian series
(n = 798). In preclinical models, low and high ECAD expression differen-
tially associated with sensitivity to topoisomerase, aurora, and HSP90
inhibitors, and EGFR inhibitors. E-cadherin protein expression is a robust
prognostic biomarker with potential clinical utility in CRC.
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5-FU, 5-fluorouracil; Cl, confidence interval; CRC, colorectal cancer; DSS, drug sensitivity score; ECAD, E-cadherin; EMT, epithelial-to-
mesenchymal transition; FBS, fetal bovine serum; FDR, false discovery rate; HR, hazard ratio; ITGB4, integrin B4; mflHC, multiplex
fluorescence-based immunohistochemistry; MMR, mismatch repair; MOA, mechanism of action; MSI, microsatellite instability; MSS,
microsatellite stable; ND, not determined; NS, not significant; OS, overall survival, PanCK, pan-cytokeratin; RO, complete resection; RFS,
relapse-free survival; TFT, test for trend; TMA, tissue microarray; TNM, tumor node metastasis; ZO-1, zona occludens 1.
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ECAD is a robust prognostic biomarker in CRC

1. Introduction

Epithelial cancers, the carcinomas, make up over
80% of cancer cases and deaths, where the majority
of cancer patients die from metastatic disease [l].
Deregulation of epithelial cell adhesion junctions is
an early part of the metastatic process and a prereq-
uisite for cellular invasion and dissemination of can-
cer cells to neighboring tissues and organs and is
therefore likely to be associated with patient survival.
Carcinoma cells show phenotypic plasticity through
differentiation programs such as epithelial-to-
mesenchymal transition (EMT), where epithelial cells
lose their apical-to-basal polarity and cell-to-cell
junctional integrity by disassembly of tight junctions
(zona occludens 1, ZO-1), adherence junctions
(E-cadherin, ECAD), and hemidesmosomes (integrin
beta 4, ITGB4, and cytokeratins) [2,3]. For instance,
loss or aberrant expression of ECAD is a hallmark of
EMT, the transformation of cancer cells toward a
mesenchymal stem cell-like state which is associated
with altered drug sensitivities [4].

Ten percent of all cancer cases and deaths are due
to colorectal cancer (CRC) [5] and about half of the
patients develop metastatic disease. The TNM staging
system is used as the main framework to guide treat-
ment, but prognosis and treatment efficacy vary con-
siderably within cancer stages, and both overtreatment
and undertreatment are challenges. Systemic treatment
is primarily based on 5-fluorouracil (5-FU) in combi-
nation regimens with oxaliplatin or irinotecan or as
monotherapy, while biologically targeted therapies are
offered in the metastatic setting mainly with VEGF
inhibition, or biomarker guided for tumors that are
KRAS/NRAS wild-type (anti-EGFR therapy), have
BRAF V600E mutation (BRAF inhibitor) [6] or are
microsatellite instable (immune checkpoint therapy)
[71. However, for the majority of patients, few bio-
markers exist to guide oncological intervention, either
for systemic chemotherapy or for other targeted thera-
pies such as anti-VEGF therapy or treatment with the
multikinase inhibitor regorafenib. Hence, there is an
unmet need for clinically useful prognostic and predic-
tive biomarkers for this purpose.

Despite large biomarker discovery efforts over the
last four decades, very few biomarkers have been inte-
grated in clinical practice [8] and only a small percent-
age of patients benefit from genome-driven oncology
[9]. The reasons for biomarker failure are many [10]
and include lack of independent validation in represen-
tative patient series, insufficient reporting, and use of
inadequate laboratory procedures.

J. Bruun et al.

Loss of epithelial integrity and adhesion is necessary
for metastasis, but systematic analysis of their implica-
tions for patient survival as well as tumor cell responses
to conventional and novel oncologic therapies is lacking
for CRC. We hypothesized that proteins necessary for
colonic epithelial integrity could be robust prognostic
biomarkers and predict efficacy of anticancer agents.
The aim of this study was to explore and validate the
clinical biomarker value of four protein markers impli-
cated in cell-cell and cell-matrix adhesion using primary
CRC-resected tissue material (n = 1720) and to study
their associations with drug response (n > 400 drugs) in
35 CRC cell lines (see Fig. 1 for the study overview).

2. Materials and methods

The design and methodology used in this study were
reported according to the REMARK guidelines [11]
(Table S1).

2.1. Patient samples

Two independent single-hospital patient series of
primary CRC were analyzed for epithelial marker
expression using multiplex fluorescence-based immuno-
histochemistry (mfIHC) (Fig. 1 and Table S2). Patients
in the Norwegian series 1 (n = 922) and the Norwegian
series 2 (n = 798) underwent major resection surgery at
Oslo University Hospital, in the time periods 1993—
2003 and 2003 to 2013, respectively. Clinical data were
recorded in a local database and quality control was
performed. The Cancer Registry of Norway records
data on all patients diagnosed with CRC and was used
to cross-check the data used in this study. The series
are representative of the Oslo area and considered of
sufficient size to perform relevant subgroup analyses.
Information on tumor location, histopathological grade,
stage, adjuvant chemotherapy, deaths, and locoregional
and/or distant recurrence during S5-year regular follow-
up was registered prospectively.

Adjuvant chemotherapy was administered according
to national guidelines at the given time periods. From
1997 adjuvant chemotherapy became standard treat-
ment for all stage III colon cancer patients in Norway
up to 75 years of age expected to tolerate such treat-
ment. Adjuvant chemotherapy was given on a case-by-
case basis according to risk assessments in stage III
colon cancer patients above 75 years of age (n = 6/
140) or with stage IT or III rectal cancers (n = 10/260).
Five-year follow-up for cancer recurrence and survival
was complete for all patients except two (one censored
at 4.2 years and one with missing information).
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Step 1

Characterization and prognostic evaluation of ECAD, ITGB4, ZO-1 and
cytokeratins with multiplex fluorescence IHC in a large single-hospital series
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Prognostic validation of ECAD Norwegian Norwegian
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Orthogonal mfIHC platform @ 2 @ 73
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Stage (1/2/3/4): 276, 605, 409,2 64 . 2
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Tumor location (Right/Left/Rectum): 637, 494, 391

Microsatellite instability (MSI/MSS): 229, 1248 O #«

BRAF (mut/wt): 235, 1244

Step 5
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and protein expression
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35 unique CRC cell lines annotated
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460 approved and investigational drugs .

No data on protein expression

Cases with stage Il RO CRC and
information on survival and treatment

Fig. 1. Study overview. Diagram showing patients and cell lines included and the analyses performed in the study. ECAD, E-cadherin;

ITGB4, integrin B4; IVD, in vitro diagnostic; MSI, microsatellite instable; MSS, microsatellite stable; RO, complete resection/no residual
tumor; TMA, tissue microarray; ZO-1, zona occludens-1.
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For the Norwegian series 1, DNA was extracted,
MSI status was determined, and a tissue microarray
(TMA) was constructed from matching formalin-fixed
paraffin-embedded (FFPE) tumor tissue, as described
in [12,13]. For the Norwegian series 2, DNA was
extracted from fresh-frozen tumor tissue for a subset of
the patients and MSI status was determined as previ-
ously described [14]. Matching FFPE tumor tissue was
used to construct a TMA and additional data on MSI
status were obtained from staining the Norwegian series
1 and 2 for MLHI, MSH2, MSH6, and PMS2 protein
[15]. Sequencing of BRAF in exon 15 (including codon
600) was performed for a subset of the patients on a
3730 DNA Analyzer (Applied Biosystems, Foster City,
CA, USA) as previously described [14]. Additional data
on BRAF mutational status were obtained from THC
staining using the anti-BRAF VG600E (clone VEI)
mouse monoclonal antibody from Ventana (Roche,
Tucson, AZ, USA) according to the manufacturer’s
instructions. For the two series combined, BRAF muta-
tional status was available for 1114 patients and 1236
were scored by IHC (750 had overlapping data; the con-
cordance between methods was 96%). In cases of dis-
crepancy, the results from BRAF mutational analyses
were used. The two series were merged for the final
ECAD analyses to increase the statistical power of the
multivariable models and subgroup analyses.

This project was approved by the Norwegian Data
Protection Authority and the Regional Committee for
Medical and Health Research Ethics, South-Eastern
Norway (REK number 1.2005.1629), and written
informed consent was obtained from all patients prior to
enrollment. The research was carried out according to
the Declaration of Helsinki, and the research biobanks
were constructed according to national legislation.

2.2. Cell culture

Cell lines were obtained from various providers as pre-
viously described in [16], and HTS5, SWI1417, and
SW1222 were purchased from the European Collection
of Authenticated Cell Cultures (ECACC). Identities of
the cell lines were confirmed using short tandem repeat
profiling with the AmpF‘STR Identifiler PCR Amplifi-
cation Kit (Life Technologies by Thermo Fisher Scien-
tific, Waltham, MA, USA). Cell lines were kept in
DMEM/FI12 (except from CaCo, and WiDr cells
which were kept in EMEM) supplemented with fetal
bovine serum (FBS), 2 mm glutamine, 100 units-mL ™'
penicillin, and 100 pg-mL~" streptomycin (Gibco, Life
Technologies, Carlsbad, CA, USA) and kept at 37 °C
and 5% CO, in a humidified incubator. Culture media
was enriched with 10% FBS (20% for CaCo, cells).
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The MycoAlert Mycoplasma Detection Assay (Lonza,
Cologne, Germany) was used to regularly test for
mycoplasma contamination.

2.3. Cell line paraffin arrays

Thirty-five unique CRC cell lines were cultured and
detached by trypsinization at exponential growth phase
and fixed using Shandon fixative for 20 min (RT). Cell
pellets were washed with Tris-buffered saline (TBS) and
processed to paraffin using Cytoblocks (Cat No
10066588; Thermo Scientific). Punches (1 mm core)
with two replicates were taken from donor cell line par-
affin blocks to generate the cell line paraffin array
blocks.

2.4. Multiplex fluorescence-based
immunohistochemistry

Multiplex THC protocols were conducted using 4—um-
thick sections. The analyses did not include cases with
poor tumor preservation, loss of tissue, low number of
epithelial cells (typically < 50), extensive tissue folding,
Or Nnecrosis.

2.4.1. Norwegian series 1 and cell line paraffin arrays

For THC staining of the Norwegian series 1, we used a
protocol described in [17]. The primary antibodies and
fluorescence detection reagents were the following:
PanCK (C-11, Abcam, Cambridge, UK, AB7753,
1 : 1500; AE1/3, InVitrogen, Carlsbad, CA, USA, MAS5-
13156, 1 : 1000) with TSA-488 detection (Life Technolo-
gies, Eugene, Oregon), ZO-1 (1 : 500; CST, Danvers,
MA, USA, D6LIE) with TSA-555 detection, ITGB4
(1 : 100; CST, 14803S) with anti-rabbit-AF647 detection
(Thermo Fisher Scientific), ECAD (1 : 500, BD 610182)
with anti-mouse-AF750 detection (Abcam, AB175738).
Slides were then stained with DAPI (Roche, 5 pg-mL™"),
mounted with ProLong Gold (Thermo Fisher Scientific)
and whole-slide imaged (see imaging below).

2.5. Tissue and cell line imaging

2.5.1. Norwegian series 1

Five-channel fluorescent images were acquired using
Metafer 5 scanning and imaging platform (MetaSys-
tems, Altlussheim, Germany) consisting of Axiolma-
ger.Z2 (Zeiss, Oberkochen, Germany) microscope
equipped with Zeiss Plan-Apochromat 2x objective
(NA 0.8), CoolCube 2m CCD camera (MetaSystems),
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PhotoFluor LM-75 (89 North PhotoFluor LM-75,
Meyer Instruments, Inc., Houston, TX, USA) metal-
halide light source, and Zeiss EPLAX VP232-2 power
supply. DAPI, FITC, Cy3, Cy5, and Cy7 filters were
used with the following exposure times: DAPI = 3.1 ms,
FITC (PanCK) = 1.6 ms, Cy3 (ZO-1) = 2.2 ms, CyS5
(ITGB4) = 50 ms, Cy7 (ECAD) = 400 ms. Nine field of
views were acquired per each TMA spot, composed
using VSlide (MetaSystems), and the images were
exported as one tiled image per spot as Lossless com-
pressed TIFFs (95% resolution) for image analysis.

2.6. Digital image analysis

2.6.1. Norwegian series 1 and cell line paraffin array

The image analysis was carried out using a cell image
analysis software (CELLPROFILER version 2.2.0) [18].
Epithelial marker expressions were measured as mean
pixel intensities within epithelial areas of the tissue
microarray spots. The pipeline consisted of (a) detec-
tion of spot by pixel thresholding (all channel pixels as
maximum) and removing spot edges by convex hull +
erode, (b) detection of epithelium by summing PanCK
+ ECAD channel pixels and thresholding using global
manual threshold and closing + dilating the mask, (c)
measurement of marker expressions in the epithelial
mask (measure object intensity within epithelial
objects), and (d) exportation of the marker intensity
values as CSV data. Cell line arrays were analyzed as
above, except the pipeline did not have step 2, detec-
tion of epithelium. Cell line array marker expression
measurements were done within the area specified by
the cell spot (all pixels maximum + threshold).

2.6.2. Scoring of cell lines for epithelial markers

For the scoring of cell lines with intensity categories 0—
2, we combined digital image analysis and visual scor-
ing. A consensus score was formed between the digital
image analysis and visual interpretation of the stains.
This is due to the fact that cell paraffin arrays contained
technical artifacts of unfocused and folded sample areas.

2.7. Technical and clinical validation of ECAD in
the Norwegian patient series 1 and 2

2.7.1. Multiplex fluorescence-based IHC

For technical and clinical validation of the prognostic
value of ECAD, we stained the Norwegian series 1

ECAD is a robust prognostic biomarker in CRC

and 2 using mfTHC following the protocol described in
[19]. Briefly, a 5-plex stain was optimized according to
the Opal™ Multiplex IHC method (PerkinElmer/
Akoya, Menlo Park, CA, USA). The Dako PT link
module was used to remove paraffin from the glass
slides, for heat-induced epitope retrieval and to strip
the antibodies (20 min at 97 °C) with the EnVision™
FLEX Target Retrieval Solution (3-in-1) pH 9 (pH 6
for PTEN and for cytokeratins) (Agilent/Dako, Santa
Clara, CA, USA), in 65 °C preheat mode. The multi-
plex staining protocol was conducted with the Opal™
5-Color Manual IHC Kit (PerkinElmer/Akoya) follow-
ing the manufacturer’s recommendations. Tissue sec-
tions were incubated for 30 min with these primary
antibodies: ECAD (1 : 200, clone NCH-38, Dako/Agi-
lent; detected by Opal 520 at 1 :100), Ki67 (1 : 4,
RTU clone MIB-1, Dako/Agilent; detected by Opal
570 at 1:100), PTEN (1 : 125, clone D4.3, Cell Sig-
naling Technology, Danvers, MA, USA; detected by
Opal 620 at 1 : 100). A cocktail of epithelial markers
was employed in the final cycle to facilitate epithelial
segmentation during image analysis using anti-pan
cytokeratin (1 : 1500, clone C-11, Abcam) and anti-
pan cytokeratin type I/IT (1 : 1000, clone AE1/AE3,
Thermo Fisher Scientific); detected by Opal 690 at
1 : 100. DAPI (PerkinElmer/Akoya) was used as coun-
terstain prior to mounting using ProLong Diamond
Antifade Mountant (Invitrogen/Thermo Fisher Scien-
tific). Singleplex stains were made for all fluorophores
in order to make spectral signatures to unmix the mul-
tiplex. The spectral signature for the tissue autofluores-
cence was made from a slide without fluorophore.

Optimal antibody concentrations were determined
by evaluating the specificity, intensity, and signal to
noise of the individual signals using both chromogenic
DAB and fluorescence stains. A dedicated test TMA
was used for this purpose, including 42 primary CRC
cases and six cases from normal colon mucosa.
Recommended signal ranges and balancing of the fluo-
rescence signals were used for all markers. A negative
control stain was made by excluding the primary anti-
body on one slide.

2.7.2. Image acquisition and digital image analysis

Standard settings at 20x magnification were used to
generate multispectral images using the Vectra 3.0
Automated Quantitative Pathology Imaging System,
200 slides (VECTRA software version 3, PerkinElmer/
Akoya). Multispectral image analysis of multiplex IHC
stains was performed using INFORM Image Analysis
Software (version 2.3, Akoya Biosciences). For train-
ing of the image analysis algorithm, representative
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images were initially loaded and spectrally unmixed
with the spectral libraries made based on the individ-
ual fluorophore library stains and the tissue autofluor-
escence slide. After that, a machine-learning algorithm
was trained by the investigator specifying relevant tis-
sue annotations aided by the signal from the epithelial
markers to accurately segment tumor tissue versus
stromal tissue and background, as well as individual
cells based on the nuclear DAPI signal. Review of all
images was performed after batch processing. Protein
expression was quantified as the mean signal intensity
within the whole epithelial compartment.

2.8. Drug screen

The drug screen was performed as described in [16].
Briefly, cell lines were screened with two different
libraries including in total 620 approved and investiga-
tional small-molecule drugs at five different concentra-
tions spanning a 10 000-fold concentration range.
Growth patterns and rates of all the cell lines were
carefully assessed with regard to viability and mor-
phology making sure the cells were in a logarithmic
growth phase throughout the experiments. An Echo
550 (Labcyte Inc., Sunnyvale, CA, USA) was used to
preprint the drugs on 384-well optical microplates. A
Multidrop Combi Reagent Dispenser (Thermo Fisher
Scientific) was used for cell seeding and the cells were
assessed for viability after 72 h with the CellTiter-Glo
(CTG) assay (Promega, Fitchburg, WI, USA). The
resulting luminescence signals were measured using a
PHERAstar FS microplate reader (BMG Labtech
GmbH, Ortenberg, Germany). Drug measurements
were compared and normalized to DMSO wells (0.1%,
negative control) and benzethonium chloride wells
(100 pmMm, positive control). Efficacy of the individual
drugs was estimated as a drug sensitivity score (DSS)
according to the model developed by [20]. Only drugs
with maximum DSS > 10 were considered in the ana-
lyses (n = 293).

2.9. Statistics

SPSS version 21.0 (IBM Corporation, Armonk, NY,
USA), STATA version 15.1 (StataCorp, Lakeway
Drive College Station, TX, USA), and rRSTUDIO version
1.2. 5019 (r version 3.6.2) were used for the statistical
analyses. Five-year relapse-free (RFS) and 5-year over-
all survival (OS) plots were generated by the Kaplan—
Meier method. The logrank test was used to compare
survival curves, while the Cox proportional hazards
model was used to calculate hazard ratios (HR) and
confidence intervals (CI) for disease recurrence. RFS
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was defined as the time from surgery to the first event
of either locoregional recurrence or metastasis, or
death from any cause. Any second primary cancer or
other cancer for the same patient was ignored. The
RFS analyses included only patients with complete
resection. The patients were censored at loss to follow-
up, defined as the last date for clinical or radiological
examination or at five years after surgery.

The functional forms of individual protein expres-
sions were evaluated with the mfp algorithm in Stata,
and a log2 transformation was found to be an ade-
quate representation. For ECAD, the raw protein
expression was log2-transformed and normalized as Z-
scores prior to combined downstream analyses for the
two Norwegian series.

Multivariable model-building was based on the fit of
the data, the interpretability of the covariates and their
consistency with subject-matter knowledge, with the
aim to facilitate replication by other researchers and
transportability to other settings. Clinical relevance
determined which parameters to evaluate in multivari-
able models. Tumor differentiation grade is associated
with patient survival (Fig. S1) and was included in ini-
tial models and was also found to correlate with
ECAD protein expression as expected but was not
included in final models because it is difficult to repro-
duce robustly among pathologists. However, the
models and the prognostic effect of ECAD were only
slightly affected by including differentiation grade in
initial multivariable models (Tables S3 and S4). Adju-
vant chemotherapy, as well as pre- and post-operative
radiotherapy for rectal cancer patients, was also con-
sidered in initial multivariable models, but was rele-
vant for relatively few patients and did not change the
models. Small groups were avoided to increase the sta-
bility of multivariable models. Hence, mucinous
tumors were grouped with poorly differentiated
tumors due to their similar prognosis. Synchronous
tumors were excluded from the analyses since they
were few and the location of the tumor with evaluable
ECAD protein expression uncertain. The independent
prognostic effect of ECAD was evaluated and con-
firmed in both full multivariable models and stepwise
models with backward elimination (P < 0.05 inclusion
and P > 0.1 exclusion). Full multivariable models
were chosen as the final models because they are sim-
pler to build and reproduce. The analyses did not
include patients with missing data. Formal interaction
tests were integrated in the Cox models to assess
whether effects were different between subgroups.
These interaction tests have low power and must be
interpreted carefully. The Schoenfeld test and graphi-
cal evaluation of log (-log survival time) versus log
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(time) plots were used to evaluate the proportional
hazards assumptions.

Subgroup analyses for ECAD including tumor
stage, MSI status, BRAF mutation status, tumor loca-
tion, and tumor differentiation grade were conducted
with the a priori knowledge that these covariates are
associated with the protein expression of ECAD, and
these analyses were therefore not corrected for multi-
ple testing. The R functions wilcox.test and p.adjust
were used to conduct two-sided Wilcoxon rank-sum
tests with Benjamini—-Hochberg false discovery rate
(FDR) estimation adjustment [21] and with drug sensi-
tivity scores as input. Differential ECAD protein
expression between and among subgroups was evalu-
ated using Wilcoxon rank-sum test when comparing
two groups and using Kruskal-Wallis test for compar-
ing more than two groups. A P-value < 0.05 (two-
tailed) was considered statistically significant.

3. Results

3.1. Staining patterns of colorectal cancer
epithelial integrity markers

The expressions of epithelial cell-cell adhesion and
polarity markers were assessed in the Norwegian CRC
series 1 (TMAL1; n =922, 689 evaluable -cases,
Table S2) by quantitative fluorescent multiplex immu-
nohistochemistry of ZO-1, ITGB4, ECAD, and cyto-
keratins (PanCK) (Fig. 2). The marker expression
levels and patterns were analyzed both visually and by
automated digital image analysis.

The visually inspected staining profiles of the epithe-
lial markers showed expected patterns (Fig. 2;
Fig. S2). The tight junction protein, ZO-1, was local-
ized to the apical surface of the intestinal epithelial
cells in well-differentiated carcinoma and to more ran-
dom punctate foci in less polarized epithelium. In well-
differentiated  and  polarized  epithelium, the
hemidesmosome-associated ITGB4 was localized to
the basal membrane of the epithelial islands, whereas
in higher grade tumors with invading structures, it had
lost its membrane localization and appeared more in
the cytoplasm. The adherence junction protein,
ECAD, which was localized to the epithelial cell—cell
contacts, showed the highest inter- and intratumoral
variability from strong cell membrane staining to
weaker intracellular punctate foci, and to almost total
loss of staining. The intermediate filament proteins,
cytokeratins, which physically connect cell-cell junc-
tions and hemidesmosomes with the actin cytoskeleton
and nuclei [22], appeared to inversely correlate with
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ECAD, showing stronger intensity in the epithelial
areas with ECAD loss. By quantitative analysis, we
found a weak positive correlation among ECAD,
ITGB4, and ZO-1 and a weak negative correlation
between ECAD and cytokeratins (Fig. S3).

3.2. Clinical and molecular associations of
epithelial integrity markers

We explored associations for the four markers to rele-
vant clinical and molecular variables including stage,
differentiation grade, location, microsatellite instabil-
ity, and BRAF mutation status (Fig. S4A). ECAD,
ITGB4, and ZO-1 were inversely associated with
tumor stage, while cytokeratins showed a positive
association. As expected, ECAD showed a clear posi-
tive association with differentiation grade, while no
significant differences were found for the three other
markers. The distribution of ECAD showed a some-
what lower expression in right-sided tumors as com-
pared to left-sided and rectal tumors as expected,
whereas the opposite pattern was observed for cytoker-
atins. The distribution of ITGB4 showed higher
expression in right-sided tumors as compared to left-
sided and rectal tumors and ZO-1 showed higher
expression in rectal tumors as compared to left-sided
and right-sided tumors. Microsatellite instability and
BRAF mutation status were associated with low
ECAD expression and high ITGB4 expression. None
of the markers were associated with gender or age.

3.3. Association between markers of epithelial
integrity and patient survival

The prognostic value of the continuous expression of
each of the four markers was evaluated in univariable
five-year overall survival Cox models including all stages
in the Norwegian series 1. We found that expression of
ECAD (HR 0.78; 95% CI 0.70-0.86; P < 0.0001;
n=689), ITGB4 (HR 0.83; 95% CI 0.74-0.93;
P =0.0014; n=689), and ZO-1 (HR 0.89, 95% CI
0.79-1.00; P = 0.049, n = 689) were positively associ-
ated with survival, while cytokeratins showed a negative
association (HR 1.18; 95% CI 1.05-1.32; P = 0.0041,
n = 689). These relationships could also be illustrated
by Kaplan—Meier analysis of the trichotomized vari-
ables (Fig. S5). A multivariable Cox model for stages I-
IV including all the four markers showed that ECAD,
ITGB4, and cytokeratins carried independent prognos-
tic information (Table S3A), but only ECAD was sig-
nificant in full models including age, gender, stage,
location, and microsatellite instability (stages I-III and
IV, Table 1 and stages I-IV, Table S3B).
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3.4. Technical and clinical validation of ECAD as
a prognostic biomarker in CRC

The prognostic value of ECAD as a continuous vari-
able was technically validated in the Norwegian series
1 by different operators using a new monoclonal anti-
body (clone NCH-38) and a separate mfIHC platform,
employing different protocols for staining and digital
image analysis (stages I-IV 5-year OS HR 0.84;
95% CI 0.76-0.92; P = 0.00015, n = 821, Fig. 3A,B).
Clinical validation using the NCH-38 clone was per-
formed in Norwegian series 2, showing highly compa-
rable results (stages I-IV, 5-year OS HR 0.83; 95% CI
0.74-0.92; P = 0.00069, n = 736, Fig. 3C). Combined
univariable Cox analysis of the Norwegian series 1
and 2 confirmed that ECAD protein expression is pos-
itively associated with prognosis in CRC (stages I-1V,
S-year OS HR 0.83; 95% CI 0.78-0.89; P < 0.0001;
n = 1557, Fig. 3D). Multivariable Cox models in the
combined series showed that the prognostic value of
ECAD in stages I-III and I-IV (OS), and stages I-111
with complete resection (RFS) was independent of age,

J. Bruun et al.

Fig. 2. Staining
epithelial  integrity markers in
primary colorectal cancer. Pan-
cytokeratin  (PanCK) is shown in
green; E-cadherin (ECAD) is shown
in cyan, integrin B4 (ITGB4) in red,
and zona occludens 1 (ZO-1) in
blue. DAPI staining is shown in
white. Scale bar, 50 um.

patterns of

gender, stage, location, microsatellite instability, and
BRAF mutation status (Table 2 and Table S4), as well
as differentiation grade (Table S4). The prognostic
effect of ECAD in stage IV was somewhat lower and
not significant in a multivariable model including the
same variables (Table 2).

Associations between ECAD staining and stage, dif-
ferentiation grade, location, microsatellite instability
and BRAF mutation status were confirmed in the com-
bined series (Fig. S4B), and we therefore speculated
that ECAD might have particular prognostic value
within these subgroups. This hypothesis was explored
in univariable Cox models including all cases and in
models restricted to patients with stages I-III with
complete resection (RO). Surprisingly, no significantly
different prognostic effects were identified among the
subgroups (Table 3). The prognostic effect appeared to
be strongest in stage II and stage IV, but the differ-
ences were not statistically significant and lack a con-
vincing functional and/or clinical rationale. No
differential prognostic effects were either identified
among age groups nor between genders. Thus, the
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Table 1. Multivariable 5-year overall survival (OS) Cox models of
epithelial integrity markers. (A) Model including only E-cadherin
(ECAD), integrin B4 (ITGB4), zona occludens 1 (ZO-1), and
cytokeratins (PanCK). (B) Full model including relevant clinical and
molecular variables. The continuous protein expression for all the
markers were log,-transformed and used as input in the models.
Age was also included as a continuous variable in the models.

Stage |-l (n =578, 226 Stage IV (n = 114, 107

events) events)
Variable
(A) HR (CI) Pvalue HR (Cl) P value
ECAD 0.83 (0.73-0.95) 0.0064  0.76 (0.64-0.91) 0.0021
ITGB4 0.91 (0.79-1.04) 0.16 0.94 (0.77-1.15)  0.56
Z0-1 0.93 (0.81-1.06) 0.26 0.92 (0.74-1.14)  0.46
PanCK 1.20 (1.04-1.38) 0.010 1.00 (0.84-1.19) 0.99
Stage |-l (n = 506, 203 Stage IV (n = 105, 98
events) events)
Full Cox
model (B)  HR (Cl) P value HR (CI) P value
Age 1.05 (1.04-1.07) < 0.0001 1.01(1.00-1.03) 0.090
Gender
Female 1 0.93 1 0.93
Male 1.18 (0.88-1.58) 0.98 (0.63-1.53)
Stage
| 1 < 0.0001
Il 1.49 (0.95-2.33)
1 2.64 (1.68-4.15)
Tumor location
Right 1 0.66 1 0.32
Left 1.17 (0.83-1.65) 0.73 (0.45-1.18)
Rectum 1.12 (0.75-1.66) 0.64 (0.32-1.28)
Microsatellite
instability
MSS 1 0.036 1 0.66
MSI 0.58 (0.35-0.97) 1.22 (0.50-2.98)
ECAD 0.81 (0.67-0.97) 0.023  0.73 (0.58-0.90) 0.004
ITGB4 0.99 (0.83-1.18) 0.92 0.99 (0.78-1.26) 0.95
Z0-1 1.01 (0.87-1.18) 0.85 0.95 (0.74-1.22) 0.69
PanCK 1.13 (0.97-1.33) 0.12 0.84 (0.69-1.02) 0.081

prognostic value of ECAD appears to be largely inde-
pendent of relevant clinical and molecular patient
groups.

To indirectly evaluate whether ECAD expression is
associated with benefit from adjuvant chemotherapy,
we compared 5-year RFS (R0) Kaplan—Meier models
of chemotherapy versus no chemotherapy as a func-
tion of ECAD expression divided into three equal
groups. The survival differences were similar among
the groups and formal interaction tests did not identify
any significant differences (Fig. S6). Similar results
were obtained using overall survival as clinical end-
point, by evaluating two or five equal ECAD staining
groups, and when using continuous data as input.

ECAD is a robust prognostic biomarker in CRC

3.5. Pharmacoproteomic associations of ECAD
expression in vitro

Potential associations between ECAD expression and
drug sensitivity in preclinical models were explored by
staining a cell line microarray including 35 unique
CRC cell lines (Fig. 4A.B) annotated with 293
approved and investigational drugs (DSS,.« > 10).
The cell lines showed a trimodal distribution of ECAD
where six cell lines had a particularly low expression,
and these cell lines were compared against the rest in
differential sensitivity analyses including all drugs. We
found that cell lines with loss of ECAD expression
were significantly more sensitive to topoisomerase,
aurora, and HSP90 inhibitors (Fig. 4C,D, Table S5),
here illustrated by comparing dose-response curves
and drug sensitivity scores for irinotecan, topotecan,
TAK-901, and ganetespib, respectively (Fig. 4E,F).
This observation appeared to be independent of micro-
satellite instability (Fig. 4D and Table S6). MSS cell
lines with moderate to high ECAD expression were
more sensitive to EGFR inhibition (Fig. 4D and
Table S6). We observed no strong association between
ECAD expression and sensitivity to 5-FU, but loss of
ECAD expression was associated with sensitivity to
oxaliplatin and gemcitabine (Fig. 4E,F).

4. DISCUSSION

During the early phases of the metastatic process, car-
cinoma cells often undergo EMT, where adherence
junctions (ECAD), apical tight junctions (ZO-1), and
basolateral hemidesmosomes (ITGB4) are disas-
sembled [2,3,23]. Although the functional roles of these
epithelial integrity proteins have been extensively stud-
ied in cancer, their relative potential as prognostic
markers in CRC has not been thoroughly investigated
in large representative patient series. By use of the
mfITHC technology, we could analyze the continuous
expressions with a large linear dynamic range, of the
selected markers on the same tissue section. We found
that ECAD expression was most strongly associated
with patient survival among the four markers.
Although ITGB4 and PanCK both showed indepen-
dent prognostic information from ECAD, the only
marker with independent prognostic value in multivar-
iable models was ECAD. The current data confirm
previous studies applying conventional chromogenic
DAB staining and visual scoring assessing ECAD as a
prognostic marker in CRC [24,25].

In this study, we observed inverse association of
ECAD and PanCK expression, and they were also
inversely associated with disease progression and patient

Molecular Oncology (2021) © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 9



ECAD is a robust prognostic biomarker in CRC
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Fig. 3. Technical and clinical validation of the prognostic value of E-cadherin. Kaplan-Meier plots illustrating the prognostic associations for
E-cadherin (ECAD) using antibody clone 36 (A) and clone NCH-38 (B) in Norwegian series 1. Prognostic validation was performed in
Norwegian series 2 with clone NCH-38 (C) and combined analyses for Norwegian series 1 and 2 are shown in (D). The continuous ECAD
protein expression for each marker was trichotomized into three equal groups to facilitate Kaplan—-Meier analysis and logrank test for trend

(tft).

survival in CRC. The loss or decrease in the expression
of epithelial ECAD has been linked with tumor budding
and more aggressive disease in CRC [24,26,27]. How-
ever, the association of cytokeratins with CRC progres-
sion and survival is more complex: Colonocyte
differentiation associated cytokeratins, CK20 and CKS,
may be partially lost during EMT or invasion, but other

cytokeratins, such as CK7, CK 18, and CK 19, have been
associated with increased tumor burden, tumor bud-
ding, invasion, or poor survival [22]. Indeed, the pan-
cytokeratin antibody mix we have used and named as
PanCK in this study (clones C-11, AE1, AE3) detects
multiple types of cytokeratins, and individual cytokera-
tins may have a tissue context-dependent expression
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Table 2. Multivariable Cox models of E-cadherin in combined Norwegian series 1 and 2. Age and ECAD protein expression were included
as continuous variables in the models. Log2-transformation of ECAD was performed within each series before the values were standardized
(Z-score) and the series combined. ECAD, E-cadherin; RO, complete resection/no residual tumor.

Stage -1 (OS) (n = 1158, 426

Stage IV (OS) (n = 245, 215

Stage -l (RO, RFS) (n = 1108,

events) events) 446 events)
Variable HR (CI) P value HR (CI) P value HR (CI) P value
Age 1.05 (1.04-1.06) < 0.0001 1.03 (1.01-1.04) < 0.0001 1.04 (1.03-1.05) < 0.0001
Gender
Female 1 0.1 1 0.07 1 0.1
Male 1.18 (0.96-1.43) 1.30 (0.98-1.74) 1.18 (0.97-1.43)
Stage
| 1 < 0.0001 1 < 0.0001
Il 1.63 (1.21-2.21) 1.80 (1.34-2.41)
1 2.79 (2.06-3.78) 2.98 (2.21-4.00)
Tumor location
Right 1 0.52 1 < 0.001 1 0.38
Left 1.15 (0.91-1.46) 0.73 (0.563-0.99) 1.17 (0.93-1.48)
Rectum 1.07 (0.82-1.39) 0.40 (0.26-0.62) 1.15 (0.89-1.48)
Microsatellite instability
MSS 1 0.0076 1 0.73 1 0.004
MSI 0.56 (0.37-0.86) 0.90 (0.50-1.62) 0.55 (0.37-0.83)
BRAF
Wild-type 1 0.14 1 0.14 1 0.17
Mutated 1.33 (0.91-1.96) 1.37 (0.91-2.09) 1.29 (0.90-1.87)
ECAD 0.82 (0.74-0.91) 0.00026 0.92 (0.82-1.04) 0.18 0.87 (0.78-0.97) 0.0086

profile and role, thus also showing strong interpatient
and intrapatient variations. For example, CK23 is more
pronounced in MSS tumors and is associated with more
aggressive CRC [28,29]. Given that pan-cytokeratin
IHC, typically with clones AE1/AE3 is robustly used to
detect aggressive CRC associated tumor budding [30],
suggests that cytokeratins are not readily lost during
invasion process. Consistent with this, EMT has been
considered more like a partial EMT in CRC [31], where
in fact double-positive cells for pan-cytokeratin and
“mesenchymal” vimentin mark more aggressive tumor
cells [32]. We have also previously observed in stage 11
colon patient tumor samples that while ECAD expres-
sion levels were lower in tumor invasive border and
tumor buds than in tumor center, cytokeratin expression
levels were higher in the tumor invasive border and in
tumor buds [26]. Further analyses are warranted to elab-
orate which individual cytokeratins are over- and under-
represented in tumor cells with a loss of ECAD.
Mechanistically, ECAD association with unfavor-
able survival in CRC could be linked with the onset of
invasion (EMT) and induction of cancer stem cell phe-
notype (CSCs) at least through Wnt-beta-catenin path-
way. Deletion of APC or activating mutation of beta-
catenin is an early event in colorectal carcinomas
(> 75%), pointing out that these cancers largely

depend on Wnt signaling activation [33]. Experimental
studies have shown that aberrant ECAD leads to dis-
ruption of ECAD-beta-catenin cell-cell junctional
complex, activation of Wnt signaling, translocation of
cell junctional beta-catenin to nucleus, and induction
of cancer stem cells (CSCs) [34], which are considered
drivers of tumor progression and metastasis of CRC
[35]. Cytokeratins, in turn, are intermediate filaments
forming physical links with the actin cytoskeleton and
extracellular matrix through integrins and other cell
membrane proteins [22]. Knockout and overexpression
studies have shown that cytokeratins may dramatically
influence cell shape, adhesion, migration, invasion, as
well as metastatic properties of tumor cells [22].
Despite the high biomarker discovery rate, very few
biomarkers are robustly validated and even fewer are
implemented in the clinic [8]. We have here optimized
a robust protein detection protocol combined with a
simple algorithm for digital image analysis of the total
protein expression in the epithelial cancer tissue. The
subsequent biomarker analyses were in line with the
REMARK guidelines to ensure that the results are
reproducible and comparable with results from inde-
pendent laboratories. We have also attempted to fol-
low best practices for mfIHC staining and validation
[36]. A particular strength with our study is the
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Table 3. Univariable Cox analyses of E-cadherin in clinical and molecular subgroups. Norwegian series 1 and 2 were combined to explore
potential prognostic subgroup effects of ECAD. The continuous ECAD protein expression was used as input in the analyses. Log2-
transformation of ECAD was performed within each series before the values were standardized (Zscore) and the series combined. Formal
interaction tests compare prognostic effects among the groups. Cl, confidence interval, ECAD, E-cadherin; HR, hazard ratio; ns, not
significant; OS, overall survival; RO, complete resection; RFS, relapse-free survival.

Stage -1V (OS) Stage |-l (RO, RFS)
Variable HR (CI) P value n, events HR (Cl) P value n, events
All cases 0.83 (0.78-0.89) < 0.0001 1657; 714 0.88 (0.80-0.96) 0.0039 1234; 496
Stage Pinteraction = NS Pinteraction = NS
| 0.98 (0.76-1.27) 0.87 276; 63 0.99 (0.77-1.27) 0.91 275; 67
Il 0.79 (0.69-0.91) 0.00076 605; 213 0.84 (0.74-0.96) 0.013 578; 227
11 0.91 (0.80-1.03) 0.14 409; 203 0.95 (0.83-1.08) 0.42 381; 202
I\ 0.87 (0.78-0.98) 0.022 264; 233 — — -
Tumor location Pinteraction = NS Pinteraction = NS
Right 0.81 (0.73-0.91) 0.0003 637; 300 0.88 (0.76-1.02) 0.08 503; 196
Left 0.83 (0.74-0.93) 0.0017 494; 247 0.83 (0.71-0.96) 0.015 375; 163
Rectum 0.91 (0.62-0.88) 0.2 391; 151 0.95 (0.80-1.12) 0.54 327,126
Tumor gradea Pinteraction = NS Pinteraction = NS
High 0.89 (0.66-1.20) 0.44 108; 41 1.01 (0.72-1.42) 0.96 96; 36
Moderate 0.85 (0.78-0.92) 0.00016 1199; 531 0.91 (0.82-1.01) 0.086 969; 385
Low 0.91 (0.76-1.08) 0.28 204; 121 0.80 (0.61-1.04) 0.097 135; 61
Microsatellite instability Piteraction = NS P nteraction = NS
MSI 0.79 (0.63-0.99) 0.043 229; 85 0.80 (0.62-1.03) 0.088 203; 67
MSS 0.81 (0.75-0.88) < 0.0001 1248; 590 0.85 (0.76-0.94) 0.0017 967; 403
BRAF Pinteraction = NS Pinteraction = NS
Wild-type 0.84 (0.78-0.92) 0.000089 1244, 564 0.88 (0.79-0.98) 0.018 977; 393
Mutated 0.74 (0.62-0.88) 0.00092 235; 114 0.77 (0.60-0.98) 0.037 190; 77

“Tumor differentiation grade.

confirmed independent prognostic value of ECAD
applying two different monoclonal antibodies and two
different mfTHC platforms. We found ECAD to be a
robust prognostic marker, independent of the MSI sta-
tus, as well as of other relevant clinical and molecular
subgroups. Finally, the fact that the biological func-
tion of ECAD is strongly associated with cancer pro-
gression and metastasis is a preferred characteristic of
a good biomarker. These results together substantiate
the potential clinical value of ECAD.

We had no a priori hypotheses for which patient
subgroups the different markers would show particular
prognostic effects. Hence, the conducted subgroup

analyses were exploratory. However, ECAD showed
strongest prognostic effect in stage II (Table 3) sug-
gesting that ECAD IHC staining of central tumor
after curative surgery might be a clinically useful bio-
marker to help identify stage II CRC patients in need
for more intense follow-up. However, this finding
needs to be externally validated. Further studies are
also needed to determine the most appropriate method
for measuring ECAD protein expression in a clinical
setting, but this study and our previous study using
chromogenic staining and visual scoring of TMAs [24]
suggest that ECAD has robust prognostic value across
technological platforms and with both fluorescent and

Fig. 4. Pharmacoproteomic evaluation of epithelial integrity markers in vitro. (A) Cell line paraffin array with epithelial marker staining of 35
unique colorectal cancer cell lines. Scale bars, 25 um (magnified area) and 500 pm. (B) Epithelial marker expression in cell lines with 3-tier
scoring (0 = null, T = medium, 2 = high). (C) Volcano plots showing differences in drug sensitivity between cell lines with loss of ECAD and cell
lines with medium or high ECAD expression including all cell lines and (D) only microsatellite stable cell lines (please note the low number of
cell lines with loss of ECAD when interpreting the figure). (E) Curves showing estimated dose-response models for all cell lines for seven
selected drugs. Each curve represents a cell line and is colored according to ECAD status (red = ECAD null). Concentrations are in nanoMolars
(nm) with dose-window defined by screening range. (F) Corresponding boxplots illustrating difference in cell line drug sensitivity scores (DSS,
proportional to area over the curve) for the same seven drugs. P-values are from Wilcoxon tests and delta DSS is the median difference. All 35
cell lines were screened according to a standardized protocol and the data presented are based on one high-throughput drug screen per cell
line. DSS, drug sensitivity score; ECAD, E-cadherin; ITGB4, integrin B4; PanCK, pan-cytokeratin; ZO-1, zona occludens 1.

12 Molecular Oncology (2021) © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.



J. Bruun et al.

A

-log10 (P)

RKO
TC71
Sw4s
SW620
HCT116
LIM2099
0OUMS23
Lovo

o

2 34567 8

ECADH
ITGB4
PanCk
Z0-1

CO115
HCT15
SW1222
LIM2405

SW1417
SW1116
CL™1
COLO678
Swas7
COLO205
KM12
CAR1
SW1463
CACO2
SW403
WIDR
FRI

HT55
VoP
Swa48
HCC2998
NCIH508
LS1034
I1S1

EB

CL34
CL40

E-cadherin (0 versus 1 + 2)

& | 3 n - HSP90

-log10 (P)

T
-5 0 5

Apss
(n=6+29)

E-cadherin (O versus 1 +2)

E-EGFR
n - HSP9O

m

Viability
0.5

Viability
0.5

Viability

Viability
0.5

Viability
0.5

Viability

Viability

1.0

0.0

1.0

0.0

1.0

0.5

0.0

1.0

0.0

0.5

1.0

0.0

1.0

0.5

0.0

ECAD is a robust prognostic biomarker in CRC

E-cadherin
-0

- 1+2

) 1
10°  10'

I I 1
102 10° 10*

05

1+,

5-FU (nm)

DSS
10 20 30

0

1 ) P 1 !
10" 10> 10® 10*
Irinotecan (nw)

DSs
10 20 30

0

DSS
10 20 30

0

T T
10° 102

DSS
20 30

10

0

T T 1
10° 10" 10> 10°

TAK-901 (nm)

DSS
10 20 30

D o

T
10° 10

0

T 1
10°
Gemcitabine (nm)

0
E-cadhe

rin

Oxaliplatin
P =0.0863
ﬂ =S¢~
o

0 1+2
E-cadherin

Irinotecan
P =0.004

Apss =—5-%—
ab

0 1+2
E-cadherin

Topotecan

P=0.0013

=
.

0 142
E-cadherin

Ganetespib

P =0.0026
=IO

==

-

0 1+2
E-cadherin

TAK-901

P=0.0027
Apss=-4.8

!3*-_&?

&

0 1+2
E-cadherin

Gemcitabine

P =0.0027

eppss=-10
Lol

o
O

0 142
E-cadherin

Molecular Oncology (2021) © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

13



ECAD is a robust prognostic biomarker in CRC

chromogenic detection methods, as well as with both
visual and digital image analysis. We propose that the
prognostic value of ECAD should be externally vali-
dated for use in multivariable prediction models as a
continuous variable according to the TRIPOD guide-
lines for risk stratification [37]. Furthermore, all the
tissue cores were from the central tumor region; hence,
the ECAD expression is likely more stable as com-
pared to the invasive front and is easier to measure in
a reproducible manner. However, validation studies
using whole tissue sections or TMAs with cores from
multiple sites of the tumor are needed to determine the
clinical utility of ECAD as a biomarker. Although
individual TMA CRC tissue cores show more variabil-
ity than whole tissue sections, the strong association
between low ECAD expression and poor prognosis is
robust due to the large number of patients included
from two independent consecutive patient cohorts, and
this association is likely to become even stronger when
analyzing a larger part of the tumor.

Our analyses did not show any apparent associa-
tions of ECAD protein expression and survival
among stage III related to whether the patients have
received adjuvant chemotherapy including almost 400
patients, which should be sufficient to discover clini-
cally relevant signals. But the analysis is limited by
being retrospective and the included patients are not
therapy-randomized, which is ultimately necessary to
answer this question properly. Patients offered adju-
vant chemotherapy have in general a better perfor-
mance status and are younger than those who did
not receive adjuvant chemotherapy. However, there
was still no association when the predictive analyses
were restricted to colon cancer patients below
75 years of age.

Subsequent exploratory analyses in a relatively large
panel of CRC cell lines did however identify an inter-
esting association between loss of ECAD and response
to topoisomerase, aurora, and HSP90 inhibitors. The
first might have clinical implications for evaluation of
response to irinotecan, which is used in standard of
care combination chemotherapy.

The link between ECAD and aurora inhibitors is
not novel, as earlier work revealed that the combina-
tion of aurora inhibitors and ECAD deficiency is
highly efficient in killing breast cancer cells [38,39].
However, to our knowledge, this connection has not
been previously reported in CRC. We have previously,
based on partly overlapping data, reported associa-
tions between gene expression subtypes and HSP90
inhibitor sensitivity [16]. The congruity is likely attrib-
utable to biological connections between gene expres-
sion subtypes, differentiation, and ECAD expression.

J. Bruun et al.

EGFR-targeted therapy is commonly used in
patients with RAS wild-type metastatic CRC, but
acquired resistance develops rapidly in most patients.
Results from multiple studies in lung cancer suggest
that epithelial phenotype with increased ECAD gene
(CDH]I) or protein expression, as opposed to mesen-
chymal or EMT phenotype, is associated with
increased sensitivity to EGFR inhibitors [40-45].
Moreover, functional experiments have shown that
EGFR inhibitor sensitivity is directly related to
increased ECAD expression in colon cancer [46] and
in lung cancer [47,48]. Furthermore, colon cancer
patients who responded (n = 19) to antibody-based
EGFR inhibition therapy (cetuximab) had significantly
higher cancer tissue expression of ECAD (IHC scor-
ing) than patients not responding (n = 17) [49] to treat-
ment. Thus, our results of increased EGFR inhibitor
sensitivity of CRC cells with MSS phenotype and
higher ECAD expression are consistent with earlier
studies and further validate this association. Although
the results from the pharmacoproteomic analyses are
intriguing and supported by independent reports, they
are limited by the relatively low number of cell lines
with loss of ECAD.

The pharmacoproteomic associations identified war-
rant further studies to address limitations inherent to
our approach. For instance, to what extent does the
expression of epithelial markers change under different
growth conditions (e.g., confluency versus exponential
growth). Relatedly, although colorectal cancer -cell
lines are representative disease models [50,51], these
potential pharmacoproteomic relationships should be
investigated further in induction and knockout experi-
ments as well as using more advanced cancer models,
such as patient-derived organoids and tumor xeno-
grafts in mice.

In the present study, we investigated whether pro-
teins implicated in maintaining epithelial integrity are
associated with patient prognosis and cancer -cell
drug sensitivity in colorectal carcinoma. We used
mfIlHC to simultaneously detect adherence junction
protein ECAD, hemidesmosomal adhesion protein
ITGB4, tight junction protein ZO-1, and intermediate
filament proteins, cytokeratins, both in patient sam-
ples and in cell lines. We found and validated ECAD
as a robust and independent predictor of patient sur-
vival, but not as predictor of response to adjuvant
chemotherapy in CRC. Our preclinical drug screen
results validated the association of ECAD expression
and EGFR inhibitor sensitivity. We discovered that
low ECAD expression is associated with sensitivity to
topoisomerase, aurora, and HSP90 inhibitors in CRC
models.
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5. CONCLUSION

Reproducibility of biomarker results across technical
and analytical platforms, and across laboratories
shows that fluorescent immunohistochemical analysis
of ECAD can be robustly standardized in diagnostic
laboratories. ECAD can be a clinically useful bio-
marker to guide management of patients with CRC.

Acknowledgements

The authors acknowledge the FIMM Digital Micros-
copy and Molecular Pathology Unit supported by
HiLIFE and Biocenter Finland for scanning services.
The study was supported by the foundation “Stiftelsen
K.G. Jebsen” (RAL, AN, MGG), The South-Eastern
Norway Regional Health Authority (grants to RAL:
1n0.2017102 supporting PWE as post doc and 2016123
supporting CHB as PhD candidate) and the Norwe-
gian Cancer Society (grant no 182759-2016 to RAL),
the Research Council of Norway in cooperation with
University of Oslo (Toppforsk—grant no 250993 to
RAL). This study was also supported by the Instru-
mentarium Science Foundation (TP) and the Sigrid
Jusélius Foundation (TP).

Conflict of interest

The authors declare no conflict of interest.

Author contributions

JB and TP conceived and designed the study. OB,
MA, KV, and TP performed the discovery mfIHC
experiments on the Norwegian series 1 TMA and the
cell line microarrays, and JB and MB performed the
technical and clinical validation mfIHC experiments of
ECAD on the Norwegian series 1 and 2. JB, PWE,
and TP performed and analyzed the pharmacoproteo-
mic experiments. JB, PWE, CHB, OB, AS, MA, KV,
MB, MGG, OK, AN, RAL, and TP acquired biologi-
cal and/or clinical data. JB, PWE, OB, CHB, MG,
AN, RAL, and TP analyzed and interpreted the data.
JB drafted the manuscript, and all authors were
involved in revision of the manuscript and have read
and approved the final version. JB, RAL, and TP
supervised the study.

Peer review

The peer review history for this article is available at
https://publons.com/publon/10.1002/1878-0261.13159.

ECAD is a robust prognostic biomarker in CRC

Data accessibility

The data that support the findings of this study are
available from the corresponding authors teijo.pelli-
nen@helsinki.fi and jarlebruun@gmail.com upon rea-
sonable request.

References

1 Chaffer CL, Weinberg RA. A perspective on cancer cell
metastasis. Science. 2011;331:1559-64. https://doi.org/
10.1126/science.1203543

2 Derynck R, Weinberg RA. EMT and cancer: more than
meets the eye. Dev Cell. 2019;49:313-6. https://doi.org/
10.1016/j.devcel.2019.04.026

3 Lamouille S, Xu J, Derynck R. Molecular mechanisms
of epithelial-mesenchymal transition. Nat Rev Mol Cell
Biol. 2014;15:178-96. https://doi.org/10.1038/nrm3758

4 Shibue T, Weinberg RA. EMT, CSCs, and drug
resistance: the mechanistic link and clinical implications.
Nat Rev Clin Oncol. 2017;14:611-29. https://doi.org/10.
1038/nrclinonc.2017.44

5 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre
LA, Jemal A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J
Clin. 2018;68:394-424. https://doi.org/10.3322/caac.
21492

6 Kopetz S, Grothey A, Yaeger R, Van Cutsem E, Desai
J, Yoshino T, et al. Encorafenib, binimetinib, and
cetuximab in BRAF V600E-mutated colorectal cancer.
N Engl J Med. 2019;381:1632—43. https://doi.org/10.
1056/NEJMo0a1908075

7 Le DT, Uram JN, Wang H, Bartlett BR, Kemberling
H, Eyring AD, et al. PD-1 blockade in tumors with
mismatch-repair deficiency. N Engl J Med.
2015;372:2509-20. https://doi.org/10.1056/
NEJMoal500596

8 Filippou P, Diamandis EP. Half-century of cancer
biomarkers: lessons from the past and projections for
the future. J Appl Lab Med. 2017;2:288-90. https://doi.
org/10.1373/jalm.2016.021824

9 Haslam A, Kim MS, Prasad V. Updated estimates of
eligibility for and response to genome-targeted oncology
drugs among US cancer patients, 2006-2020. Ann
Oncol. 2021;32:926-32. https://doi.org/10.1016/j.annonc.
2021.04.003

10 Kern SE. Why your new cancer biomarker may never
work: recurrent patterns and remarkable diversity in
biomarker failures. Cancer Res. 2012;72:6097-101.
https://doi.org/10.1158/0008-5472.CAN-12-3232

11 McShane LM, Altman DG, Sauerbrei W, Taube SE,
Gion M, Clark GM, et al. REporting recommendations
for tumour MARKer prognostic studies (REMARK).

Molecular Oncology (2021) © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 15


https://publons.com/publon/10.1002/1878-0261.13159
mailto:teijo.pellinen@helsinki.<LIG>fi</LIG>
mailto:teijo.pellinen@helsinki.<LIG>fi</LIG>
mailto:jarlebruun@gmail.com
https://doi.org/10.1126/science.1203543
https://doi.org/10.1126/science.1203543
https://doi.org/10.1016/j.devcel.2019.04.026
https://doi.org/10.1016/j.devcel.2019.04.026
https://doi.org/10.1038/nrm3758
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21492
https://doi.org/10.1056/NEJMoa1908075
https://doi.org/10.1056/NEJMoa1908075
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1373/jalm.2016.021824
https://doi.org/10.1373/jalm.2016.021824
https://doi.org/10.1016/j.annonc.2021.04.003
https://doi.org/10.1016/j.annonc.2021.04.003
https://doi.org/10.1158/0008-5472.CAN-12-3232

ECAD is a robust prognostic biomarker in CRC

12

13

14

15

16

17

18

19

20

21

16

Eur J Cancer. 2005;41:1690-6. https://doi.org/10.1016/j.
ejca.2005.03.032

Bruun J, Kolberg M, Ahlquist TC, Royrvik EC, Nome
T, Leithe E, et al. Regulator of chromosome
condensation 2 identifies high-risk patients within both
major phenotypes of colorectal cancer. Clin Cancer Res.
2015;21:3759-70. https://doi.org/10.1158/1078-0432.Ccr-
14-3294

Merok MA, Ahlquist T, Royrvik EC, Tufteland KF,
Hektoen M, Sjo OH, et al. Microsatellite instability has
a positive prognostic impact on stage II colorectal
cancer after complete resection: results from a large,
consecutive Norwegian series. A4nn Oncol. 2013;24:1274—
82. https://doi.org/10.1093 /annonc/mds614

Berg M, Danielsen SA, Ahlquist T, Merok MA, Agesen
TH, Vatn MH, et al. DNA sequence profiles of the
colorectal cancer critical gene set KRAS-BRAF-
PIK3CA-PTEN-TP53 related to age at disease onset.
PLoS One. 2010;5:¢13978. https://doi.org/10.1371/
journal.pone.0013978

Bergsland CH, Bruun J, Guren MG, Svindland A,
Bjornslett M, Smeby J, et al. Prediction of relapse-free
survival according to adjuvant chemotherapy and
regulator of chromosome condensation 2 (RCC2)
expression in colorectal cancer. ESMO Open. 2020;5:
¢001040. https://doi.org/10.1136/esmoopen-2020-001040
Sveen A, Bruun J, Eide PW, Eilertsen IA, Ramirez L,
Murumagi A, et al. Colorectal cancer consensus
molecular subtypes translated to preclinical models
uncover potentially targetable cancer cell dependencies.
Clin Cancer Res. 2018;24:794-806. https://doi.org/10.
1158/1078-0432.CCR-17-1234

Blom S, Paavolainen L, Bychkov D, Turkki R, Maki-
Teeri P, Hemmes A, et al. Systems pathology by
multiplexed immunohistochemistry and whole-slide
digital image analysis. Sci Rep. 2017;7:15580. https://
doi.org/10.1038/s41598-017-15798-4

Bray MA, Vokes MS, Carpenter AE. Using CellProfiler
for automatic identification and measurement of
biological objects in images. Curr Protoc Mol Biol.
2015;109:14.17.1-14.17.13.

Lopes N, Bergsland CH, Bjornslett M, Pellinen T,
Svindland A, Nesbakken A, et al. Digital image
analysis of multiplex fluorescence IHC in colorectal
cancer recognizes the prognostic value of CDX2 and its
negative correlation with SOX2. Lab Invest.
2020;100:120-34. https://doi.org/10.1038/s41374-019-
0336-4

Yadav B, Pemovska T, Szwajda A, Kulesskiy E,
Kontro M, Karjalainen R, et al. Quantitative scoring of
differential drug sensitivity for individually optimized
anticancer therapies. Sci Rep. 2014;4:5193. https://doi.
org/10.1038/srep05193

Benjamini Y, Hochberg Y. Controlling the false
discovery rate: a practical and powerful approach to

22

23

24

25

26

27

28

29

30

31

J. Bruun et al.

multiple hypothesis testing. J R Stat Soc B.
1995;57:289-300.

Polari L, Alam CM, Nystrom JH, Heikkila T, Tayyab
M, Baghestani S, et al. Keratin intermediate filaments
in the colon: guardians of epithelial homeostasis. /nt J
Biochem Cell Biol. 2020;129:105878. https://doi.org/10.
1016/j.biocel.2020.105878

Gupta PB, Pastushenko I, Skibinski A, Blanpain C,
Kuperwasser C. Phenotypic plasticity: driver of cancer
initiation, progression, and therapy resistance. Cell
Stem Cell. 2019;24:65-78. https://doi.org/10.1016/].stem.
2018.11.011

Bruun J, Kolberg M, Nesland JM, Svindland A,
Nesbakken A, Lothe RA. Prognostic significance of
beta-catenin, E-cadherin, and SOX9 in colorectal
cancer: results from a large population-representative
series. Front Oncol. 2014;4:118. https://doi.org/10.3389/
fonc.2014.00118

Lugli A, Zlobec I, Minoo P, Baker K, Tornillo L,
Terracciano L, et al. Prognostic significance of the

wnt signalling pathway molecules APC, beta-catenin
and E-cadherin in colorectal cancer: a tissue
microarray-based analysis. Histopathology. 2007;50:
453-64. https://doi.org/10.1111/j.1365-2559.2007.
02620.x

Slik K, Blom S, Turkki R, Valimaki K, Kurki S,
Mustonen H, et al. Combined epithelial marker analysis
of tumour budding in stage II colorectal cancer. J
Pathol Clin Res. 2019;5:63-78. https://doi.org/10.1002/
cjp2.119

Yamada N, Sugai T, Eizuka M, Tsuchida K, Sugimoto
R, Mue Y, et al. Tumor budding at the invasive front
of colorectal cancer may not be associated with the
epithelial-mesenchymal transition. Hum Pathol.
2017;60:151-9. https://doi.org/10.1016/j.humpath.2016.
10.007

Birkenkamp-Demtroder K, Mansilla F, Sorensen FB,
Kruhoffer M, Cabezon T, Christensen LL, et al.
Phosphoprotein Keratin 23 accumulates in MSS but
not MSI colon cancers in vivo and impacts viability
and proliferation in vitro. Mol Oncol. 2007;1:181-95.
https://doi.org/10.1016/j.molonc.2007.05.005

Zhang N, Zhang R, Zou K, Yu W, Guo W, Gao Y, et
al. Keratin 23 promotes telomerase reverse transcriptase
expression and human colorectal cancer growth. Cel/
Death Dis. 2017;8:¢2961. https://doi.org/10.1038/cddis.
2017.339

Koelzer VH, Assarzadegan N, Dawson H, Mitrovic B,
Grin A, Messenger DE, et al. Cytokeratin-based
assessment of tumour budding in colorectal cancer:
analysis in stage II patients and prospective diagnostic
experience. J Pathol Clin Res. 2017;3:171-8. https://doi.
org/10.1002/cjp2.73

Grigore AD, Jolly MK, Jia D, Farach-Carson MC,
Levine H. Tumor budding: the name is EMT. Partial

Molecular Oncology (2021) © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.


https://doi.org/10.1016/j.ejca.2005.03.032
https://doi.org/10.1016/j.ejca.2005.03.032
https://doi.org/10.1158/1078-0432.Ccr-14-3294
https://doi.org/10.1158/1078-0432.Ccr-14-3294
https://doi.org/10.1093/annonc/mds614
https://doi.org/10.1371/journal.pone.0013978
https://doi.org/10.1371/journal.pone.0013978
https://doi.org/10.1136/esmoopen-2020-001040
https://doi.org/10.1158/1078-0432.CCR-17-1234
https://doi.org/10.1158/1078-0432.CCR-17-1234
https://doi.org/10.1038/s41598-017-15798-4
https://doi.org/10.1038/s41598-017-15798-4
https://doi.org/10.1038/s41374-019-0336-4
https://doi.org/10.1038/s41374-019-0336-4
https://doi.org/10.1038/srep05193
https://doi.org/10.1038/srep05193
https://doi.org/10.1016/j.biocel.2020.105878
https://doi.org/10.1016/j.biocel.2020.105878
https://doi.org/10.1016/j.stem.2018.11.011
https://doi.org/10.1016/j.stem.2018.11.011
https://doi.org/10.3389/fonc.2014.00118
https://doi.org/10.3389/fonc.2014.00118
https://doi.org/10.1111/j.1365-2559.2007.02620.x
https://doi.org/10.1111/j.1365-2559.2007.02620.x
https://doi.org/10.1002/cjp2.119
https://doi.org/10.1002/cjp2.119
https://doi.org/10.1016/j.humpath.2016.10.007
https://doi.org/10.1016/j.humpath.2016.10.007
https://doi.org/10.1016/j.molonc.2007.05.005
https://doi.org/10.1038/cddis.2017.339
https://doi.org/10.1038/cddis.2017.339
https://doi.org/10.1002/cjp2.73
https://doi.org/10.1002/cjp2.73

J. Bruun et al.

32

33

34

35

36

37

38

39

40

41

EMT. J Clin Med. 2016;5:51. https://doi.org/10.3390/
jem5050051

Meyer SN, Galvan JA, Zahnd S, Sokol L, Dawson H,
Lugli A, et al. Co-expression of cytokeratin and
vimentin in colorectal cancer highlights a subset of
tumor buds and an atypical cancer-associated stroma.
Hum Pathol. 2019;87:18-27. https://doi.org/10.1016/j.
humpath.2019.02.002

Malki A, EIRuz RA, Gupta I, Allouch A, Vranic S, Al
Moustafa AE. Molecular mechanisms of colon cancer
progression and metastasis: recent insights and
advancements. Int J Mol Sci. 2020;22:130. https://doi.
org/10.3390/ijms22010130

Su YJ, Chang YW, Lin WH, Liang CL, Lee JL. An
aberrant nuclear localization of E-cadherin is a potent
inhibitor of Wnt/beta-catenin-elicited promotion of the
cancer stem cell phenotype. Oncogenesis. 2015;4:¢157.
https://doi.org/10.1038/oncsis.2015.17

de Sousa EMF, de Sauvage FJ. Cellular plasticity in
intestinal homeostasis and disease. Cell Stem Cell.
2019;24:54—64. https://doi.org/10.1016/j.stem.2018.11.
019

Taube JM, Akturk G, Angelo M, Engle EL, Gnjatic S,
Greenbaum S, et al. The Society for Immunotherapy of
Cancer statement on best practices for multiplex
immunohistochemistry (IHC) and immunofluorescence
(IF) staining and validation. J Immunother Cancer.
2020;8:¢000155. https://doi.org/10.1136/jitc-2019-000155
Collins GS, Reitsma JB, Altman DG, Moons KG.
Transparent reporting of a multivariable prediction
model for individual prognosis or diagnosis (TRIPOD):
the TRIPOD statement. BMJ. 2015;350:27594. https://
doi.org/10.1136/bmj.g7594

Bajrami I, Marlow R, van de Ven M, Brough R,
Pemberton HN, Frankum J, et al. E-cadherin/ROS1
inhibitor synthetic lethality in breast cancer. Cancer
Discov. 2018;8:498-515. https://doi.org/10.1158/2159-
8290.Cd-17-0603

Telford BJ, Chen A, Beetham H, Frick J, Brew TP,
Gould CM, et al. Synthetic lethal screens identify
vulnerabilities in GPCR signaling and cytoskeletal
organization in E-cadherin-deficient cells. Mol Cancer
Ther. 2015;14:1213-23. https://doi.org/10.1158/1535-
7163.Mct-14-1092

Byers LA, Diao L, Wang J, Saintigny P, Girard L,
Peyton M, et al. An epithelial-mesenchymal transition
gene signature predicts resistance to EGFR and PI3K
inhibitors and identifies Axl as a therapeutic target for
overcoming EGFR inhibitor resistance. Clin Cancer
Res. 2013;19:279-90. https://doi.org/10.1158/1078-0432.
CCR-12-1558

Frederick BA, Helfrich BA, Coldren CD, Zheng D,
Chan D, Bunn PA Jr, et al. Epithelial to mesenchymal
transition predicts gefitinib resistance in cell lines of
head and neck squamous cell carcinoma and non-small

42

43

44

45

46

47

48

49

50

ECAD is a robust prognostic biomarker in CRC

cell lung carcinoma. Mol Cancer Ther. 2007;6:1683-91.
https://doi.org/10.1158/1535-7163.Mct-07-0138
Nikolova DA, Asangani IA, Nelson LD, Hughes DP,
Siwak DR, Mills GB, et al. Cetuximab attenuates
metastasis and u-PAR expression in non-small

cell lung cancer: u-PAR and E-cadherin are novel
biomarkers of cetuximab sensitivity. Cancer Res.
2009;69:2461-70. https://doi.org/10.1158/0008-5472.
Can-08-3236

Ren S, Su C, Wang Z, Li J, Fan L, Li B, et al.
Epithelial phenotype as a predictive marker for
response to EGFR-TKIs in non-small cell lung cancer
patients with wild-type EGFR. Int J Cancer.
2014;135:2962-71. https://doi.org/10.1002/ijc.28925
Thomson S, Buck E, Petti F, Griffin G, Brown E,
Ramnarine N, et al. Epithelial to mesenchymal
transition is a determinant of sensitivity of non-small-
cell lung carcinoma cell lines and xenografts to
epidermal growth factor receptor inhibition. Cancer
Res. 2005;65:9455-62. https://doi.org/10.1158/0008-
5472.Can-05-1058

Yauch RL, Januario T, Eberhard DA, Cavet G, Zhu
W, Fu L, et al. Epithelial versus mesenchymal
phenotype determines in vitro sensitivity and predicts
clinical activity of erlotinib in lung cancer patients. Clin
Cancer Res. 2005;11:8686-98. https://doi.org/10.1158/
1078-0432.Ccr-05-1492

Geissler AL, Geissler M, Kottmann D, Lutz L, Fichter
CD, Fritsch R, et al. ATM mutations and E-cadherin
expression define sensitivity to EGFR-targeted therapy
in colorectal cancer. Oncotarget. 2017;8:17164-90.
https://doi.org/10.18632/oncotarget.15211

Witta SE, Dziadziuszko R, Yoshida K, Hedman K,
Varella-Garcia M, Bunn PA Jr, et al. ErbB-3 expression
is associated with E-cadherin and their coexpression
restores response to gefitinib in non-small-cell lung
cancer (NSCLC). Ann Oncol. 2009;20:689-95. https://
doi.org/10.1093/annonc/mdn703

Witta SE, Gemmill RM, Hirsch FR, Coldren CD,
Hedman K, Ravdel L, et al. Restoring E-cadherin
expression increases sensitivity to epidermal growth
factor receptor inhibitors in lung cancer cell lines.
Cancer Res. 2006;66:944-50. https://doi.org/10.1158/
0008-5472.Can-05-1988

Nakamoto K, Nagahara H, Maeda K, Noda E, Inoue
T, Yashiro M, et al. Expression of E-cadherin and
KRAS mutation may serve as biomarkers of
cetuximab-based therapy in metastatic colorectal
cancer. Oncol Lett. 2013;5:1295-300. https://doi.org/10.
3892/01.2013.1187

Barretina J, Caponigro G, Stransky N, Venkatesan K,
Margolin AA, Kim S, et al. The Cancer Cell Line
Encyclopedia enables predictive modelling of anticancer
drug sensitivity. Nature. 2012;483:603—7. https://doi.org/
10.1038/nature11003

Molecular Oncology (2021) © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 17


https://doi.org/10.3390/jcm5050051
https://doi.org/10.3390/jcm5050051
https://doi.org/10.1016/j.humpath.2019.02.002
https://doi.org/10.1016/j.humpath.2019.02.002
https://doi.org/10.3390/ijms22010130
https://doi.org/10.3390/ijms22010130
https://doi.org/10.1038/oncsis.2015.17
https://doi.org/10.1016/j.stem.2018.11.019
https://doi.org/10.1016/j.stem.2018.11.019
https://doi.org/10.1136/jitc-2019-000155
https://doi.org/10.1136/bmj.g7594
https://doi.org/10.1136/bmj.g7594
https://doi.org/10.1158/2159-8290.Cd-17-0603
https://doi.org/10.1158/2159-8290.Cd-17-0603
https://doi.org/10.1158/1535-7163.Mct-14-1092
https://doi.org/10.1158/1535-7163.Mct-14-1092
https://doi.org/10.1158/1078-0432.CCR-12-1558
https://doi.org/10.1158/1078-0432.CCR-12-1558
https://doi.org/10.1158/1535-7163.Mct-07-0138
https://doi.org/10.1158/0008-5472.Can-08-3236
https://doi.org/10.1158/0008-5472.Can-08-3236
https://doi.org/10.1002/ijc.28925
https://doi.org/10.1158/0008-5472.Can-05-1058
https://doi.org/10.1158/0008-5472.Can-05-1058
https://doi.org/10.1158/1078-0432.Ccr-05-1492
https://doi.org/10.1158/1078-0432.Ccr-05-1492
https://doi.org/10.18632/oncotarget.15211
https://doi.org/10.1093/annonc/mdn703
https://doi.org/10.1093/annonc/mdn703
https://doi.org/10.1158/0008-5472.Can-05-1988
https://doi.org/10.1158/0008-5472.Can-05-1988
https://doi.org/10.3892/ol.2013.1187
https://doi.org/10.3892/ol.2013.1187
https://doi.org/10.1038/nature11003
https://doi.org/10.1038/nature11003

ECAD is a robust prognostic biomarker in CRC

51 Mouradov D, Sloggett C, Jorissen RN, Love CG, Li S,
Burgess AW, et al. Colorectal cancer cell lines are
representative models of the main molecular subtypes
of primary cancer. Cancer Res. 2014;74:3238-47.
https://doi.org/10.1158/0008-5472.CAN-14-0013

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. Kaplan-Meier plots illustrating prognostic
associations for tumor differentiation grade in Norwe-
gian series 1 and 2 (stages I-IV, OS).

Fig. S2. Example image of mfIHC staining with a
magnification.

Fig. S3. Correlation among epithelial integrity markers.
Fig. S4. Clinical and molecular associations for epithe-
lial integrity markers.

J. Bruun et al.

Fig. S5. Prognostic associations for epithelial integrity
markers in primary colorectal cancer.

Fig. S6. Predictive evaluation of ECAD for association
with adjuvant chemotherapy.

Table S1. REMARK Checklist.

Table S2. Patient characteristics for Norwegian series
1 and 2.

Table S3. Multivariable Cox models including the epi-
thelial integrity markers (stages I-IV, OS).

Table S4. Multivariable Cox model of ECAD in Nor-
wegian series 1 and 2 (stages I-1V, OS).

Table S5. Top 25 drugs based on differential drug sen-
sitivity analysis between cell lines with loss of ECAD
and medium to high expression of ECAD (MSS and
MSI cell lines included).

Table S6. Top 25 drugs based on differential drug sen-
sitivity analysis between cell lines with loss of ECAD
and medium to high expression of ECAD (only MSS
cell lines included).

18 Molecular Oncology (2021) © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.


https://doi.org/10.1158/0008-5472.CAN-14-0013

	Outline placeholder
	mol213159-aff-0001
	mol213159-aff-0002
	mol213159-aff-0003
	mol213159-aff-0004
	mol213159-aff-0005
	mol213159-aff-0006
	mol213159-aff-0007
	mol213159-aff-0008
	mol213159-aff-0009
	mol213159-fig-0001
	mol213159-fig-0002
	mol213159-tbl-0001
	mol213159-fig-0003
	mol213159-tbl-0002
	mol213159-tbl-0003
	mol213159-fig-0004
	mol213159-bib-0001
	mol213159-bib-0002
	mol213159-bib-0003
	mol213159-bib-0004
	mol213159-bib-0005
	mol213159-bib-0006
	mol213159-bib-0007
	mol213159-bib-0008
	mol213159-bib-0009
	mol213159-bib-0010
	mol213159-bib-0011
	mol213159-bib-0012
	mol213159-bib-0013
	mol213159-bib-0014
	mol213159-bib-0015
	mol213159-bib-0016
	mol213159-bib-0017
	mol213159-bib-0018
	mol213159-bib-0019
	mol213159-bib-0020
	mol213159-bib-0021
	mol213159-bib-0022
	mol213159-bib-0023
	mol213159-bib-0024
	mol213159-bib-0025
	mol213159-bib-0026
	mol213159-bib-0027
	mol213159-bib-0028
	mol213159-bib-0029
	mol213159-bib-0030
	mol213159-bib-0031
	mol213159-bib-0032
	mol213159-bib-0033
	mol213159-bib-0034
	mol213159-bib-0035
	mol213159-bib-0036
	mol213159-bib-0037
	mol213159-bib-0038
	mol213159-bib-0039
	mol213159-bib-0040
	mol213159-bib-0041
	mol213159-bib-0042
	mol213159-bib-0043
	mol213159-bib-0044
	mol213159-bib-0045
	mol213159-bib-0046
	mol213159-bib-0047
	mol213159-bib-0048
	mol213159-bib-0049
	mol213159-bib-0050
	mol213159-bib-0051


