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E-cadherin is conventionally considered to be a good prognostic marker in cancer. The loss of E-cadherin
is one of the key hallmarks of epithelial-to-mesenchymal transition, a biological process that promotes
cancer cell invasiveness and metastasis. Recent evidence has cast doubt on the importance of epithelial-
to-mesenchymal transition in metastasis. The availability of protein-level data in the Cancer Genome
Atlas allows for the quantitative analysis of protein and prognosis. The prognostic values of E-cadherin
and b-catenin were revisited across 19 cancer types, and high E-cadherin was found to correlate with
good prognosis in most cancers. Conversely, higher E-cadherin and b-catenin correlated with shorter
survival in invasive breast carcinoma. Stratifying breast cancers by histologic subtype revealed that the
poor prognosis of E-cadherin and b-catenin proteins was characteristic of infiltrating ductal, but not
lobular, carcinomas. To further corroborate the protein findings and examine cellular localization,
immunohistochemistry was used for E-cadherin and b-catenin in 163 breast patient samples from the
Iowa cohort. Most previous studies showing that reduced or absent E-cadherin and b-catenin was
inversely associated with tumor stages in ductal carcinomas were confirmed. Taken together, these
results lead us to question the prognostic values of E-cadherin and b-catenin in ductal carcinomas and
indicate a complicated role of E-cadherin and b-catenin in breast cancer progression. (Am J Pathol
2018, 188: 1910e1920; https://doi.org/10.1016/j.ajpath.2018.05.003)
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E-cadherin is a structural component of adherens junctions,
linking the actin cytoskeleton to adjacent cells forming
epithelial tissues.1 Throughout carcinomas (cancers of epithe-
lial origin), E-cadherin expression has been inversely corre-
lated with tumor stage, pathologic stage, and prognosis.2e7

Intuitively, the loss of E-cadherin in carcinomas is thought to
encourage invasion and metastasis via loss of cell-to-cell
interactions.8,9 The loss of E-cadherin has been used as a
hallmark for epithelial-to-mesenchymal transition (EMT)
genetic reprogramming that changes the epithelial character-
istics of cancer cells.10However, recent studies have called into
question whether cancer cells require the loss of E-cadherin or
EMT to invade and metastasize.11e13 Moreover, several
studies have suggested the clustering of tumor cells via adhe-
rens or adherens-like junctions may facilitate metastasis.14
stigative Pathology. Published by Elsevier Inc
Catenins, including a-catenin, b-catenin, and p120-
catenin, are intracellular components of the adherens junc-
tion. Catenins provide structural support as part of the
adaptor complex that attaches the actin cytoskeleton to
E-cadherin. In addition, b-catenin is a transcriptional coac-
tivator in the WNT signaling pathway with established roles
in embryogenesis, stem cell regulation, carcinogenesis, and
. All rights reserved.
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E-Cadherin and b-Catenin in Cancer
EMT.15 E-cadherin is believed to sequester b-catenin to the
plasma membrane at a 1:1 ratio.16,17 With the presence of
E-cadherin, structural b-catenin is prevented from partici-
pating in WNT ligandemediated signaling.18 However, it is
unknown whether deficiency in E-cadherin is sufficient to
drive b-catenin activation because the loss of E-cadherin is
often accompanied by coloss of b-catenin in breast
cancer.19e21

Breast cancer is one of the few cancer types for which
E-cadherin and b-catenin have been investigated for diag-
nostic, prognostic, and mechanistic value, with inconsistent
and sometimes contrasting conclusions.7,22e25 Invasive
breast cancer is divided into two major subgroups on the
basis of histologic and molecular traits, including infiltrating
ductal carcinoma (IDC), with 70% to 80% of total inci-
dence, and infiltrating lobular carcinoma (ILC), with 10% to
15% of total incidence.26 Clear distinction in prognosis on
the basis of ILC versus IDC has been disputed, with groups
finding no difference,27 ILC having better prognosis,28e30

and ILC having worse prognosis.29,31 Recent investigation
by The Cancer Genome Atlas (TCGA) network has
demonstrated distinct molecular subtypes in ILC that differ
in overall and disease-free survival, which may account for
a portion of the mixed results.32

A defining feature of many ILC lesions is the loss of
E-cadherin staining via immunohistochemistry (IHC). This
loss of E-cadherin is a result of truncating mutations in
E-cadherin geneCDH1 seen in up to 50% of ILC or epigenetic
silencing of CDH1 in up to 41% of ILC.33e35 Concomitant
withCDH1mutations is the loss of 16q, the location ofCDH1;
this is thought to be an early event in the development of ILC.32

In contrast, loss of E-cadherin in IDC has been considered a
precursor step to invasion and metastasis, with controversial
associations with both higher grade and pathologic
stage.7,24,36,37 Interestingly, IDC lymph node and distant me-
tastases can be positive for E-cadherin staining, suggesting a
reexpression of E-cadherin.7,38 Although the literature has
indicated a poor prognostic association of reduced or loss of
E-cadherin in IDC, several reports have found no association
between E-cadherin status and tumor stage, lymph node status,
presence of metastatic lesion, or recurrence-free survival.22e24

In a nuclear-gradeecontrolled breast cancer cohort of 470
specimens, the expression levels of E-cadherin and catenins
were directly associatedwith shorter patient survival,25 casting
some doubt on the commonly believed good prognostic indi-
cation of E-cadherin and catenins in breast cancer.

As a central node between cell adhesion and stem-like/
mesenchymal signaling, the adherens junction has been
investigated for both prognosis and mechanistic un-
derpinnings in carcinomas. Herein, we reexamined the
relationship between E-cadherin and b-catenin in 19 cancer
types, with a focus on their prognostic values using
computational and immunohistochemical approaches. We
found a general agreement of E-cadherin and b-catenin as
good prognosis markers in most cancers, with breast cancer
and kidney papillary cell carcinoma as outliers.
The American Journal of Pathology - ajp.amjpathol.org
Materials and Methods

TCGA Data Analysis

Publically available replicate-based normalized reverse-phase
protein array (RPPA) data from the Cancer TCGA
Pan-Cancer Analysis data sets were downloaded from the
MD Anderson The Cancer Protein Atlas.39 Clinical data
matrices were downloaded from the University of California,
Santa Cruz, Cancer Browser.40 A total of 5144 samples
contained both RPPA and clinical information and were
subdivided by cancer type. Replicate-based normalized pro-
tein levels of E-cadherin and b-catenin were compared across
the Pan-Cancer data sets using Z-score scaled protein level.
Survival analysis was performed using R packages: survival
(version 2.41-3), survMisc (version 0.5.4), and survminer
(version 0.4.0) (The R Project, https://cran.r-project.org).
Graphical display of hazard ratio summary across the Pan-
Cancer cohorts used elog10(P value) and Cox proportional
hazard ratio, with size of points based on the
elog10(P value). Survival analysis for CDH1 used the
optimal cutoff function available through survMisc for TCGA
data, Kaplan-Meier (KM) Plotter cohort,41 and the The Mo-
lecular Taxonomy of Breast Cancer International Consortium
(METABRIC) patient cohort.42 The heat map for the invasive
breast carcinoma (BRCA) cohort of TCGA data set was made
using the heatmap.3 function in R. b-Catenin/E-cadherin ratio
was calculated as a quotient of the two factors with mean
centralization of natural log transformation.

Tumor Samples

Formalin-fixed, paraffin-embedded cancer samples from
breast cancer excisions were obtained from the surgical
pathology archives of the University of Iowa Hospitals and
Clinics. Samples were derived from two cohorts: consecu-
tive cases of excised estrogen receptor (ER)� breast cancer
with sufficient tissue to put in tissue microarrays and a
smaller group of consecutive excised ERþ breast cancer.
Pathologic data recorded from patient pathology reports
included the following: tumor size, T stage, lymph node
status, and ER/progesterone receptor/human epidermal
growth factor receptor 2 (HER2) biomarker status. Survival
data were available for 30 of the 163 patients. ER and
progesterone receptor (IHC) and HER2 (IHC and/or fluo-
rescence in situ hybridization) status had been assessed
under the context of patient care.

Tissue Microarray Construction and IHC

Tissue microarrays were constructed using the Manual
Tissue Arrayer MTA-1 (Beecher Instruments, Sun Prairie,
WI), with tumors arrayed in triplicate 1-mm cores. IHC was
performed on 4-mmethick tissue sections on a Dako
Autostainer Link 48 (Dako, Carpinteria, CA) after depar-
affinization, rehydration, and heat-induced epitope retrieval
1911
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with Tris/EDTA Target Retrieval Solution (pH 9) on the
Dako PT Link. Mouse monoclonal antibodies to b-catenin
(clone b-catenin-1; 1:500; 15-minute primary and secondary
antibody incubations; Dako) and E-cadherin (clone NCH-
38; 1:50; 15-minute primary and secondary antibody
incubations; Dako) were used. Specific signal was visual-
ized with the polymer-based Dako EnVision Flex System,
with 3,30-diaminobenzidine as the chromogen. Immuno-
stained slides were counterstained with Harris hematoxylin
(Leica Biosystems, Buffalo Grove, IL) and coverslipped.
The positive control tissues for b-catenin and E-cadherin
were solid pseudopapillary neoplasm and breast cancer,
respectively.

Immunohistochemical Scoring

IHC was scored by two pathologists (K.C. and A.B.) at a
double-headed light microscope. For b-catenin and E-cad-
herin, one of the following three patterns was assigned:
intact membranous (crisp complete staining readily
observable at �20 to �40 magnification), reduced mem-
branous (weaker incomplete staining), and absent (complete
absence of cell membrane staining). b-Catenin was addi-
tionally assessed for nuclear staining.

Statistical Analysis and Visualization

Hazard ratios and P values were calculated using the Cox
proportional hazard function in R, comparing the upper with
the lower quartile of the indicated proteins. Significance
testing for sampling distribution was conducted using the c2

test. Correlations were calculated with the psych R package
A
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(version 1.7.8) with the Spearman rank-based approach,
which is more robust for outliers. Analyses and graphical
plotting were performed using RStudio and the ggplot2 R
package (version 2.2.1) and the ggridges (version 0.4.1) for
the density-based histogram plots or ridge plots.
Graphical summary of the data sources, data analysis, and

results is provided in Supplemental Figure S1.

Results

b-Catenin and E-Cadherin Protein Correlation and
Predictive Ability across Cancers

With the recent availability of the RPPA data for TCGA
samples developed by MD Anderson, the protein level of
b-catenin and E-cadherin was examined in 19 cancer types
(Figure 1A). Across these TCGA cancer cohorts, a consis-
tent positive correlation was found between b-catenin and
E-cadherin protein level, with Spearman r >0.5 in 15 of 19
cancer types. Low correlations between b-catenin and
E-cadherin were observed in adrenocortical carcinomas
(r Z �0.321, P Z 0.0297), glioblastoma multiforme
(r Z 0.199, P Z 0.00470), kidney clear cell carcinoma
(KIRC; r Z 0.275, P Z 3.97e-09), and low-grade glioma
(r Z �0.144, P Z 0.0213). The highest versus lowest
quartile of samples in each cancer type for b-catenin and
E-cadherin was compared using the Cox regression analysis.
b-Catenin exhibited a range of hazard ratios, as either a
good or a poor prognostic indicator, dependent on
the cancer type (Figure 1B). However, with a
significance threshold of P � 0.05, only three cancer types
with b-catenin as a good prognostic indicator met the
Figure 1 Protein level and prognostic value of b-catenin
and E-cadherin across 19 cancer types. A: Z-score protein
level of b-catenin and E-cadherin in The Cancer Genome Atlas
Pan-Cancer cohort (P < 0.001 for b-catenin and E-cadherin).
B: Summary of Cox proportional hazard regression comparing
the upper quartile with the lowest quartile of b-catenin pro-
tein level. Dotted line indicates PZ 0.05. C: Summary of Cox
proportional hazard regression comparing the upper quartile
with the lowest quartile of E-cadherin protein level. Dotted
line indicates P Z 0.05. Size of points is on a relative scale
on the basis of elog10(P value). n Z 46 [A, adrenocortical
carcinoma (ACC)]; n Z 127 [A, bladder urothelial carcinoma
(BLCA)]; n Z 820 [AeC, breast invasive carcinoma (BRCA)];
n Z 326 [A, colon adenocarcinoma (COAD)]; n Z 201 [A and
B, glioblastoma multiforme (GBM)]; n Z 203 (A and B, head
and neck squamous cell carcinoma (HNSC)]; n Z 444 [AeC,
kidney clear cell carcinoma (KIRC)]; n Z 207 [A, kidney
papillary cell carcinoma (KIRP) and skin cutaneous melanoma
(SKCM), and C, KIRP]; n Z 257 [A, lower-grade glioma
(LGG)]; n Z 233 [A, lung adenocarcinoma (LUAD)]; n Z 192
[A, lung squamous cell carcinoma (LUSC)]; n Z 408
[A, ovarian serous cystadenocarcinoma (OV)]; n Z 105
[A, pancreatic adenocarcinoma (PAAD)]; n Z 164 [A, pros-
tate adenocarcinoma (PRAD)]; n Z 127 [A, rectum adeno-
carcinoma (READ)]; n Z 299 [A, stomach adenocarcinoma
(STAD)]; n Z 374 [A, thyroid carcinoma (THCA)]; n Z 404
[A and C, uterine corpus endometrial carcinoma (UCEC)].
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Figure 2 The dynamics of b-catenin and E-cadherin in breast invasive carcinoma. A: Heat map of the clinical and pathologic features of The Cancer
Genome Atlas invasive breast carcinoma (BRCA) cohort. Samples across the BRCA cohort underwent unsupervised clustering on the basis of the indicated
protein levels. B: Density-based histogram and corresponding boxplot of b-catenin protein level by histologic diagnosis. Adjusted P < 0.001. C: Density-based
histogram and corresponding boxplot of E-cadherin protein level by histologic diagnosis. Adjusted P < 0.001. D: Kaplan-Meier curve using b-catenin protein
level to split infiltrating ductal carcinoma (IDC) samples into quartiles, using Cox proportional hazard regression comparing the upper quartile with the lowest
quartile. E: Kaplan-Meier curve using E-cadherin protein level to split IDC samples into quartiles, using Cox proportional hazard regression comparing the upper
quartile with the lowest quartile. F: Kaplan-Meier curve using b-catenin protein level to split infiltrating lobular carcinoma (ILC) samples into quartiles, using
Cox proportional hazard regression comparing the upper quartile with the lowest quartile. G: Kaplan-Meier curve using E-cadherin protein level to split ILC
samples into quartiles, using Cox proportional hazard regression comparing the upper quartile with the lowest quartile. n Z 873 (A); n Z 631 (B, IDC);
n Z 152 (B, ILC); n Z 6 (B, medullary carcinoma); n Z 23 (B, mixed histology); n Z 60 (B, other). *P < 0.05, ****P < 0.0001. DVL, segment polarity
protein dishevelled homolog 3; ER, estrogen receptor; GSK, glycogen synthase kinase; HER2, human epidermal growth factor receptor 2; HR, hazard ratio; NA,
not applicable; PR, progesterone receptor.
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Table 1 Summary of IHC TMA Patient Cohort

Parameter Cohort Total

Tumor stage
Tis 4 163
T1 73
T2 61
T3 9
T4 9
NA 7

Node stage
N0 68 163
N1 37
N2 15
N3 17
NX 11
NA 15

Biomarker
ER 16 108
HER2 28
TNBC 64

Histologic diagnosis
DCIS 9 163
IDC 137
ILC 7
Medullary 2
Metaplastic 1
Mucinous 3
Papillary 1
NA 3

DCIS, ductal carcinoma in situ; ER, estrogen receptor; HER2, human epidermal
growth factor receptor 2; IDC, infiltrating ductal carcinoma;
IHC, immunohistochemistry; ILC, infiltrating lobular carcinoma; NA, not avail-
able; Tis, in situ; TMA, tissue microarray; TNBC, triple-negative breast cancer.

Borcherding et al
criteria: KIRC [hazard ratio (HR), 0.688], head and neck
squamous cell carcinoma (HR, 0.786), and glioblastoma
multiforme (HR, 0.853). In contrast, high E-cadherin
correlated with good prognosis in 12 of the 19 cancer types,
with two cancer cohorts reaching significance threshold of
P � 0.05 (Figure 1C). Notably, E-cadherin was a poor
prognosis marker in kidney papillary cell carcinoma
(HR, 1.537; P Z 0.027) and in BRCA (HR, 1.127;
P Z 0.2) cohorts of TCGA data sets (Figure 1C). Despite
being below the significance threshold of P � 0.05, breast
cancer was studied because it is a large cohort of patient
specimens with a variety of histologic and subtypic desig-
nations that may be obscuring the prognostic prediction of
E-cadherin or b-catenin.

b-Catenin and E-Cadherin Protein in Histologic
Subtypes of Breast Cancer

Previous literature has reported the loss of E-cadherin as a
diagnostic marker of ILC, together with loss of cat-
enins.33e35,43 Using unsupervised clustering of b-catenin,
E-cadherin, and other components involved in the mainte-
nance or signaling of the adherens junction, it was found that
the ILC clustered distinctly compared with other histologic
diagnoses (Figure 2A). The ILC cluster was defined by sig-
nificant decreases in b-catenin (Figure 2, A and B) and
E-cadherin (Figure 2, A and C). Conversely, IDC varied in
b-catenin and E-cadherin protein levels and significantly
correlatedwith each other (SpearmanrZ 0.64,P< 1e-15). In
IDC, E-cadherin inversely correlated with N-cadherin, a
marker of EMT (rZ�0.340, PZ 1.33e-15) compared with
ILC (r Z 0.301, P Z 0.0108). E-cadherinetoeN-cadherin
switching has been previously seen as a stage- and grade-
dependent phenomenon in IDC.44 After subsetting the IDC
patient samples, Cox regression analysis demonstrated
b-catenin (Figure 2D) and E-cadherin (Figure 2E) proteins as
poor prognostic indicators. In contrast, neither b-catenin
(HR, 1.126;PZ 0.67) (Figure 2F) nor E-cadherin (HR, 1.149;
P Z 0.51) (Figure 2G) was predictive for prognosis in ILC
patients.

To further corroborate the finding of E-cadherin as a poor
prognostic indicator in IDC, mRNA-based data sets were
queried. In TCGA BRCA cohort, the correlation between
CDH1 mRNA and E-cadherin was first examined, and
Spearman was found to be r Z 0.53 (Supplemental
Figure S2A), indicating a significant positive correlation be-
tween RNA and protein levels. Similar to the protein survival
analysis, CDH1 mRNA expression was a poor prognosis
indicator across all IDC in TCGA BRCA cohort (N Z 772;
HR, 1.94) (Supplemental Figure S2B).We observed the same
trend in the second (N Z 3951; HR, 1.37; KM Plotter)
(Supplemental Figure S2C) and third (N Z 1500; HR, 1.32;
METABRIC) (Supplemental Figure S2D) breast cancer co-
horts, consisting of normalized microarray data.41,42 Similar
to the protein data, CDH1 mRNA was not predictive of
prognosis in ILC patients (Supplemental Figure S2D), which
1914
may be complicated by low RNA and protein expression in
ILC. There was no significant correlation between CTNNB1
mRNA and b-catenin protein (r Z 0.092, data not shown),
discounting the validity of using mRNA as a predicative
marker for breast cancer.

Immunohistological Evaluation of b-Catenin and
E-Cadherin in IDC

The poor prognostic indication of E-cadherin in the IDC
samples led us to examine b-catenin and E-cadherin status
using IDC patient specimens from the University of Iowa
Hospital and Clinics. Tissue arrays were constructed,
including 220 specimens with known clinical information.
Of the initial cohort, 163 of 220 cases were further analyzed
for IHC staining. This reduction from 220 to 163 was
because of incomplete clinical information or fragment and
absent cores in the tissue microarray (Table 1). Samples
were scored on the basis of the localization of b-catenin or
E-cadherin and the strength of the IHC staining (Figure 3).
Of the 163 cases, there were four staining patterns for b-
catenin: 47 samples showed membranous b-catenin
(Figure 3A), 94 samples had a reduced pattern (Figure 3C),
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Immunohistochemical (IHC) staining
results for b-catenin and E-cadherin in breast
cancer samples. Representative IHC staining pat-
terns that are observed: membranous staining for
both b-catenin (A) and E-cadherin (B); reduced
membranous expression for both b-catenin (C) and
E-cadherin (D); absence of staining for both
b-catenin (E) and E-cadherin (F); and membranous
and nuclear staining of b-catenin (G) with strong
E-cadherin membranous staining (H). Arrows
indicate cells with nuclear staining of b-catenin.
Original magnification, �400 (AeH).

E-Cadherin and b-Catenin in Cancer
20 samples were absent (Figure 3E), and 2 samples dis-
played a component of nuclear b-catenin staining
(Figure 3G). Both samples with nuclear staining for b-cat-
enin had corresponding strong membranous E-cadherin
Table 2 Summary of IHC Staining Observed for E-Cadherin and b-Cate
Triple Negative, ER, or HER2þ

Diagnosis Samples

E-cadherin

Membranous Reduced

TNBC 64 24 33
ERþ 16 10 5
HER2þ 28 22 5

P Z 0.011

ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; IHC,

The American Journal of Pathology - ajp.amjpathol.org
staining (Figure 3H). In contrast, there were three patterns of
E-cadherin staining: 81 cases had an intact membranous E-
cadherin (Figure 3B), 71 cases had reduced E-cadherin
(Figure 3D), and 11 cases lacked staining (Figure 3F).
nin on the Basis of 108 of the 163 Samples Designated as TNBC,

b-Catenin

Absent Membranous Reduced Absent

5 18 42 5
1 6 7 3
1 7 18 3

P Z 0.439

immunohistochemistry; TNBC, triple-negative breast cancer.
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A

C
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Figure 4 b-Catenin and E-cadherin protein in
infiltrating ductal carcinoma (IDC) samples on the
basis of immunohistochemical designation. Outliers,
defined as E-cadherin <�3 and b-catenin >�3,
circled with dotted line. A: Scatterplot of b-catenin
and E-cadherin protein across IDC samples. B: Density
histogram of mean-centralized quotient of b-catenin
and E-cadherin. Cutoff values of �0.65 (low, left-
bound dotted line) and 0.8 (high, right-bound
dotted line) were used on the basis of distinct sub-
populations. c2 Tests were performed comparing low,
high, and unaffected population distributions.
C: Kaplan-Meier curve from the estrogen receptor
(ER)þ (blue), human epidermal growth factor receptor
2 (HER2)þ (green), and triple-negative breast cancer
(TNBC; red) samples in the METABRIC cohort using
CDH1 levels split by auto-cutoff for high versus low
samples, using Cox proportional hazard regression.
NA, not applicable.
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b-Catenin and E-Cadherin Status in IDC by Clinical
Subtype

b-Catenin and E-cadherin staining patterns were assessed,
according to breast cancer biomarker status or clinical
subtype [ie, ERþ, ER�/HER2þ (referred to herein as
HER2þ), or triple-negative breast cancer (TNBC)]. Of the
163 samples analyzed, 108 could be assigned as ER,
HER2þ, or TNBC (Table 2). The E-cadherin IHC expres-
sion patterns showed higher proportions of intact membra-
nous E-cadherin staining in ERþ tumors and a high
percentage of reduced IHC expression in TNBC
(P Z 0.0011). In addition, HER2þ tumors had intact
staining pattern of E-cadherin. The same significant asso-
ciation was not seen with b-catenin and biomarker status
(P Z 0.439). Notably, HER2þ samples had the least pro-
nounced correlation between b-catenin and E-cadherin, with
78.5% of samples with intact membranous E-cadherin and
only 25% of samples with membranous b-catenin staining
(Table 2).

Comparing the IHC results, the RPPA data were used for
IDC samples, and they were classified into clinical subtypes
on the basis of IHC confirmation of ERþ (n Z 358), HERþ

(nZ 29), or TNBC (nZ 63). To examine the relationship of
b-catenin and E-cadherin in the context of the adherens
junction, the correlation between the two proteins across IDC
samples was first examined (r Z 0.64) (Figure 4A). Across
IDC, 22 samples were designated as outliers (Figure 4A),
1916
with E-cadherin protein level <�3 and a b-catenin level
>�3. There was no significant difference in these samples by
biomarker, tumor stage, nodal stage, or survival compared
with the rest of the IDC cohort. Using the mean-centralized
ratio of b-catenin/E-cadherin, a method of identifying out-
liers in either b-catenin or E-cadherin protein level, density-
based histograms were produced to examine subgroup-
specific differences in the relationship (Figure 4B). Similar
to the IHC results, HER2þ samples had 8 of 29 samples with
b-catenin/E-cadherin ratio below the identified cutoff, indi-
cating a relative decrease in b-catenin in HER2þ samples. In
contrast, ERþ patient samples had a normal distribution of
b-catenin/E-cadherin ratio. TNBC samples had a relative
increase in b-catenin/E-cadherin ratio that is inconsistent with
the IHC results that found a greater reduction in b-catenin
compared with E-cadherin in TNBC (Table 2). However, this
higher level of b-catenin is consistent with literature that
suggests b-catenin can drive TNBC and is a poor prognostic
indicator for TNBC patients.45 Survival analysis could not be
performed using TCGA BRCA cohort because of the limited
size and high degree of censored samples in the HER2/TNBC
subgroups. Alternatively, theMETABRIC IDC samples were
used, separating the samples by IHC-confirmed clinical
subtype. Despite the difference in b-cateninetoeE-cadherin
dynamics,CDH1was a poor prognostic indicator in ERþ and
HER2þ IDC (Figure 4C). The highest CDH1 levels in TNBC
were associated with poor prognosis, with a P value slightly
higher than the P< 0.05 cutoff (Figure 4C). Similarly, in the
ajp.amjpathol.org - The American Journal of Pathology
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Table 3 Summary of IHC Staining Observed for b-Catenin and E-Cadherin Staining on the Basis of Available Tumor Stage and Nodal Status
Information

Target Parameter n Membranous Reduced Absent P value

b-Catenin Tumor stage 144 0.0258
Tis 2 1 1
T1 26 36 5
T2 11 37 7
T3 þ T4 3 12 3
Nodal status 133 0.0834
N0 21 43 5
N1 11 17 5
N2 3 12 0
N3 4 12 0

E-cadherin Tumor stage 153 0.00541
Tis 3 0 0
T1 44 26 3
T2 22 33 3
T3 þ T4 6 8 5
Nodal status 135 0.955
N0 33 31 4
N1 17 16 2
N2 8 6 1
N3 8 8 1

IHC, immunohistochemistry; Tis, in situ.

E-Cadherin and b-Catenin in Cancer
KM Plotter data set, CDH1 was a poor prognostic indicator
for recurrence-free survival in ERþ (HR, 1.46; P Z 0.044),
HER2þ (HR, 3.48; P Z 7.6e-6), and TNBC (HR, 1.62;
P Z 0.033) breast cancers in the KM Plotter data set
(Supplemental Figure S3).
b-Catenin and E-Cadherin Status in IDC by Stage

Using IHC staining, the trend in b-catenin and E-cadherin
staining patterns was next investigated by the American
Joint Committee on Cancer tumor and node stage
(Table 3).46 Both b-catenin and E-cadherin demonstrated
statistically significant negative correlation with tumor
stage. In late-stage tumors (T2 through T4), b-catenin and
E-cadherin were significantly reduced or absent compared
with the T0 and T1 stages. b-Catenin and E-cadherin
status was less predictive of lymph node involvement
(Table 3). However, the characteristics between the
sample distribution of b-catenin and E-cadherin by lymph
node status varied. E-cadherin had relative equal sample
distribution between each node status, with reduced
E-cadherin seen in 40% to 45.5% of samples in each node
stage. Conversely, b-catenin had bimodal distribution of
reduced staining, with peaks at N0 (62.3%) and N2-3
(80%) stages.
Discussion

Using protein-level data, a large-scale proteomic analysis of
5144 patient samples was performed across 19 cancer types
The American Journal of Pathology - ajp.amjpathol.org
for b-catenin and E-cadherin. A high correlation was found
between b-catenin and E-cadherin across most cancers
(Figure 1A), suggesting the two proteins likely function at
the level of the adherens junction. b-Catenin and E-cadherin
did not highly correlate in neural tumors, which do not
express E-cadherin in normal tissues, adrenocortical tumors,
and renal papillary cell carcinoma. Using this large data set,
the prognostic value of b-catenin and E-cadherin was
determined (Figure 1, B and C). Several observations
countervailed previous IHC reports. For example,
despite having a modest correlation between b-catenin and
E-cadherin, KIRC tumors demonstrated good prognostic
value for both factors (Figure 1, B and C). This finding is
refuted in the literature, with the absence of E-cadherin in
KIRC being reported as a poor prognostic indicator, and the
reduced-to-negative IHC staining of E-cadherin can be used
to differentiate KIRC from renal chromophobe tumors.47,48

Similar to KIRC, E-cadherin in breast carcinoma has been
used as both a differentiating marker and an indicator of poor
prognosis.24,33,34,36,37 Stratifying TCGA BRCA cohort by
histologic diagnosis, E-cadherin protein level was found to
predict worse overall survival in IDC, but not in ILC. Like-
wise, in TCGABRCA cohort, an amalgamated patient cohort
fromKMPlotter,41 and theMETABRIC breast cancer patient
cohort,42 the highest levels of RNA for CDH1 were found to
be predictive of poor overall or recurrence-free survival
(Supplemental Figure S2). The poor prognostic indication of
CDH1 was also seen after stratifying IDC samples into ERþ

and HERþ subgroups (Figure 4C and Supplemental
Figure S3). With only survival information available for 30
of the 163 patients from the IHC cohort, the prognostic
1917
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implications could not be addressed. However, the IHC
findings are similar to several studies finding a decrease in
E-cadherin predictive of tumor stage in IDC.22,23

This discordance between immunohistochemical and
multiomic analyses is not uncommon and has been the
center of several concerted efforts to find greater agreement
between the modalities to improve patient diagnostics and
treatment.49,50 Analogously, large-scale meta-analyses of
the predictive value of E-cadherin immunohistochemistry
have been conducted in several cancers.51e56 In general,
these meta-analyses found loss of E-cadherin as a poor
prognostic indicator for overall and recurrence/progression-
free survival, with the exception of colorectal cancer.55 The
coalescing of IHC-based studies into meta-analysis relies on
correcting for differing methods of the immunohistology
and is semiquantitative. Conversely, RPPA quantifies >200
proteins using validated antibodies via a micro-to-nano scale
dot blot system.57 Several limitations exist for RPPA in
comparison to IHC in tumor pathology, centering on the
loss of spatial distribution of the epitope and the sampling
position effects, similar to RNA quantification.58 In a
similar avenue to sample positioning, impurity of the sample
for tumor cells can have biased effects. Within TCGA
cohort, tumor cellular purity for most cohorts ranges from
75% to 90%, with notable lower levels (>50%) in purity
for lung adenocarcinoma, stomach adenocarcinoma, and
pancreatic adenocarcinoma cohorts.59,60

Immunohistochemical- and RNA-based subtyping of IDC
is an established and growing component in patient
management. Subtype-specific patterns in b-catenin and
E-cadherin have previously been found for E-cadherin
staining, with maintained E-cadherin in luminal/ERþ tu-
mors24 and decreased E-cadherin in TNBC.61 This appears
to be consistent with the normal mammary duct, with the
luminal compartment staining positive for E-cadherin,
whereas the basal compartment has a variable
staining pattern for E-cadherin.44 Beyond subtypic trends in
E-cadherin, a negative correlation was found between
E-cadherin and N-cadherin in IDC samples (Figure 2A).
Cadherin switching, from E-cadherin to N-cadherin, appears
to not only mark post-EMT tumor cells, but leads to
N-cadherinemediated cellular motility.62,63 No coherent
explanation was forthcoming for the poor survival at the
highest levels of E-cadherin mRNA or protein across IDC
samples or across clinical subtypes.

In contrast, b-catenin signaling has been reported as a
poor prognostic marker, independent of subtype, and drives
TNBC tumors.45,64e66 Despite the reports of b-catenin in
promoting progression, positive nuclear localization of
b-catenin in IDC and ILC via IHC has been consistently
uncommon.45,67,68 This trend was recapitulated in the IHC
cohort, with only 2 of 163 patients positive for nuclear
b-catenin, 1 from the TNBC and the ERþ subtypes.
The strong protein correlation between b-catenin and
E-cadherin, as well as the discoordination between b-cat-
enin protein and mRNA, suggests that structural b-catenin,
1918
rather than WNT-activated nuclear b-catenin, drives the
prognostic value in IDC (Figure 2D). Subtype-specific dif-
ference of b-catenin/E-cadherin ratio was not noticed
(Figure 4B), indicating a more complex interaction between
the two proteins at structural or signaling levels. For
example, a relative reduction was found in b-catenin
compared with E-cadherin in HER2þ samples by IHC
(Table 2) and in the RPPA data (Figure 4B). A recent article
from Tung et al69 found that monoallelic loss of Ctnnb1, the
gene that encodes b-catenin, drives an increase in HER2þ

murine tumorigenic capacity. Monoallelic loss of Ctnnb1
drove multiplicity in the HER2þ mice and appeared to
reduce differentiation by histologic assessment, with most
tumors described as poorly differentiated acini.69

In conclusion, the proteomic analysis revealed both
b-catenin and E-cadherin are poor prognostic indicators in
infiltrating ductal carcinoma. Similarly, across TCGA
BRCA data set and multiple patient cohorts, CDH1 gene
expression was a poor prognosis indicator. This poor
prognostic trend of CDH1 was maintained across ERþ,
HER2þ, and TNBC samples. The presence of b-catenin and
E-cadherin in IDC patient samples was dependent on clin-
ical subtype and stage, which may be a partial explanation
for the difference in patient outcomes. Further assessment of
E-cadherin as a predictive marker in breast cancer is war-
ranted, with pointed appraisal between emergent proteomic
modalities and immunohistochemistry.
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