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Abstract

Cadherins form connection between cells, facilitate communication, and serve as essential
agents in the progression of multiple cancers. Over 100 cadherins have been identified and
they are mainly divided into four groups: classical cadherins (CDHs), protocadherins
(PCDHs), desmosomal (DSC), and cadherin-related proteins. Accumulating evidence has
indicated that several members of the cadherins are involved in breast cancer develop-
ment. Nevertheless, the expression profiles and corresponding prognostic outcomes of
these breast cancer-related cadherins are yet to be analyzed. Here, we examined the
expression levels and prognostic potential of these breast cancer-related cadherins from
the specific databases viz. oncomine, gene expression profiling interactive analysis, human
protein atlas, UALCAN, Kaplan—-Meier Plotter, and cBioPortal. We found that the CDH2/11
levels were higher in breast cancer tissues, compared to healthy breast tissues, whereas
with CDH3-5, PCDH8/10, and DSC3, the levels were lower in the former than in the latter. Additionally, for CDH1/6/13/17/23,
PCDH7, and FAT4, trancript level alterations between breast cancer and healthy tissues varied across different databases. The
CDH1 protein levels were elevated in breast cancer tissues versus healthy breast tissues, whereas the protein levels of CDH3/11
and PCDH8/10 were reduced in breast cancer, compared to healthy breast tissues. For CDH15 and CDH23, the expression levels
paralleled tumor stage. Survival analysis, using the Kaplan—Meier Plotter database, demonstrated that elevated CDH1-3 levels
correlated with diminished relapse-free survival in breast cancer patients. Alternately, enhanced CDH4-6/15/17/23, PCDH10,
DSC3, and FAT4 levels estimated a rise in relapse-free survival of breast cancer patients. These data suggest CDH1-3 to be a
promising target for breast cancer precision therapy and CDH4-6/15/17/23, PCDH10, DSC3, and FAT4 to be novel biomarkers for
breast cancer prognosis.

Impact statement

This work investigated the expression of all
the reported breast cancer-related cad-
herins and evaluated their potential as
therapeutic targets and prognostic bio-
markers. It includes distinct analyses,
including genetic alteration, interaction,
GO, and KEGG pathways, to elucidate
underlying mechanisms of specific BC-
related cadherins. We believe that these
results would aid in the diagnosis and
treatment of BC. On the other hand, they
could provide theoretical support to the
researchers interested in BC-related
cadherins.
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Introduction

Breast cancer (BC) ranks among the top five cancers
afflicting women across the world.? In 2020, 30% of
cancer incidences involved BC, accounting for 15% of all
cancer-associated female mortality within the United States
of America.! The primary approach adopted to treat BC is
surgery, chemotherapy, and radiation therapy, which have

ISSN 1535-3702
Copyright © 2021 by the Society for Experimental Biology and Medicine

displayed improved therapeutic effects. Despite advance-
ments in novel therapeutic targets and targeted drugs have
enhanced the efficacy of BC treatment, ~20% of metastatic
BC patients has a survival rate of <5years.” Furthermore,
owing to tumor heterogeneity, available biomarkers are
limited in their prognosis of BC. Therefore, novel bio-
markers are crucial for the enhancement of disease progno-
sis and develop precision medicine.
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Cadherins, which have been known to act as tumor sup-
pressors, regulate tissue development and differentiation.
Therefore, dysregulated cadherins, brought on by genetic,
epigenetic, and mutational factors could lead to tumor
growth, invasion, and metastasis. Certain members of this
superfamily are crucial to mammary cell development,
such as CDH1/2/3/4/5/6/11/13/15/17, PCDH7/8/10,
DSC3, FAT4, and CDH23. They have also been reported
to contribute to tumor formation and BC metastases.
Although the roles of known BC-associated cadherins
have been characterized in prior studies, further analysis
is yet to be performed to determine their prognostic
potential.

Here, we performed an extensive bioinformatics analy-
ses on the expression profile of BC-related cadherins and
assessed their candidacy as therapeutic targets and/or
prognostic biomarkers. We believe that our analyses
would provide important help in the diagnosis and treat-
ment of BC.

Materials and methods

Ethics statement

The Academic Committee of the North Sichuan Medical
College agreed to our research protocols. All information
for analysis was obtained from certified online sources,
thus, confirming the procurement of written informed
consents.

Expression pattern analysis for BC-related cadherins

The Oncomine database was employed for the comparison
of the transcript levels of BC-associated cadherins in clini-
cally diagnosed cancer specimens versus healthy controls.
Significance was considered at a P-value of 0.01, fold
change of 2, and gene rank within the leading 10%.

We analyzed the differential mRNA levels of the select
genes in tumorous versus healthy tissues using the
UALCAN database.’The cutoff P value was defined as 0.05.

After examining the mRNA profile of BC-related cad-
herins, we tried to analyze the protein expression patterns
with the help of immunohistochemistry staining images
from the HPA database, which details the mapping of all
human proteins within cells, tissues, and organs, using a
combination of multiple omics mechanics.*

Correlation between BC-related cadherins transcript
levels and the clinicopathological variables

The relationship between BC-related cadherin expression
and BC sub classes was analyzed with the help of the
UALCAN database, while the relationship with the
tumor stages was estimated using the GEPIA database.
The GEPIA database offers customizable tools such as
tumor/normal differential expression analysis, profiling
based on specific cancer forms or pathological phases, cor-
relation analysis,” with 0.05 as the significant threshold of
P-value.
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Prognostic potential for BC-related cadherins

Survival analyses including OS and RFS of the BC-related
cadherins (median expression) were evaluated by using the
Kaplan-Meier Plotter, which is usually used to evaluate the
prognostic value.® Only the JeSet best probe set was
selected.

Genetic alteration and co-expression in cBioPortal
database

Genetic alteration frequency and co-expression of
BC-related cadherins were analyzed using the cBioPortal
database, which offers an open resource for interactive
inspection of numerous cancer genome datasets.”

Analysis of gene interaction network of BC-related
cadherins

Interactions among BC-related cadherins were analyzed
with the help of STRING, a database that was used to pre-
dict protein-protein interactions.® The network of BC-
related cadherins and its closely related neighbor genes
was performed by Cytoscape, an open source platform
for the visualization of complicated pathways and their
interaction with any other available data.’

Function and pathway analysis for BC-related cadher-
ins by DAVID

The Database for Annotation, Visualization, and Integrated
(DAVID) offers an extensive array of functional interpreta-
tion tools that aid in the understanding of the function of a
large set of genes.'® Here, gene ontology (GO) enrichment
analysis and Kyoto encyclopedia of genes and genomes
(KEGG) pathway enrichment analysis of the BC-related
cadherins and intimately associated neighbor genes were
obtained from DAVID and visualized with Excel. Biological
processes (BP), cellular components (CC), and molecular
function (MF) were incorporated into the GO enrichment
analysis.

Results

All the BC-related cadherins show abnormal expres-
sion at transcriptional or/and protein level

To elucidate the distinct prognostic and possible therapeu-
tic significance of BC-associated cadherins, mRNA expres-
sion and protein expression of the molecules were
analyzed. As shown in Figure 1 and Table 1, transcript
levels of CDH2/11 and PCDH?7 in BC tissues were mark-
edly elevated, while CDH3/4/5, PCDH8/10, and DSC3
were drastically reduced in BC tissues when compared to
healthy breast tissues. The levels of CDH1/13/23 and FAT4
varied across different databases, and all of them displayed
a lower expression in the BC tissues. In the cases of invasive
BC (Figures 2 and 3), the mRNA levels of CDH1/2/11 were
upregulated in tumor tissues, while CDH3/4/5/6/13/17/
23, PCDHS8/10, DSC3, and FAT4 were significantly down-
regulated. Protein expression patterns are shown in Figure
3. As evident, CDH1 staining was poor in normal breast
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Figure 1. Transcript levels of the BC-related cadherins in various cancers (Oncomine). Number of datasets included in the current study with statistically significant
BC-related cadherins upregulation (red) or downregulation (blue). The thresholds: P-value< 0.01; fold change> 2; gene rank < 10%; data type: mRNA. (A color version

of this figure is available in the online journal.)

tissues, while higher signal was observed in BC tissues. The
staining patterns of normal tissues vs. BC tissues for CDH3,
CDH11, PCDHS, and PCDH10 were medium vs. low, low
vs. not detected, high vs. medium, and medium vs. not
detected, respectively. Furthermore, distinct BC-related
cadherins showed a similar staining profile in normal and
BC tissues, such as CDH2/5/6/13/15/17, PCDH7, and
DSC3. There was no available data for CDH4. In conclu-
sion, we found that the CDH1 protein levels were enhanced
in BC tissues, compared to healthy breast tissues, while the
CDH3/11 and PCDHS8/10 levels were lower.

Expression levels of CDH5/23, and other BC-related
cadherins were related to tumor stages and subclasses

After the evaluation of the expression profiles, we investi-
gated the correlation between BC-related cadherins mRNA
levels and clinicopathological variables, such as, the spe-
cific stages of a patient’s cancer and tumor subclasses. We
demonstrated that the CDH5 and CDH23 levels correlated
with specific tumor stages (Figure 4).

All BC-related cadherins except for CDH15 (Figure 5)
displayed significant differences among the various
tumor subclasses. CDH1 was markedly elevated in the
Her2" BC, compared to the other two types of BC, while
CDH17, PCDH7, and DSC3 displayed an opposite trend.
Besides, CDH5/6/11 levels were remarkably high in lumi-
nal BC, relative to the Her2" and TNBC. In the
caseof PCDH7, a significantly lower mRNA level was
observed in TNBC than in the other two subclasses.
Among the three subclasses of BC, the transcriptional
levels of CDH3 and PCDH10 were significantly different.

Expression of CDH4-6/15/17/23, PCDH10, DSC3, and
FAT4 was significantly associated with BC prognosis

There was ample evidence of an association between BC-
related cadherins transcript levels and BC patient survival.
In Figure 6, we show that the mRNA levels of CDH1/2/3/5
and FAT4 were strongly correlated with OS (overall surviv-
al) (P <0.05), and BC patients with low CDH1-3 transcript
levels and high CDH5 and FAT4 transcript levels were esti-
mated to experience higher OS. The mRNA levels of CDH1-
6/15/17/23, PCDH10, DSC3, and FAT4 were also strongly
correlated with RFS (P< 0.05). The patients with reduced
mRNA levels of CDH1-3 or high mRNA levels of CDH4-6/
15/17/23, PCDH10, DSC3, and FAT4 were predicted to
have high RFS (Figure 7). Based on these data, CDH4-6/
15/17/23, PCDH10, DSC3, and FAT4 transcript levels were
significantly associated with BC prognosis and might serve
as effective biomarkers for BC patient prognosis.

Genetic changes, binding analyses, and neighbor gene
network of the BC-related cadherins

We analyzed genetic alterations in BC-related cadherins for
invasive BC. As a result, these cadherins showed marked
differences in 680 samples of 1101 patients with invasive BC
(61%). CDH1/2/3/4/5/6/11/13/15/17, PCDH7/8/10,
DSC3, FAT4, and CDH23 were altered in 18%, 6%, 9%,
10%, 6%, 7%, 6%, 5%,4%, 17%, 4%, 3%, 3%, 4%, 4%, 6% of
the queried BC samples, respectively (Figure 8(a)).
Thereafter, correlations based on the mRNA expression of
these cadherins in invasive BC were analyzed, and the data
suggested marked positive associations in the following
cadherins: CDH2 with CDH11; CDH3 with DSC3; CDH5
with CDH6/13 and FAT4; CDH6 with CDHI11/13 and
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Table 1. Significant changes of CDHs expression in transcription level between different types of breast cancer and normal breast tissues (oncomine).

BC versus normal

Gene name Type of breast cancer Fold change P value t test Source and/or reference
CDH1 Lobular breast carcinoma —5.088 1.37E-08 —8.564 Zhao breast statistics
Mucinous breast carcinoma 4.661 0.008 3.213 TCGA
Invasive lobular breast —4.415 2.74E-08 —5.962
carcinoma
CDH2 Invasive breast 2.217 5.33E-16 12.626 Gluck breast statistics
carcinoma
Invasive ductal breast 3.902 6.73E-04 3.726 Karnoub breast statistics
carcinoma
Invasive ductal breast carcino- 2.192 9.60E-04 3.78 Ma breast 4 statistics
ma stroma
Breast phyllodes tumor 3.661 0.004 4.852 Curtis breast statistics
CDH3 Lobular breast carcinoma —2.43 0.002 —4.359 Zhao breast statistics
Invasive ductal breast —2.62 0.001 —4.685
carcinoma
Ductal breast carcinoma -3.039 8.97E-05 —4.45 Richardson breast 2 statistics
CDH4 Invasive ductal and lobular —-3.214 5.00E-03 -6.37 TCGA
carcinoma
Mixed lobular and ductal breast —2.831 4.63E-09 —9.691
carcinoma
Mucinous breast carcinoma —2.643 4.96E-07 —9.472
Invasive lobular breast —2.659 4.88E-15 —9.339
carcinoma
Male breast carcinoma -3.2 4.21E-06 —-11.135
CDH5 Fibroadenoma —2.595 9.00E-03 —3.656 Sorlie breast 2 statistics
Fibroadenoma —2.85 9.00E-03 —3.485 Sorlie breast statistics
Breast carcinoma —3.043 3.10E-11 —11.746 Curtis breast statistics
Tubular breast carcinoma —2.785 6.34E-34 —15.231
Invasive ductal and invasive —2.607 9.49E-38 —15.542
lobular breast carcinoma
Invasive breast carcinoma —2.87 3.86E-10 —9.091
Medullary breast carcinoma —3.353 2.34E-16 —11.963
Invasive lobular breast —2.254 1.32E-33 —13.797
carcinoma
Mucinous breast carcinoma —-2.312 1.09E-19 —-11.152
Invasive ductal breast —2.889 1.12E-51 —22.611
carcinoma
Ductal breast carcinoma —4.05 3.18E-06 —6.972 Richardson breast 2 statistics
CDH6 NA NA NA NA NA
CDH11 Invasive breast carcinoma 14.244 1.23E-27 20.81 Finak breast statistics
Mixed lobular and ductal breast 3.753 1.91E-09 11.441 TCGA
carcinoma
Invasive lobular breast 3.277 2.74E-17 10.611
carcinoma
Invasive breast carcinoma 2.844 5.20E-18 9.945
Invasive ductal breast 2.575 6.53E-20 11.479
carcinoma
Lobular breast carcinoma 4111 7.00E-03 4.851 Perou breast statistics
Breast phyllodes tumor 7.638 1.20E-04 10.995 Curtis breast statistics
Tubular breast carcinoma 2.481 3.19E-21 11.665
Invasive mixed breast 3.414 1.00E-03 4.008 Radvanyi breast statistics
carcinoma
Invasive ductal breast 2.854 3.00E-03 3.421
carcinoma
Invasive lobular breast 2.604 7.00E-03 2.82
carcinoma
Invasive ductal breast 3.889 1.00E-02 2.829 Turashvili breast statistics
carcinoma
Invasive ductal breast carcino- 2.78 2.00E-03 3.465 Karnoub breast statistics
ma stroma
Ductal breast carcinoma in situ 2.332 5.00E-03 2.823 Ma breast 4 statistics
stroma

(continued)
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Table 1. Continued.

BC versus normal

Gene name Type of breast cancer Fold change P value t test Source and/or reference
CDH13 Ductal breast carcinoma in situ 2.183 4.08E-05 5.087 Ma breast 4 statistics
stroma
Fibroadenoma —2.771 2.00E-03 —8.568 Sorlie breast 2 statistics
Ductal breast carcinoma —2.007 1.32E-06 —10.181
Fibroadenoma —3.043 6.00E-03 —6.354 Sorlie breast statistics
Invasive ductal breast —2.891 1.08E-24 —14.806 TCGA
carcinoma
Invasive ductal and lobular -3.13 9.38E-04 —8.446
carcinoma
Invasive lobular breast —2.694 2.83E-16 —10.002
carcinoma
Mixed lobular and ductal breast —2.798 1.94E-07 —9.035
carcinoma
Invasive breast carcinoma —2.398 5.99E-17 —9.52
Ductal breast carcinoma —2.046 1.00E-03 —4.72 Perou breast statistics
CDH15 NA NA NA NA NA
PCDH7 Invasive mixed breast 2174 6.61E-04 4.653 Radvanyi breast statistics
carcinoma
Invasive ductal breast carcino- 2.778 7.14E-04 4.168 Ma breast 4 statistics
ma stroma
Ductal breast carcinoma in situ 2.144 8.50E-04 3.738
stroma
PCDH8 Intraductal cribriform breast —2.059 7.00E-03 -3.78 TCGA
adenocarcinoma
PCDH10 Invasive ductal breast —2.911 3.00E-03 —3.502 Turashvili breast statistics
carcinoma
DSC3 Invasive ductal breast —11.356 2.99E-06 —7.299 Turashvili breast statistics
carcinoma
Lobular breast carcinoma —2.224 4.00E-03 —4.893 Zhao breast statistics
Mucinous breast carcinoma —20.788 3.00E-03 —5.348 TCGA
FAT4 Invasive mixed breast 3.638 8.00E-03 3.387 Radvanyi breast statistics
carcinoma
Invasive ductal breast carcino- —2.917 7.54E-04 -3.68 Ma breast 4 statistics
ma stroma
Invasive ductal breast -3.235 2.39E-30 —17.04 TCGA
carcinoma
Invasive breast carcinoma —2.361 2.12E-16 —9.257
Invasive breast carcinoma —2.555 1.76E-04 —9.995 Gluck breast statistics
CDH23 Invasive lobular breast 2.626 7.00E-03 2.725 Turashvili breast statistics
carcinoma
Invasive breast carcinoma -23 7.46E-20 —15.774 Curtis breast statistics
Tubular breast carcinoma —2.133 2.57E-40 —17.355
Medullary breast carcinoma —2.517 2.86E-24 —16.488
Mucinous breast carcinoma -3.621 3.41E-29 —16.233
Invasive ductal and invasive —2.148 2.37E-40 —16.683
Lobular breast carcinoma
Invasive ductal breast —2.237 2.54E-59 —25.648
carcinoma
Breast carcinoma —2.365 1.31E-05 —6.077
Invasive ductal and lobular —2.684 4.11E-06 —8.304 TCGA
carcinoma
Intraductal cribriform breast —3.841 8.91E-04 —7.873
adenocarcinoma
Invasive ductal breast —5.043 4.01E-25 —14.992
carcinoma
Invasive lobular breast —3.009 3.94E-10 —6.997
carcinoma
Invasive breast carcinoma —3.137 8.92E-14 —8.209

NA: not available; TCGA: The Cancer Genome Atlas.
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Figure 2. mMRNA expression levels of the BC-related cadherins (UALCAN). (*P<0.05; **P<0.01; ***P<0.001) (A color version of this figure is available in the online

journal.)

FAT4; CDH11 with PCDH7 and FAT4; CDH13 with FAT4;
and PCDH7 with FAT4. Furthermore, we observed a close
connection between CDH1/2/3/4/5/6/11/13/15/17 with
the help of STRING (Figure 8(b)). We also constructed a
network for the BC-related cadherins and the 50 highly
altered neighboring genes. Based on our results, TP53,
SYNE1, TTN, PTEN, ANK2, KMT2C, FAT3, PCLO,
USH2A, and DMD were closely associated with alterations
in BC-related cadherins (Figure 8(c)).

The functions of the BC-related cadherins and the 50
highly altered neighboring genes were predicted, and
Figure 9(a) to (c) shows the top 10 highly enriched GO
items. Within the BP category, homophilic cell adhesion
via plasma membrane adhesion molecules, adherens junc-
tion organization, cell adhesion, calcium-dependent cell-
cell adhesion via plasma membrane cell adhesion mole-
cules, cellular response to caffeine, sensory perception of
light stimulus, heterophilic cell-cell adhesion via plasma
membrane cell adhesion molecules, cerebral cortex devel-
opment, lipoprotein transport, and O-glycan processing
were among the ten leading highly enriched factors. The
Z disc, membrane, integral part of membrane, plasma
membrane, M band, sarcoplasmic reticulum membrane,
sarcoplasmic reticulum, sarcolemma, extracellular exo-
some, and dynein complex were among the 10 leading
highly enriched factors within the CC group. In the MF
category, the BC-related cadherins and their neighboring
genes were primarily enriched in calcium ion binding,

ATPase activity, calcium-induced calcium release activity,
ryanodine-sensitive calcium-release channel activity, struc-
tural constituent of muscle, calcium-release channel activi-
ty, gamma-catenin binding, actin binding, calmodulin
binding, and protease binding.

KEGG analysis was employed to define the signaling
networks associated with the alterations of BC-related cad-
herins and their highly altered neighboring genes. Nine
networks were associated with the BC-related cadherin
alterations. As depicted in Figure 9(d), they were cell adhe-
sion molecules (CAMs), endometrial cancer, arrhythmo-
genic right ventricular cardiomyopathy (ARVC),
melanoma, hypertrophic cardiomyopathy (HCM), dilated
cardiomyopathy, circadian entrainment, thyroid hormone
signaling pathway, vitamin digestion, and absorption.

Discussion

Specific associations between cancerous cells, neighboring
cells, and extracellular matrix, mediated by CAMs, modu-
late the development of cancer. As important components
of CAMs, the cadherin protein family is involved in the
development of multiple cancers, including BC. Albeit the
confirmatory role of specific cadherins in BC development
has been underscored, there is a dearth of information on
the prognostic potential of discrete cadherins. Here, the
level, mutation, and prognostic potential of BC-related cad-
herins were analyzed.
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Figure 3. Immunohistochemistry staining images of BC-related cadherins proteins (HPA). (NA: no available data). (A color version of this figure is available in the online

journal.)

Classical cadherins

CDHI1, known as epithelial cadherin (E-cadherin), is
known to regulate development of BC."' The loss of
CDH1 is a known characteristic of lobular neoplasia and
invasive lobular carcinomas,’® and the depletion is also
related to enhanced tumor size, advanced histological
grade, and occurrence of distant metastases. Moreover,
patients with lower CDH1 expression perform poorly
when assessed for the disease-free survival (DFS)" and
ost parameters. In our results, CDH1 showed a lower
expression level in lobular breast carcinoma and invasive
lobular breast carcinoma than in healthy samples in the
Oncomine database. However, in the UALCAN (invasive
BRCA) and HPA databases, CDH1 levels were elevated in
BC, compared to healthy normal tissues, which was strong-
ly correlated with worse OS and RFS in all BC patients, with
follow-ups lasting 200 months. These variations might be

attributed to different numbers and types of samples in the
studied subjects. Moreover, when the association between
CDHL1 transcript levels and disease state of BC patients was
analyzed, no significant difference among the stages of BC
was observed. A significant difference was observed
between the normal and BC subclasses of luminal/Her2",
luminal and Her2", and Her2" and TNBC cases.

CDH2, known as neuronal cadherin (N-cadherin),
works synergistically with CDH1 to stimulate breast
tumor growth.”® High CDH2 levels were observed in
triple-negative breast cancer (TNBC) cases with lymphatic
invasion, and in node metastasis-positive cases,'® which
was identical to our results based on the Oncomine data-
base. High CDH2 levels were strongly associated with poor
OS and RFS in all BC patients. Moreover, we demonstrated
a marked difference between the healthy and the three
types of BC (including luminal, Her2", and TNBC), while
its levels were not related to tumor phase.
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Figure 4. Relationship between the BC-related cadherins mRNA levels and tumor stages (GEPIA). (A color version of this figure is available in the online journal.)
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Figure 6. OS (overall survival) of the BC-related cadherins (KM-Plotter). (A color version of this figure is available in the online journal.)

CDH3, known as placental cadherin (P-cadherin), has
been shown to augment invasion and aggression of
tumor cells. Some studies have shown that CDH3 is over-
expressed in TNBC to an extent of over 50%, which is mark-
edly correlated with poor 08,718 and associated with the
promotion of key cancer features like augmented cell
migration, invasion, and tumorigenic and metastatic
ability in BC models.'**® A recent study revealed a strong
association between high-expressing CDH3 and BC, and
an inverse correlation between  high-expressing
CDH3 and poor BC subtype prognosis.*' In our study,
there was lower expression of CDH3 mRNA and protein
in BC tissues when compared to healthy tissues.
Moreover, elevated CDH3 levels were significantly related
to poor OS and RFS in BC patients. Additionally, we found
marked difference between healthy and luminal/TNBC,

low 704505 229 94 20 3 0  low 319 216 79 14
hich 698 578 248 35 1 0 0  high 307 238 102 11
luminal and Her2"/TNBC, Her2t* and TNBC

cases. However, its expression was not correlated with
tumor stage.

CDH4 or retinal cadherin can be found in myoblast-der-
ived rhabdomyosarcomas but not in healthy myoblasts. It
might have a metastasis-related function in BC.*
Overexpression and knockdown studies in mammary
gland cell lines validated that CDH4 inhibits malignancy.
Moreover, CDH4 levels were mostly reduced in carcino-
mas, as opposed to healthy breast tissues,” which concurs
with our analysis using the Oncomine database. Moreover,
low CDH4 levels were strongly associated with poor RFS in
BC patients; a significant difference between the normal
and BC subclasses of luminal/Her2 cases. However, the
expression of CDH4 was not correlated with specific
tumor stages.



= HR=1.26(1.13-1.41 2 HR=1.15(1.03-1.28
" logrank P=2.8e-05 a5 logrank P=0.011
= o
I éw. g gq_
a3 8= | 8 §° s
g N S
=~ Expression . Expression
S —ow Zl —jow
o ’.ﬁ.gh x g : : | =9 E’ﬁgh . 2
0 50 100 150 200 250 0 50 100 150 200 250
Time(months) Time(months)
Number at risk Number at risk
low 19761308 566 131 14 2 low 1994 1321 560 134 15 3

high 19751211 508 110 13 1 high 1957 1198 515 107 12 0

= HR=0.78(0.7-0.87 £ HR=0.75(0.67-0.83
| logrank P=7.9e-0 . logrank P=1.4e-07
. =°
o £, T Ee
i3 T—| © 83 i
o Expression 4 Expression
—low —low
o I'ﬂgh | B mgh
0 50 100 150 200 250 0 50 100 150 200 250
Time(months) Time(months)
Number at risk Number at risk
|‘_W 1978 1211 512 140 18 2 low 1988 1178 514 146 22 3
high 1973 1308 563 101 9 1 high 1983 1341 561 95 5 0
=5 HR=0.87(0.78-0.97 = HR=0.83(0.74-0.93
logrank P=0.011 logrank P=8e-
bt =
o o
wk ~ 25
- 3@ - 5@
- - BQ X we
o4, a s,
© g3 L
o Expression o Expression
o e | o| —high
0 50 100 150 200 250 0 50 100 150 200 250
Time(months) Time(months)
Number at risk Number at risk

low 19881230 544 126 16 2
high 19631289 531 115 11 1

low 1977 1185 504 120 17 2
high 1974 1334 571 121 10 1

! HR=0.84(0.72-0.99 b HR=0.82(0.7-0.96
! logrank P=0.032 s logrank P=0.011
o 2° 2°
I Zo M Zw v
3 §=; 2 §=i R S
2 e = Q o=
T= L=
H E_xpresstorl o E(rression
ot I8, o 13,
0 50 100 150 200 250 0 50 100 150 200 250
Time(months) Time(months)
Number at risk Number at risk
low 918 487 205 38 2 0 low 882 473 180 37 9 2
high 846 490 140 29 B8 2 high gg2 504 185 31 1 0

Xu et al. Expression and prognosis of BC-related cadherins 1715
2 HR=1.26(1.13-1.4 2 HR=0.7(0.62-0.78
- logrank P=3.8e-0! - logrank P=6.4e-11
= S
2 2. 3 2o
o &8° a §°
© 8« b | 9 8«
[ =
o | Expression o Expression
o —Jaw o —Jow
o igh o —high
0 50 100 150 200 250 0 50 100 150 200 250
Time(months) Time(months)
Number at risk Number at risk
low 1977 1353 586 129 14 2 low 1979 1135 462 124 15 1
high 1974 1166 489 112 13 1 high 1972 1384 613 117 12 2
a HR=1.05(0.9-1.23) =t HR=1.02(0.82-1.14
logrank P=0.53 logrank P=0.69
) @
T & e 2o
=X Tr 52
B2S 81
© S« = —
Eﬁ o<
2. Expression S Expression
—low —mw
=| high o gh
50 100 150 200 250 0 50 100 150 200 250
Time(months) Time(months)
Number at risk MNumber at risk
low 882 489 148 24 3 0 low 1997 1268 543 121 13 2
high 882 493 197 44 7 2 high 1954 1251 532 120 14 1
2 HR=0.98(0.84-1.14, = HR=0.96(0.86-1.07
- logrank P=0.76 o logrank P=0.45
= =
z 2. g 2.
3 §‘=‘ | 8 Ed
& 23 e 23
o Expression o Expression
— —low
o ﬁgh o q'Qh "
0 50 100 150 200 250 0 50 100 150 200 250
Time(months) Time(months)
Number at risk Number at risk
low 883 468 157 32 6 2 low 2007 1272 550 134 13 0
high 881 509 188 36 4 0 high 1944 1247 525 107 14 3
it HR=0.78(0.7-0.87 = HR=0.75(0.64-0.8
- logrank P=7.3e-0 - logrank P=0.00028
gd - Ec
== £35S
< o a 5
w o= O o=
o= ac
™| Expression o Expression
= —low __low
= high o —high
0 50 100 150 200 250 0 50 100 150 200 250
Time(months) Time(months)
Number at risk Number at risk
low 1198 1991 509 141 18 2 low 802 461 172 38 § 0
high 1960 1321 566 100 9 1 high 8g2 516 173 30 5 2

Figure 7. RFS (relapse-free survival) of the BC-related cadherins (KM-Plotter). (A color version of this figure is available in the online journal.)

CDHS5 or vascular endothelial cadherin is ubiquitously
expressed in endothelial cells but not found in normal epi-
thelium. It has been identified as a biomarker of metastatic
BC.?** Invasive human breast tumors and a breast cancer
mouse model®® showed a rise in CDHS5 levels, while in our
results, CDH5 levels were substantially diminished in BC
tissues, relative to healthy tissues in the Oncomine and
UALCAN databases. Furthermore, we found that low
CDHS5 levels were strongly associated with poor OS and
RFS in the BC patients with its expression being correlated
with specific tumor stages. Besides, a marked difference in
the expression of CDH5 was noted between the normal and
BC subclasses of luminal/Her2"/TNBC cases, and the
luminal, and Her2"/TNBC.

CDH11, colloquially known as osteoblast cadherin (OB-
cadherin), is expressed exclusively in invasive BC cells and
aggressive BC and facilitates cell proliferation and

migration.””** In our study, CDH11 showed high mRNA
expression levels in the Oncomine and UALCAN data-
bases, while in HPA, it displayed a lower protein expres-
sion level. This difference might be due to the translation,
post-transcriptional and post-translational modification of
CDH11. Furthermore, we found a substantial difference in
CDH11 expression between the normal and BC subclasses
of luminal/Her2"/TNBC, and the luminal and Her2"/
TNBC cases. The expression of CDH11 was not correlated
with any tumor stage.

CDH13, also known as truncated cadherin (T/H-cad-
herin), is present in numerous cell types within the breast
tissue, including myoepithelial, epithelial, and endothelial
cells. CDH13 expression is increased in endothelial cells
during breast cancer, and the CDH13 levels are diminished
in all but endothelial cells in mouse mammary tumor
models.> CDH13 showed low mRNA expression levels
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Figure 8. Genetic changes, binding analyses, and neighboring gene network of the BC-related cadherins (cBioPortal). (a) Mutation analysis of CDHs in BC. (b) Protein—
protein interaction network of CDHs. (c) Gene-gene interaction network of CDHs and 50 most frequently altered neighboring genes. (A color version of this figure is

available in the online journal.)

in BC in the Oncomine and UALCAN databases. Moreover,
CDH13 expression did not have an important relationship
with the tumor phase and survival prognosis of BC
patients, while a marked difference in the expression
levels was seen between the normal and BC subclasses of
luminal/Her2"/TNBC, and the luminal and TNBC cases.

There are no signs of CDHI5, often referred to as
muscle cadherin (M-cadherin), in healthy breast
tissue physiology, and its location on chromosome 8 is
often missing in mouse breast tumors.>! Here, we revealed
that low CDHI15 levels were significantly related to poor
RFS in BC patients.



Xu et al. Expression and prognosis of BC-related cadherins

()
o
@
&

0O-glacan processing w=
lipoprotein transport
cerebral cortex development
heterophilic cell-cell adhesion...
sensory perception of light...
cellular response to caffeine
calcium-dependent cell-cell...

cell adhesion
adherens junction organization

homophilic cell adhesion via...

=}

5 10 15
B-LOG10(PVALUE)

GO:MF

protease binding
calmodulin binding
actin binding
gamma-catenin binding
calcium-release channel activity
structural constituent of...
ryanodine-sensitive calcium.., ===
calcium-induced calcium... ==
ATPase activity ===
calcium ion binding =———————
5 10 15 20

H-LOG10(PVALUE)

20

25

GO:CC
dynein complex
extracellular exosome
sarcolemma
sarcoplasmic reticulum
sarcoplasmic ... membrane
M band
plasma membrane
integral component of ...
membrane
z disc

0 2 4 6 8 10
M-LOG10(PVALUE)

KEGG PATHWAY

Vitamin digestion and..
Thyroid hormone signaling...
Circadian entrainment
Dilated cardiomyopathy
Hypertrophic cardiomyopathy...
Melanoma

Arrhythmogenic right...

Endometrial cancer
Cell adhesion molecules

o
-
LN
w
B

H-LOG10(PVALUE)

Figure 9. Enrichment analysis of the BC-related cadherins and 50 most commonly altered neighboring genes in BC. (a, b, and c) bar-plot of GO enrichment in cellular
component terms, biological process terms, and molecular function terms. (d) Bar-plot of KEGG pathway. (A color version of this figure is available in the online

journal.)
Summary Results of the BC-related Cadherins
| Expression Expression |Expression| Expression & Subclasses otetial for Prognosis
Symbles & herapeutic| bi K
Ongem/uLCAN| HPA | os | RFs | Stages | No:Lu [No:Her2 No:ThrlLu:Her2] Lu:Thr [Her2:Th target | Piomarker

CDH1 _#ngl 1 ok e - ok o - ik - . Yes No
CDH2 T = el * = kel * when - - - Yes No
CDH3 i L ok ek - ek - wkk ek e * Yes No
CDH4 ! A i = AR i L 2 a - No Yes
CDH5 1 - ok Hdk o *hk ok . - wwk - No Yes
CDH6 = + fad i ek - ik e ek ke . = No Yes
CDH11 1 t i o = . caeind e it i e No No
CDH13[ t/] i 2 - = = L i) z e No No
CDH15 7 i i u * - - - - - - o No Yes
CDH17 - i - - ok - ok ek ek ik - E2 No Yes
PCDH7 T £ - = = - * - dk - £ ok NO No
PCDH8 ! % = = i » i i = hik No No
PCDH10]| | 1 - N - Kk * - ok * e No Yes
_D_sca - - * - ik - - ek - * No Yes
FAT4 T/# I - * dokke - ek e e - - ok No Yes
CDH23 t/] i - - i * *kk dkk kk - - Hekck No Yes

-,No significant difference; *,P<0.05; **,P<0.01; ***,P<0.001

No,Normal; Her2, Her2 positive; Lu, Luminal; Thr, Three negative

Figure 10. Summary of the relationship between BC-related cadherins and BC. (A color version of this figure is available in the online journal.)

Recent reports have shown that CDH6 or K-cadherin
and CDH17 or liver-intestine cadherin (LI-cadherin) regu-
late cancer stem cells (CSCs) maintenance in TNBC.* In the
UALCAN database, both were shown to have a lower
expression in BC.

Proto-cadherins

PCDHY levels are significantly elevated in BC models.*
Moreover, its mRNA and protein levels were reported to
be exceptionally high in primary BC patients with bone
metastases, relative to BC patients without bone metasta-
ses.”® Our study indicates that PCDH7 is strongly

upregulated in BC tissues, compared to healthy controls
as per the Oncomine database. Also, a marked difference
in the expression profile of PCDH7 was seen between the
normal and BC subclasses of luminal/TNBC, luminal/
Her2", and TNBC.

PCDHS8 mediates BC-originated brain metastasis. When
PCDHS was suppressed in vitro, BC cell growth, migration,
and invasion were inhibited, whereas its overexpression
produced bone metastasis in vivo.”> PCDH8 showed low
transcript and protein levels in BC, and there was a signif-
icant difference between the normal and the TNBC, Her2™,
and the luminal/ TNBC cases.
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For PCDH10, the expression reduced to 75% in BC cells
owing to promoter methylation.® Similar to PCDHS,
PCDHI10 also showed low mRNA expression levels and
protein expression levels in BC. Reduced PCDH10 levels
were markedly associated with poor RFS and a significant
difference in the expression between the normal and the BC
subclasses of luminal/Her2"/TBNC, Her2" and luminal/
TNBC was observed.

Desmosomal cadherins

DSC3 is a desmosomal cadherin can be found in healthy
breast cells but is strongly upregulated in tumors and
tumor cell lines, with 72% and 79% repression, respective-
ly.*” A lower transcript level was seen for DSC3 in BC cases.
A higher expression of DSC3 was strongly correlated with
worse RFS in all BC patients who underwent follow-up
lasting 200 months, and there was marked difference
between healthy and luminal BC,TNBC, and luminal/
Her2™" cases.

Cadherin-related proteins

FAT4, Atypical cadherin 4, has been identified as a candi-
date tumor suppressor gene in BC, wherein its expression is
lost.*®*° Our results show that low mRNA expression levels
in BC and a low expression level of FAT4 were significantly
associated with worse OS and RFS in all patients with BC
who were followed up for 200 months. There was a signif-
icant difference between the normal and three main BC
subclasses, TNBC, and Her2" cases.

CDH23, also called CDHR23 (cadherin-related 23), is
significantly elevated in both cancer and stromal cells, sug-
gesting a strong role in breast cancer.*” We demonstrated
downregulation of CDH23 in BC, which was strongly cor-
related with worse RFS in BC. There was a significant dif-
ference between the normal and three main BC subclasses,
TNBC, and Her2" cases.

It is generally known that clinical drug therapy for BC is
mainly divided into chemical drug therapy, endocrine ther-
apy (hormone therapy), and targeted therapy. There are
distinct differences in the employment of therapeutic
drugs for specific types of BC. While endocrine therapy
has been found to be suitable for patients with hormone
receptor (PR/ER) positive BC, targeted therapy is often
deemed suitable for patients with Her2*BC. In Figure 5,
we show the expression of CDH3 in luminal and Her2* BC
tissue was significantly low and none respectively when
compared with normal breast tissues. However, its expres-
sion was significantly high in the luminal, Her2*", and
TNBC cases. The expression of multiple cadherins in dif-
ferent types of BC was similar, relative to healthy breast
tissues. Moreover, no differential expression of CDH1/4
and PCDH10 was observed in the TNBC, no differential
expression of PCDH7 in Her2™, significantly high levels
of PCDHS8 in TNBC, significantly low expression of DSC3
in luminal, and the unchanged expression in the two
unmentioned types. Therefore, the combination of these
cadherins” expression conditions could predict the type of
BC and help the diagnosis and treatment of BC.

Our work had certain limitations. Firstly, despite high
mRNA levels of CDH1/2/3 and low mRNA levels of
CDH5/FAT4 were stand-alone prognostic bio-markers for
shorter OS in BC patients, future investigations encompass-
ing larger sample sizes warranted to confirm the conclu-
sions from this study and to explore potential of BC-related
cadherins clinical application in treating BC. Secondly, the
diagnostic and therapeutic outcomes of BC-associated cad-
herins were not examined in this paper. Thus, future stud-
ies are necessary to explore if BC-related cadherins can
serve as diagnostic bio-markers or therapeutic targets.
Finally, the underlying mechanisms of BC-related cadher-
ins were not examined here. This investigation should be
performed in detail to delineate the relationship between
cadherins and BC.

In summary, we systematically analyzed the expression
and prognostic potential of BC-related cadherins
(Figure 10). Based on our data, elevated levels of CDH1
in BC tissues may contribute to BC oncogenesis. The
mRNA expression levels of CDH5/23 could serve as
molecular markers of BC patients in different stages, and
CDH1/3/5/6/11/17, PCDH7/8/10, and DSC3 could
improve the differential diagnosis of BC subclasses. Our
work suggest that CDH1/2/3 can serve as a possible ther-
apeutic target for BC, and transcriptional levels of CDH4-
6/15/17/23, PCDH10, DSC3, and FAT4 can be prospective
prognostic bio-markers for the detection and prognosis of
BC.
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