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Abstract. Breast cancer is one of the most frequently diagnosed
types of cancer with a high mortality and malignancy rate
in women worldwide. The Dickkopf (DKK) protein family,
as a canonical Wnt/B-catenin pathway antagonist, has been
implicated in both physiological and pathological processes.
This study aimed to comprehensively characterize the
prognostic value and elucidate the mechanisms of DKKs
in breast cancer and its subtypes. Firstly, DKK mRNA
expression and corresponding outcome were analyzed by
means of the Gene Expression-Based Outcome for Breast
Cancer Online (GOBO) platform based on PAMS50 intrinsic
breast cancer subtypes. Subsequently, we extracted breast
cancer datasets from the Cancer Genome Atlas (TCGA)
and Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC) to validate the expression profile
and prognostic values from the GOBO platform. Moreover, a
protein-protein network was created and functional enrichment
was conducted to explore the underlying mechanisms of
action of the DKKs. In addition, we uncovered the genetic and
epigenetic alterations of DKK2 in breast cancer. The main
finding of this study was the differential roles of DKKs in the
PAMS50 subtypes of breast cancer analyzed. The overall trend
was that a high level of DKK2 was associated with a good
survival in breast cancer, although it played an opposite role in
the Normal-like subtype. We also found that DKK?2 carried out
its functions through multiple signaling pathways, not limited
to the Wnt/pB-catenin cascade in breast cancer. Finally, we
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used our own data to validate the bioinformatics analysis data
for DKK2 by RT-qPCR. Taken together, our findings suggest
that DKK?2 may be a potential prognostic biomarker for the
Normal-like subtype of breast cancer. However, the prognostic
role of DKKs in the subtypes of breast cancer still requires
validation by larger sample studies in the future.

Introduction

For women, breast cancer is the most common type of
cancer with a high morbidity rate worldwide (1). According
to the data of the National Central Cancer Registry of
China (NCCR), 4292,000 newly diagnosed invasive breast
cancer cases were reported in 2015 (2). Breast cancer accounts
for 15% of all new-onset malignant tumors in Chinese
women (3). The increasing trend of breast cancer reflects the
changes in reproductive behavior, the prevalence of obesity
and physical inactivity over the past several decades in
China (4). Clinical studies have indicated that there is very
obvious heterogeneity in breast cancer (5,6). However, the
underlying mechanisms related to the heterogeneity of breast
cancer have not yet been fully elucidated. Most importantly,
a better mechanistic understanding can reveal promising
new therapeutic targets. Fortunately, with the development of
high-throughput sequencing technologies, the classification of
breast cancer extends from pathological types to molecular
types. The molecular typing of breast cancer illustrates the
heterogeneity of breast cancer in part. Parker er al presented a
molecular classification of breast cancer, which was grouped
into luminal A (Lum A), luminal B (Lum B), Basal-like,
human epidermal growth factor receptor 2-positive (HER2"),
and Normal breast-like subtypes, according to the PAMS50
method (7). The PAMS50 breast cancer intrinsic classifier has
lately been used to assign the molecular subtypes, including
Basal, HER2*, Lum A, Lum B and Normal-like subtypes
based on the shrunken centroids of gene expression profiles (8).
There is no doubt that precision classification can enhance
breast cancer diagnosis, treatment and prognosis prediction in
clinical practice.

Recently, the massive amount of data generated by the
sequencing of tumor samples have spawned a large amount of
bioinformatics databases, such as The Cancer Genome Atlas
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(TCGA, https://cancergenome.nih.gov/) and Gene Expression
Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/), thus
enabling us to comprehensively understand tumors from large
data analysis at the multiple genetic level. Bioinformatics
analysis provides an alternative method with which to explore
the genetic function, from DNA to protein. In particular,
bioinformatics analysis has an absolute advantage over large
quantities of data analysis.

The human Dickkopf (DKK) family members 1, 2, 3 and
4 are located within chromosomes 4, 8, 10, and 11 (DKK1
maps to 10q11, DKK2 maps to 4q25, DKK3 maps to 11p15.3,
and DKK4 maps to 8pl1). The DKK family encodes 4 types
of secreted protein (DKK1, DKK2, DKK3 and DKK4) that
share 2 conserved cysteine-rich domains. The cysteine-rich
domain in the N-terminus is unique to each type of DKKs,
whereas the other one in the C-terminus is conserved among
the family members (9,10). A number of previous studies have
demonstrated changes in DKK expression in tumor cell lines or
tissues, such as colorectal cancer (11), ovarian carcinoma (12),
gastric carcinoma (13) and renal cell carcinoma (14). DKK1 has
been shown to be silenced in colon cancer and to be associated
with tumorigenesis (11). DKK2 contributes to tumorigenesis in
epithelial ovarian carcinoma through the Wnt/p3-catenin signaling
pathway (12). Our group previously found that a decreased DKK3
expression was closely linked to an aggressive behavior and a
poor prognosis of gastric cancer (13). The expression of DKK4
has also been shown to be significantly higher in renal cancer
tissues compared with adjacent normal kidney tissues (14).

In this study, we adopted cooperatively bioinformatics
and experimental methods to performed our analyses. Firstly,
we employed the Gene Expression-Based Outcome for
Breast Cancer Online (GOBO) platform that developed by
Ringnér er al (15) at Lund University Cancer-omics Branch
(Lund, Sweden) to perform the comprehensive analysis of
DKKs expression profiles and the corresponding prognostic
analysis of breast cancer. Secondly, we used our own data to
validate the data from bioinformatics analysis on the expression
profile of DKK2 in the normal-like subtype compared with
normal tissue by means of reverse transcription-quantitative
PCR (RT-qPCR). Thirdly, the breast cancer dataset from
TCGA, Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC, http:/molonc.bcerc.ca/aparicio-lab/
research/metabric/) and Kaplan-Meier plotter online platforms
were used for the analysis of the expression profiles and
prognostic roles of DKKs in breast cancer. Fourthly, a DKK2
protein-protein network was constructed and enrichment
analysis was conducted to explore the underlying mechanisms
of breast cancer. Finally, DKK2 mutation, copy number
variation and methylation were performed to explore the
genetic alterations in breast cancer. Taken together, the findings
of this study suggest that DKK2 may be a potential prognostic
biomarker for the normal-like subtype.

Materials and methods

DKKs mRNA expression profiles in breast cancer and breast
cancer subtypes. DKKs transcripts with molecular subtypes
(PAMS50) in patients with breast cancer were examined using
the GOBO platform, which was developed by Ringnér et al at
Lund University Cancer-omics Branch (Lund, Sweden), which
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consists of three main modules, including gene expression
analysis, gene co-expression and sample prediction. It is a
publicly available platform, including breast cancer subtype-
related gene expression data and corresponding clinical data
from 1,881 subjects with breast cancer based on Affymetrix
microarray analysis (http://co.bmc.lu.se/gobo). The breast
tumor set from the 1,881 samples comprises 11 public datasets,
including Basal (n=280), HER2* (n=214), Lum A (n=410),
Lum B (n=414) and Normal-like (n=255) subtypes according to
the breast cancer PAMS50 molecular subtype classification (15).
The expression analyses of DKKSs transcripts in the subtypes
and histological grade were performed using one-way analysis
of variance (one-way ANOVA). Besides, the DKKs associated
with the estrogen receptor (ER)-status were analyzed using
the Student's t-test. P-values <0.05 were considered to indicate
statistically significant differences.

Transcript levels of DKKs and clinical outcomes in breast
cancer subtypes. The transcript levels of DKKs associated with
breast cancer outcome, together with overall survival (OS) and
relapse-free survival (RFS), were analyzed accurately and in
detail using the Kaplan-Meier Plotter online platform, which
integrates a number of tumor-related microarrays and detailed
clinical prognostic information, as previously described (16).
DKKSs transcripts with molecular subtypes and clinical outcome
from patients with breast cancer were analyzed using the GOBO
outcome analysis module. The association of clinical outcome
with DKK?2 gene expression levels in the subgroups of breast
cancer was analyzed through OS and RFS as the endpoint and
10-year censoring. Breast cancer datasets were stratified into
3 quantiles based on DKK?2 expression (lower, medium and upper
quartile), DKK?2_low (log2 expression -5.749 to -0.305), DKK?2 _
medium (-0.305 to 0.502), and DKK?2_high (0.502 to 5.422).
Subsequently, the Cox proportional hazards model was applied
to estimate the hazard ratio, and the ER status, node status,
grade, age and tumor size indicator were used as covariates.
Logrank P-values are shown as -logl0 (P-value). P-values <0.05
were considered to indicate statistically significant differences.

Breast cancer patient specimens and RT-gPCR. We also used
our data to further confirm the results of bioinformatics analysis
on DKKSs and the subtypes. Tissue specimens (17 Normal-like
subtype and 28 ER-positive subtype) were obtained from
45 patients (no chemotherapy or radiotherapy prior to resection)
at Shengjing Hospital of China Medical University (Shenyang,
China) from January, 2011 to September, 2013. Informed written
consent was obtained from all participants and the study was
approved by Ethics Committee of Shengjing Hospital. Total RNA
was extracted from these specimens using the RNeasy Mini kit
(Qiagen China, Shanghai, China) according to the manufacturer's
instructions. RT-qPCR was carried out using the ABI 7500 Real-
Time PCR system (Applied Biosystems, Foster City, CA, USA).
The RevertAid First Strand cDNA Synthesis kit (Thermo Fisher
Scientific, Burlington, ON, Canada) and SYBR® Premix
ExTaq™ II Kit (Takara Biomedical Technology, Dalian, China)
were used. Oligonucleotide primers for DKK?2 were used as
follows: Forward, 5'-CCCCGTTCATTCCTGTTTG-3' and
reverse, S“TTCTCCACGGTCCAATCCT-3". The primers for
the internal control, GAPDH, were forward, 5-CAATGACCCCT
TCATTGACC-3' and reverse, 5"-TGGAAGATGGTGATGGG
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ATT-3". The amplification of DKK?2 and GAPDH was performed
with 1 cycle at 95°C for 10 min and 40 cycles of 95°C for 15 sec
and 60°C for 60 sec. Relative mRNA abundance was normalized
to the internal standard, GAPDH, using the 2444 method (17).
The samples were divided into 2 groups at the DKK2 median
and classified as high or low DKK2.

Validation of the DKK?2 expression profile via TCGA and
METABRIC in breast cancer subtypes. The TCGA project,
which was developed for cancer research, integrates gene
expression profiles, methylation, copy number variation
and mutation information in 33 cancer types, which helps
us to understand multi-dimensional genetic alterations in
tumors (18). TCGA breast cancer dataset (19) is available at the
TCGA data portal, such as cBioPortal for Cancer Genomics
(http://www.cbioportal.org/) (20). According to the PAMS50
classification, TCGA breast cancer dataset (19) was divided
into 5 subtypes, including the Basal (n=98), HER2* (n=58),
Lum A (n=230), Lum B (n=125) and Normal-like (n=8)
subtypes. Moreover, METABRIC breast cancer dataset covers
several gene expression cohorts, and is widely used for the
investigation of breast cancer and subtypes. METABRIC breast
cancer dataset (21,22) was grouped into the Basal (n=199),
HER2* (n=220), Lum A (n=679), Lum B (n=461) and Normal-
like (n=140) subtypes based on the PAMS50 classification.

As mentioned above, the GOBO database consists of
11 datasets, which contribute to instability in performance
and efficiency of the result. Therefore, we used the publicly
available breast cancer dataset with homogeneity and a large
sample size to verify the results of GOBO. Subsequently, we
undertook breast cancer from TCGA (19) and breast cancer from
METABRIC (21,22) to validate expression profile of DKK2 in
breast cancer subtypes (22). The expression of DKK?2 in the
PAMS50 subtypes was examined using one-way ANOVA with
Dunnett's test with GraphPad prism V7.0 software. P-values <0.05
were considered to indicate statistically significant differences.

Validation of the association between DKK2 mRNA and clinical
outcome using the METABRIC database and Kaplan-Meier
platform in breast cancer subtypes. We analyzed the survival
outcomes of breast cancer and the subtypes according to
the differential expression levels of DKK2. Kaplan-Meier
survival curves with hazard ratio and logrank P-value were
calculated and plotted with the online platform, which is
available at Kaplan Meier plotter (http:/kmplot.com/analyisis).
Kaplan-Meier for breast cancer assessed the relevance of the
expression levels of various genes with regards to the clinical
outcome (23). Furthermore, we examined METABRIC breast
cancer samples (21,22) to validate the clinical outcome of
DKK?2 in the Normal-like subtype. Data were exported from
the cBioPortal platform, and GraphPad prism V7.0 software
was then used to perform the survival analysis. The breast
cancer sample sets were stratified into 2 quantiles based on
DKK2 expression as follows DDK2_medium (medium, 0.424),
DKK2_low (-3.04 to 0.424) and DKK2_high (0.424 to 0.534).

Analysis of DKK2 and genes correlation with breast cancer
by protein-protein interaction network. To clearly elucidate the
underlying mechanisms through which DKK2 is involved in the
occurrence and progression of breast cancer at the protein level,
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we selected breast cancer-related proteins by means of known
literature retrieval. Specifically, we conducted the following
retrieval expression: ‘breast cancer® and ‘gene*” or ‘protein®’.
Subsequently, we performed PPI network analysis via the Search
Tool for the Retrieval of Interacting Genes (STRING v10.5,
https://string-db.org/), which provides protein interaction from
multiple aspects of evidence, including text-mining, experiments,
database, gene co-expression, gene neighborhood, gene-fusion
and literature co-occurrence (24). The necessary parameters were
set as follows: Meaning of network edges, confidence; minimum
required interaction score, medium confidence (0.400). After the
PPI network was constructed, Cytoscape software (v3.1.6) was
used to visualize the network (25).

Functional and pathway enrichment analysis. Gene ontology
(GO) and pathway analysis were performed using the
functional enrichment analysis tool (FunRich v3.1.3) software
(http://www.funrich.org/), which classifies the biological
functions, as well as the signaling pathway of the various
proteins involved in the protein networks via hypergeometric
distribution algorithm (26). GO analysis consists of molecular
function (GO_MF), biological process (GO_BP) and cellular
component (GO_CC) (27). Pathway analysis was integrated
from the Kyoto Encyclopedia of Genes and Genomes
database (KEGG). A threshold value of 0.05 was established for
P-values and false discovery rate (FDR) (P<0.05, FDR <0.05).

COSMIC analysisfor DKK2 mutations. DKK2 mutation analysis
was carried out using the Catalog of Somatic Mutations in Cancer
database (COSMIC) (https://cancer.sanger.ac.uk/cosmic). The
pie charts present detailed information about distribution of
mutations types and substitutions on the coding strand in
breast cancer. The alteration frequency of DKK2 mRNA in
breast cancer was performed using BioPortal. All operations
were performed according to the cBioPortal instructions. The
database query was based on mutation and altered expression of
the DKK?2 in TCGA breast cancer dataset (19) and METABRIC
breast cancer dataset (21,22).

Analysis of DKK2 mRNA expression with DNA methylation
analysis and copy number analysis via cBioPortal database.
The analysis of DKK2 mRNA expression with DNA
methylation and copy number was conducted using the
cBioPortal database. DKK?2 copy number was analyzed by
GISTIC, which is the tool to identify gene targeted by somatic
copy-number alteration. Moreover, DKK?2 methylation was
analyzed by Human Methylation 450 (HM450) BeadChip kit.
cBioPortal has integrated DNA methylation analysis and copy
number analysis in a user-friendly manner.

Statistical analyses. The statistical significance of expression
of DKKs transcripts in the subtypes was examined by one-way
ANOVA. In statistics, Dunnett's test is a multiple comparison
method developed by Canadian statistician Charles Dunnett
to compare each of a number of treatments with a single
control. Multiple comparisons to a control are also referred to
as many-to-one comparisons. After ANOVA, Dunnett's test, a
post hoc test, was used to perform multiple comparison test.
The association of the DKKs with ER-status and grade was
analyzed by the Student's t-test. Survival curves were plotted
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Figure 1. (A) Boxplot of DKKs mRNA expression levels in breast cancer stratified according to PAMS50 subtypes. (B) Boxplot of DKKs mRNA expression
levels stratified based on the estrogen receptor (ER)-status in breast cancer. (C) Boxplot of DKKs mRNA expression levels for breast cancer stratified by
histological grade. The number of patients is shown on top of the bars of in each panel.

using Graphpad Prism software v7.0 (GraphPad Software Inc.,
San Diego, CA, USA), according to the method of Kaplan and
Meier, and the (two-sided) log-rank test was used to assess the
statistical significance of differences in OS and RFS among
distinct groups of patients. Multivariate analysis of prognostic
factors for OS and RFS was performed using the Cox stepwise
regression model. P-values <0.05 and FDR <0.05 were
considered to indicate statistically significant differences.

Results
Expression profiles of DKKs across breast cancer subtypes.

Gene expression analysis derived from the GOBO expression
module revealed that DKK1 expression was significantly

higher in the HER2-enriched, Basal and Normal-like
subtype, while it was downregulated in the Lum A and
Lum B subtypes (P<0.00001, Fig. 1A). The patients with
an ER-negative status exhibited a higher DKK1 expression
than those with an ER-positive status (P<0.00001, Fig. 1B).
The highest DKKI1 transcript expression was observed in
Grade 3 tumors, compared with Grade 1 and Grade 2 tumors
(P<0.00001, Fig. 1C). The expression of DKK2 and DKK?3 was
significantly higher in the Lum A and Normal-like subtypes
(P<0.00001, Fig. 1A). However, the downregulation of DKK2
and DKK3 was observed in the Basal, HER2" and Lum B
subtypes. Unlike DKK1, the patients with an ER-positive
status exhibited a higher DKK2 and DKK3 expression than
those with an ER-negative status (P<0.00001, Fig. 1B). DKK4
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Figure 2. (A) Association of clinical outcome for DKK2 mRNA expression levels was analyzed using overall survival (OS) as the endpoint and 10-year
censoring in subgroups of breast cancer. (B) Association analysis of clinical outcome for DKK2 mRNA expression levels was performed using relapse-free
survival (RFS) as the endpoint and 10-year censoring in subgroups of breast cancer. Samples in the 1,881-sample set were stratified into 3 quantiles based on
DKK?2 expression level (lower quartile, -0.305; medium, 0.502; and upper quartile, 5.422) for Kaplan-Meier analysis, including low (log2 expression -5.749
to -0.305), medium (-0.305 to 0.502) and high (0.502 to 5.422) followed by Kaplan-Meier survival analysis in 21 subgroups for 1,379 cases with OS and RFS
follow-up. Logrank P-values are shown as -log10(P-value). The symbols **, *** on top of the bars stand for P<0.01 and P<0.001, respectively.

expression was higher in the normal-like subtype and lower in
the Lum A subtype (P<0.00001, Fig. 1A). A higher expression
level of DKK2, DKK3 and DKK4 was observed in the lower
grade and ER-positive tumors (P<0.00001, Fig. 1B). These
observations provide further evidence of the DKK1-4 mRNA
levels associated with the subtypes, ER status and Grade in
breast cancer. Notably, we noted a consistent increase in the
expression of DKK family members, with the exception of
DKKI1, in the normal-like subtypes.

DKKs are associated with the clinical outcome of breast
cancer patients. The GOBO outcome module suggested that
the DKK?2 level was associated with lymph node (LN)-negative
(P<0.01) status, ER-positive/LN-negative status (P<0.01),
Grade 2 (P<0.01) and Normal-like subtype (P<0.001) (Fig. 2).
The mRNA expression levels of DKK1, DKK3 and DKK4
were not associated with the clinical prognosis of the breast
cancer subtypes (PAMS5O0 classification) and the results
were statistically significant. A high DKK?2 expression was
associated with a good OS of patients with all subtypes of
breast cancer (P=0.0477, Fig. 3A). Moreover, a low DKK?2
expression was also associated with a poor RFS of patients
with all subtypes of breast cancer (P=0.00493, Fig. 3B). On
the contrary, a low DKK?2 expression predicted a good OS for
patients with the normal-like subtype (P=0.00398, Fig. 3C).
In addition, a low DKK2 expression predicted a good RFS for
patients with the normal-like subtype (P=0.00677, Fig. 3D).
On the whole, we comprehensively analyzed the expression
profiles and prognostic value of DKKs in breast cancer
subtypes. The main data indicated that a high DKK2 mRNA
expression was associated with a better prognosis in breast
cancer, which is consistent with the findings of a previous
study (28). Nevertheless, we focused our attention on the
clinical prognostic value of DKK2 in the normal-like subtype.

Validation of the DKK?2 expression profile via TCGA and
METABRIC in breast cancer subtypes. To verify the accuracy of
the expression profiles of DKK?2 in the PAM50-based molecular
derived from GOBO in subtypes, the TCGA breast cancer
dataset (19) and METABRIC breast cancer dataset (21,22) were
used to validate the expression profiles of DKK2 in breast cancer
subtypes. The METABRIC breast cancer datasets also indicated
thatthe Lum A,Lum B and Normal-like subtypes the expression of
DKK?2 exhibited an increasing trend (Fig. 4A). Moreover, DKK?2
expression was downregulated in the basal and HER2* subtypes
(P<0.0001; Fig. 4A). The TCGA breast cancer dataset (19) also
indicated that the transcript level of DKK?2 was upregulated in
the Lum A, Lum B and normal-like subtypes, and downregulated
in the basal and HER2* subtypes (P<0.0001) (Fig. 4B). These
findings are mostly consistent with the results of the GOBO
dataset. Moreover, Dunnett's multiple test showed that the
expression of DKK?2 in Normal-like was significantly higher
than Basal and HER2* subtype (P<0.0001) (Fig. 4A and B).
However, there are a few samples for the normal-like subtype in
the TCGA dataset, which may account for the fact that the results
shown in Fig. 4B are slightly inconsistent with the results shown
in Fig. 1A. However, the prognostic role of DKK?2 in the subtypes
of breast cancer still requires further investigations with larger
sample sets in the future.

Validation of the association between DKK2 mRNA
expression and clinical outcome via the METABRIC database
and Kaplan-Meier platform in breast cancer subtypes.
The Kaplan-Meier platform revealed that a high DKK?2
expression was a good prognostic factor for OS in the all
subtypes (Fig. 4C). Moreover, an increased DKK?2 expression
was also an excellent factor for RFS (Fig. 4D). METABRIC
breast cancer (21,22) indicated that a downregulated DKK?2
mRNA expression was associated with a better prognosis than
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Figure 3. (A) All subtypes were stratified into 3 quantiles based on the DKK2 mRNA level followed by Cox proportional hazards model using lymph node
status and stratified histological grade (histological grade 1,2 and 3) and tumor size as covariates, and using overall survival (OS) as the endpoint with 10-year
censoring. (B) For all subtypes, the expression of DKK2 mRNA level was stratified into 3 quantiles based on DKK2 mRNA level followed by Cox multivari-
able analysis using lymph node status and stratified histological grade (histological grade 1 and 2 vs. 3) and tumor size as covariates and using relapse-free
survival (RFS) as the endpoint with 10-year censoring. (C) The normal-like subtype was stratified into 3 quantiles based on the DKK2 mRNA level followed
by Cox proportional hazards model using lymph node status and stratified histological grade (histological grade 1, 2 and 3) and tumor size as covariates, and
using OS as the endpoint with 10-year censoring. (D) For the normal-like subtype, the mRNA expression of DKK2 was stratified into 3 quantiles based on
the DKK2 mRNA level followed by Cox multivariable analysis using lymph node status and stratified histological grade (histological grade 1 and 2 vs. 3) and
tumor size as covariates and using RFS as the endpoint with 10-year censoring. Samples in the 1,881-sample set were stratified into 3 quantiles based on the
DKK?2 expression level (lower quartile, -0.305; medium, 0.502; and upper quartile, 5.422) for Kaplan-Meier analysis, including low (log2 expression -5.749 to

-0.305), medium (-0.305 to 0.502), and high (0.502 to 5.422).

the upregulation of its expression in the Normal-like subtype
(P<0.05; Fig. 4F). These findings are in line with the results
obtained from the GOBO platform.

Evaluation of DKK2 mRNA expression in 45 human breast
cancer specimens. RT-qPCR analysis of DKK2 mRNA
expression was carried out in the Normal-like subtype and
ER-positive subtype of breast cancer. The results revealed
that the mRNA level of DKK2 was lower in both types than
in the normal tissues (P<0.05, Fig. 4E). Kaplan-Meier analysis
revealed that an elevated DKK2 mRNA expression was
associated with an unfavorable prognosis of patients with
the Normal-like subtype of breast cancer (P<0.05, Fig. 4G).
Through our own data validation, our results are consistent with
the results obtained from TCGA, METABRIC and GOBO.

PPI network analysis. Based on the information from the
literature retrieval, we obtained 39 breast cancer-related proteins,
including TP53, ESR1, PGR, ERBB2, CTNNBI, AKT1, APC,
ARIDIA, ARIDIB, ARID2, ASXL1, BAP1, BRCAI, BRCA2,

CASPS8, CDHI1, CDKNIB, CDKN2A, CCNDI1, MDM2,
ZNF217, MYC, FGFR1, ZNF703, GATA3, KRAS, MAP2K4,
MAP3K1,MAP3K13, KMT2C,NCOR1, NF1, PIK3CA, PTEN,
SETD2, SMAD4, SMARCDI1, STK11 and TBX3. Furthermore,
the PPI network consisted of 40 nodes and 76 edges (average
node degree of 1.15 and average local clustering co-efficient
of 0.313) (Fig. 5A). We were aware that DKK?2 directly interacted
with AXIN1, KRAS, MYC, TP53, CCNDI, CDH1, CDKN2A
and CTNNBI. The strength of the connection between DKK2
and CTNNBI was the strongest based on the STRING database.
Among these genes, TP53, APC and PTEN are typical tumor
suppressor genes (29-31). From the analytical results of PPI
network, we also found that DKK2 interacted with SMAD4,
MAP3KI1 and MAP3KI11, which referred to TGF-f/Smad4 and
MAPK signaling pathways through CTNNBI. Additionally,
high frequency mutations in the tumor suppressor mentioned
genes above have been detected in breast cancer (32). These
findings suggest that DKK2 may play a role in multiple signaling
pathways. The tumor suppressive effect of DKK2 depends on the
synergistic effect of the tumor suppressor genes.
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Figure 4. (A and B) METABRIC breast cancer datasets (21,22) and TCGA breast cancer dataset (19) validated the DKK2 expression level in breast cancer
subtypes according to PAMS0 classification by ANOVA and Dunnett's multiple comparison test. (C and D) Kaplan-Meier online platform validated the
association of clinical outcome and DKK?2 expression using overall survival (OS) and relapse-free survival (RFS) as endpoints, respectively. The breast
cancer sample set was stratified into 2 quantiles based on DKK2 medium (medium, 0.424) expression, including DKK2_low (-3.04 to 0.424) and DKK2_high
(0.424 to 0.534). (E) RT-qPCR validated the DKK2 mRNA expression level for normal-like and estrogen receptor (ER*) subtypes versus normal control,
respectively. (F and G) METABRIC breast cancer dataset (21,22), TCGA breast cancer dataset (22,43) and our data validated the association of clinical
outcome and DKK?2 expression using OS, respectively. The symbol **** and ns on top of the bars stand for P<0.0001 and not significant, respectively;

GOand KEGG pathway enrichmentanalysis.Tofurtherexplore
the protein functions derived from the PPI network, FunRich
was used to analyze functional and pathway enrichment. The
top significant terms of GO enrichment analysis in FunRich
were shown in context. Among these biological process,
protein metabolism, transcription, apoptosis, regulation of
gene expression, cell communication, signal transduction
and regulation of nucleobase. Besides, lipid kinase, cell
adhesion, kinase binding, and transcript factor activity were
the major molecular function. These proteins were related
to several cellular components, including protein complex,
cytoplasm, cytosol, nucleoplasm and nucleus (Fig. 5B-D).
The top 10 significant terms of pathway enrichment analysis
in FunRich were mTOR, PDGFR-3, EGF-receptor, Class |

PI3K, Arf6 trafficking, LKBI1, regulation of CDC42 activity,
CDC42, integrin-linked kinase and AP-1 transcription factor
network (Fig. SE). The detailed results are not shown in the
text and are available at https:/github.com/shaoyoucheng.

COSMIC analysis for DKK2 mutations and cBioPortal
analysis for alteration frequency of DKK2. The pie chart
illustrated the information of mutations of substitution
missense, nonsense, synonymous, insertion and deletion,
which were generated by COSMIC. The substitution missense
rate was 75% and the substitution synonymous rate was 25% of
the mutant samples of breast cancer. G>A and C>A mutation
occupied 100% of the substitution mutation (Fig. 6A and B).
The alteration frequency of the DKK?2 mutation in breast cancer
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Figure 5. (A) The protein-protein network for DKK?2 in breast cancer was visualized by a Cytoscape v3.6.1. DKK2 and the proteins directly connecting to DKK?2
are indicated in red font. Each connection was visualized as a line between the two proteins. The thickness of the line represents the strength of the connection
based on the STRING database. (B-E) Gene ontology and pathway analysis were performed for the proteins, which originated from protein-protein network.

was analyzed by BioPortal. Less than 0.1% of the mutations
in the patients with breast cancer were screened (Fig. 6C).
Moreover, the event that genetic mutation for DKK?2 results in
nonsense alteration in the 230th amino acid site was detected
in breast cancer (Fig. 6D).

mRNA expression with DNA methylation analysis and copy
number analysis. The scatter plot displayed that DKK2
methylation was not associated with the DKK2 mRNA level
in breast cancer by the cBioPortal database (Fig. 6E and F). In
addition, the boxplot provided an overview of the DKK2 mRNA
level associated with copy number of deep deletion, shallow

deletion, diploid, gain, and amplification, which was generated
by the cBioPortal database. Diploid was the cause for the
decline in the DKK2 mRNA level in breast cancer (Fig. 6G).
On the whole, DKK?2 copy number alterations, particularly
diploid, account for the elevated DKK2 level in breast cancer.

Discussion

DKKI1 expression has been described to increase early in the
development of prostate cancer (33). However, in this study, we
confirmed a low DKK1 expression in the patients with grade 1
breast cancer. Xu et al found that an elevated expression of
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Figure 6. (A and B) Pie-chart showing the distribution and percentage of the mutation type of DKK?2 in breast cancer according to COSMIC database.
(C and D) Alteration frequency of DKK?2 mutations in TCGA breast cancer dataset (19) was analyzed by cBioPortal. (E and F) Correlation analysis between
DKK?2 mRNA expression and DKK2 methylation level was performed in breast cancer versus normal breast tissue based on cBioPortal by Spearman's cor-
relation analysis, respectively. The regression line was used to illustrate the trend of correlation. (G) The association between DKK2 mRNA expression and

DKK?2 copy number variation type was analyzed by cBioPortal in breast cancer.

DKKI1 in triple-negative cancers indicated a poor outcome for DKK3 has been reported to be frequently silenced, as
patients (34). A relative increase in DKK1 expression has also  a valuable biomarker for breast cancer in the European
been observed in ER-negative breast cancer patients (35,36).  population (37,38). DKK3 methylation was previously
Consistent with the findings of previous studies, in this study, found in 78% of primary breast cancer tissues in an Asian
we also confirmed a high DKKI1 expression in ER-negative  population (39). Patients harboring DKK3 methylation have

breast cancer. been shown to have a poor prognosis in contrast to patients
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retaining an unmethylated DKK3 promoter (37-39). In this
study, we found that DKK3 expression was decreased with
the progression of tumor stage. Veeck et al found that the
downregulation of DKK3 expression predicted a poor OS and
short RFS in breast cancer (37). However, the situation is more
complex when considering the subtypes of breast cancer. In this
study, we found that a high DKK3 expression was associated with
a poor Distant metastasis-free survival (DMFS) in ER-positive
tumors, ER-positive/LN-negative tumors, and Grade 3 tumors.
However, a high DKK3 expression was associated with a good
RFS in both ER-negative tumors and LN-positive tumors.

To the best of our knowledge, no previous studies have
examined the roles of DKK2 and DKK4 in breast cancer. As
shown in this study, we confirmed that DKK2 played significant
and various roles in different subtypes of breast cancer.
However, we did not find the expression of DKK4 transcripts
and corresponding outcomes in breast cancer (data not shown).
The differential expression of DKKs may be due to differences
in tumor type, tumor stage, or cellular subtypes of breast cancer.

Inthis study, we focused our attention on the clinical prognostic
value of DKKs in breast cancer subtypes (PAMS50-based). Our
main finding was the different roles of DKK?2 in breast cancer
and the subtypes. The overall trend was that a high level of DKK?2
indicated a poor survival of the Normal-like subtype, while
DKK?2 was a good indicator for breast cancer (no classification
of breast cancer). The TCGA breast cancer dataset (19) and
METABRIC breast cancer datasets (21,22) were used to validate
the results of expression profile of DKK2 from GOBO database
in breast cancer subtypes. We noted that the results shown
in Fig. 4A and B were slightly inconsistent with the results shown
in Fig. 1A. Furthermore, we found that the landscape of DKK2
expression in breast cancer subtypes was consistent with that of
GOBO, excluding the Normal-like subtype. The limitation to
a few samples for normal-like subtypes in the TCGA dataset,
may account for the above-mentioned results. On the whole, our
findings indicated that DKK?2 is a potential biomarker in the
Normal-like subtype of breast cancer.

PPI analysis suggested that DKK?2 carries out its functions
through multiple signaling pathways, without being confined
to the Wnt/B-catenin pathway in breast cancer. Xiao et al
proposed that DKK?2 secreted by tumor cells acts on cytotoxic
lymphocytes, inhibiting STATS signaling by impeding STATS
nuclear localization but independently of the Wnt/f3-catenin
pathway (40). The results from the study by Aravalli et al
suggested that DKK?2 was completely silenced after
MYC-induction in PICM-19-CSCs, suggesting that the absence
of DKK?2 may be critical for inducing tumorigenesis (41).

Therefore, it can be concluded that DKK?2 plays a role
in multiple signaling pathways. In addition, we noticed that
DKK?2 interacted with SMAD4, MAP3K1 and MAP3K11,
which are involved in the TGF-/Smad4 and MAPK signaling
pathways through CTNNBI, as illustrated by the PPI network,
respectively. Those findings prompted that TGF-p/Smad4
pathway and MAPK pathway were altered after DKK?2 acting
on CTNNBI, which was consistent with the findings of a
previous study (42). Therefore, perhaps the following bold
assumption can be made: DKK?2 may play a role indirectly
through the TGF-f/Smad4 and MAPK pathways.

Furthermore, the genetic alterations in DKK2 in breast
cancer are mainly copy number variations and G>A

SHAO et al: PROGNOSTIC VALUE OF DKK?2 IN HUMAN BREAST CANCER

substitutions. However, we collected a low number of samples
with which to detect other breast cancer types. The prognostic
roles of DKKs in the different subtypes of breast cancer
warrant further investigations in the future. Experimental
studies are required to further explore the role and underlying
mechanisms if action of DKK?2 in breast cancer.
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