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Breast cancer is one of the most common malignancies among fmales, and
its prognosis is affected by a complex network of gene interetions. In this
study, we constructed free-scale gene co-expression netweks using weighted gene
co-expression network analysis (WGCNA). The gene expressiqro les of GSE25055
were downloaded from the Gene Expression Omnibus (GEO) ddtase to identify
potential biomarkers associated with breast cancer progrssion. GSE42568 was
downloaded for validation. A total of 9 modules were estaldhed via the average linkage
hierarchical clustering. We identied 3 hub genes (ASPM, CD20, and TTK) in the
signi cant module (R? D 0.52), which were signi cantly correlated with poor prognais
both in test and validation datasets. In the datasets GSE298b and GSE42568, higher
expression levels of ASPM, CDC20, and TTK correlated with a&nced tumor grades.
Immunohistochemistry data from the Human Protein Atlas ats demonstrated that
their protein levels were higher in tumor samples. Accordinto gene set enrichment
analysis, 4 commonly enriched pathways were identi ed: célcycle pathway, DNA
replication pathway, homologous recombination pathway, ad P53 signaling pathway.
In addition, strong correlations were found among their exgession levels. In conclusion,
our WGCNA analysis identi ed candidate prognostic biomarkes for further basic and
clinical researches.

Keywords: breast cancer, WGCNA, ASPM, CDC20, TTK, prognosi s

INTRODUCTION

Breast cancer is a frequently diagnosed malignancy ancetming cause of cancer death among
females around the world, accounting for 24% of cancer diaga@and 15% of cancer deaths in
females. According t@lobal Cancer Statistics 201Bere will be nearly 2.1 million new cases
diagnosed globally, with 62 thousand deaths. The incident rates of breast cancez@sed in most
developing countries during last decades, resulting fronomlination of social and economic
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factors, including the postponement of childbearing, obesind MATERIALS AND METHODS
physical inactivity {). In the developed countries, the incidence .
of breast cancer is markedly higher, while nearly 60% of d;eathata Process'”g .

occur in the developing counties. It is becoming a major Healt | '€ 9€ne expression proles of GSE25055 submitted by
burden in both developed and developing countries. Prognufsis Christos Hatzis were .downloaded from the GEO database
patients with breast cancer has been improved as a resultafrec (https://www.ncbi.nim.nih.gov/geo/). - The ~GSE25055 was

advances of radiotherapy, hormone therapy, chemotherapy, a sed on GPL96 platform_ ([HG'U1_33A] Aymetrix Human
immunotherapy. However, quite a few patients diagnosed anfenome U133A Array). This dataset included 310 breast cancer

treated at early stages unfortunately su er from locoregibor ~ C35€S treated with taxane-anthracycline chemotherapy pre-
distant tumor recurrenceX 3) operatively and endocrine therapy if ER-positive. Probes

Breast cancer is a heterogeneous disease, and it is widg\{fre annot_at_ed F’y the _annotanon Ies_,. Cases without
acknowledged that inheritance plays important roles in the® mplete clinical information of tumor size, lymph node
initiation and progression of breast cancer. During the pas?tatus’ stagg, gnd tumor grade were excludgd. We used the
decade, molecular studies demonstrated that there were ¢ bus_t Multichip Average (RMA) r_ne_thod n R spftware
least 4 molecular subtypes of breast cancer: luminal, basloﬂ,dUd'ng be_tckground adjustment, quintile normalizatioma
human epidermal growth factor receptor 2 (HER2)-enriched amfummanzatlon to preprocess the downloaded raw data. We

normal-like. These subtypes exhibited di erent histopattgéal ur.ther prlocessed ';he. datajethwnh 12(5?13 gene expressions
features and treatment sensitivities).( Patients with luminal using variance analysis, and the top 50% most variant genes

breast cancer have better prognosis, while those with HERﬁg'206 genes) were selected for further co-expression metwo

enriched or basal-like types have poorer prognosis. Luminéionstructl_on. The remaining genes which showed no or low
A and luminal B are characterized by the expression c)rr:hanges in expression between samples were excluded from

estrogen receptor (ER) and progesterone receptor (PR). EM/GCNA analysis.

related genes are highly expressed in luminal A tumors, Wh"E:o-expression Network Construction
expression levels of HER2 and some proliferation-related 9enes «t the 6.206 most variant genes were tested to evalhate t
are low. Compared with luminal A tumors, the expression, o,y Then WGCNA package in R was used to constructed

levels of ER- related genes in luminal B tumors are lower, angene co-expression network (302 samples were used). The
they have higher expression of the proliferation-related gene

and variable expression of HER2 genés7j. The hormone adjacency matrix fin was de ned as follows:
receptor (ER/PR) expression was used to predict the response Amn Djsmnjb
to endocrine therapies including tamoxifen, ovarian aldafi
aromatase inhibitors, and irreversible ER inhibitors. Wam Ann encoded the adjacency between gene m and gene n,
with ER-positive breast cancer treated with tamoxifen wereind $,, represented the Pearson's correlation between gene
reported to have a signi cant decrease of recurrence andd@t  m and gene n. In the presented study, the soft-thresholding
9). The monoclonal antibody, trastuzumab, and the dual tites parameterb D 8 (scale freeR2 D 0.96) was selected to
dual kinase inhibitor, lapatinib, were approved for HER2-pesiti  emphasize strong correlations between genes and to penalize
breast cancersl(-12). Detection of these biomarkers alone or weak correlations. The adjacency matrix was then transéatm
in combination assisted early diagnosis, therapeutic sgfias into topological overlap matrix (TOM) to counter the e ects of
determination and prognosis predication after treatment. Tospurious or missing connections between network nodes. TOM
date, lack of knowledge regarding the precise moleculaetarg was calculated using the adjacency matrix.
for breast cancer limits advanced disease treatment. =
Taxane-anthracycline chemotherapy is widely used to treat Mo1Amk Axn C Amn
HER2-negative breast cancer, but only a small proportion of min . Km, Ko/ C1  Amn
breast cancer patients bene ted from adjuvant chemotherapy.
The 2 obstacles are molecular di erences and the absence \dfe conducted average linkage hierarchical clustering tsiflas
well-de ned molecular targets for chemotherapy. Therefiress genes with high absolute correlations into gene modules
crucial to identify novel candidate genes. according to the TOM-based dissimilarity measure with a
The high-throughput platforms for genomic analysis providedminimum size of 30.
promising tools in medical oncology with great clinical . . L. L.
applications. Co-expression analysis is increasingly beiegios |denti cation of Clinically Signi cant
analyze these high dimensional data. In order to nd candida Modules
biomarkers and to describe the correlation patterns amondn order to identify modules related to clinical informatioof
genes, co-expression networks were constructed using teeigh breast cancer, the correlation between module eigengems a
gene co-expression network analysis (WGCNA) to explorelinical trait was calculated. A module eigengene is thde rs
candidate prognostic genes and therapeutic targetsi(4). In  principal component of the gene module, and is considered as
the presented study, we used WGCNA algorithm to explore representative of the gene expression pro les in a module. In
candidate predictive genes for patients with HER-2 negativaddition, we measured the module signi cance of each module
breast cancer receiving taxane-anthracycline basedpfiera which de ned as the average gene signi cance for all the géme

TOMmp D
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Sample dendrogram and trait heatmap
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FIGURE 1 | Clustering dendrogram and determination of soft-threshaling power in the WGCNA.(A) Clustering dendrogram of 302 samples(B) Analysis of the
scale-free tindex for various soft-thresholding powersl). (C) Analysis of the mean connectivity for various soft-thresHding powers p). We choose the lowestb that
results in approximate scale free topology(D) Checking the scale free topology wherb D 8. The x-axis shows the logarithm of whole network connectity, y-axis
shows the logarithm of the corresponding frequency distribtion. On this plot the distribution approximately follows: straight line, which is referred to as approximately|
scale-free topology.
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a module. Gene signi cance was de ned as medigtedilue of Protein-Protein Network Construction and

each gene (IgP) in the linear regression between gene exgressGene Enrichment Analysis

and the clinical traits. The higher absolute value of moduleafier screening out the clinically signicant module, the
signi cance represents more biologically signi cant of @i search Tool for the Retrieval of Interacting Genes/Proteins
module. In general, the module signi cance tended to be bigh gatabase (STRING, https://string-db.org/) was used to
associated with correlation between module eigengenes ap@nstruct protein-protein interactions (PPI)  network

clinical trait. with a combined score>0.4 (15. The network was then
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FIGURE 2 | Identi cation of modules associated with the clinical traitof breast cancer. (A) Dendrogram of all differentially expressed genes clustetebased on a
dissimilarity measure (1-TOM). The color band provides arsple visual comparison of module assignments. The color bahshows the results from the automatic
single block analysis.(B) Heatmap of the correlation between module eigengenes and ilical traits of breast cancer(C) Distribution of average gene signi cance and
errors in the modules associated with tumor grades of breastancer.
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FIGURE 3 | Protein-protein network and gene enrichment analysis of lmwn module genes. (A) Protein-protein network, the red nodes represent hub genesn the
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visualized using the Cytoscape software (version 3.6.0nodules to clinical traits, we calculated module connettioif

The database for annotation, visualization and integrate@ach gene, which was measured by absolute value of the module
discovery (DAVID, http://david.abcc.ncifcrf.gov/) was eds membership (MM). MM measured the Pearson' correlation
to perform Gene Ontology (GO) and KEGG pathwaybetween a gene and the module eigengene. Hub genes tended
analysis {6, 17). The ontology contains 3 hierarchies: to be highly connected and to have high MM. In addition, we
biological process (BP), cellular component (CC), andneasured the absolute value of gene signi cance (GS), which
molecular function (MF). AdjustedP < 0.05 was set as represented the Pearson's correlation between a given gehe a
the cut-o criterion to identify enriched GO terms and the clinical trait. The biologically signi cant genes oftérad

KEGG pathways. higher absolute value of GS. In this study, our hub genes
_ _ ) _ were screened out based on cut-o criteria of absolute MM
Identi cation and Validation of Hub Genes > 0.6 and absolute GS 0.5. GSE42568 were downloaded to

Hub genes are often considered as functionally signi camd a con rm the reliability of our hub genes. Kaplan Meier-plotter
highly connected with other nodes in the module. After redgti  (www. kmplot.com) was used to perform survival analysig).(
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FIGURE 4 | Relapse free survival (RFS) and overall survival (OS) of fhleub genes in breast cancer in dataset GSE25055 and GSE42568The patients were strati ed
into high-level group and low-level group according to me@in expression.(A) RFS of ASPM in GSE25055(B) RFS of CDC20 GSE25055.(C) RFS of TTK
GSE25055. (D) RFS of ASPM in GSE42568(E) RFS of CDC20 in GSE42568(F) RFS of TTK in GSE42568(G) OS of ASPM in GSE42568.(H) OS of CDC20 in
GSE42568. (I) OS of TTK in GSE42568.
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Immunohistochemistry data from the Human Protein Atlas Signatures Database) was selected as the reference getieRset
(http://lwww.proteinatlas.org) were used to validate protewvels < 0.05 was set as the cut-o criteria.
of candidate hub gene4&9).

Gene Set Enrichment Ana|ysis (GSEA) Preparatlon for Human Breast Cancer

A total of 302 breast cancer samples in GSE25055 were divid&amples

into high-expression and low-expression groups accordinggéot The breast cancer and paracancerous tissues samples were
median expression values of each hub genes. In order to fgienticollected from patients after surgery at Zhongnan Hospital
potential function of hub genes, GSEA between the 2 groups wa$ Wuhan University. The histology diagnosis was con rmed
performed using the Java GSEA implementation. Annotated gert®y two pathologists independently. The breast cancer and
set c2.cp.kegg.v6.2.symbols.gmt (Version 6.2 of the Maleculparacancerous tissues were immediately frozen and stored
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FIGURE 5 | Overall survival (OS) and relapse free survival (RFS) of $heub genes in breast cancer based on Kaplan Meier-plotter. fie patients were strati ed into
high-level and low-level groups according to median expresion. (A) RFS of ASPM.(B) OS of ASPM.(C) RFS of CDC20.(D) OS of CDC20. (E) RFS of TTK.(F) OS
of TTK.
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in liquid nitrogen or xed in 4% PFA after collection. RESULT

The study using breast cancer and paracancerous tiss . . .

samples for total RNA isolation and qRPI'-PCR analysis Walg?ons’tmcnon of W(?Ight_ed Co-expression

approved by the Ethics Committee at Zhongnan HospitaNetwork and Identi cation of Key Modules

of Wuhan University. Informed consent was obtained fromAfter data preprocessing, the expression matrices were

all subjects. obtained from the 310 samples in dataset GSE25055. The
top 50% most variant genes (6,206 genes) were selected for
subsequent WGCNA analysis. The cases without complete

Proliferation Analysis clinical information were excluded (302 cases were seldoted

Breast cancer cell line (MDA-MB-231) was transfected witVGCNA). Inorder to assess the microarray quality and to eore

SIASPM, siCDC20, siTTK, or siControl in 24-well plates. Afteroutlier samples, sample cluster of GSE25055 was performed

24 h, the cells were seeded into 96-well plates. Cell viabitiiy 1" Pearson's correlation matrices and average linkage ateth

then measured using Cell Counting Kit-8 (CCK8) every 24 hr. Fo(Figure 1A). To ensure a scale-free network, the poweb@f 8

the clone formation assay, cells were plated in a six-weleplafScale fr.eéez D 0.96) was selected as the soft-thresholding in this

(1,000 cells per well). After 2 weeks, the cells were xed wittudy Figures 1B-D). Based on the average linkage hierarchical

4% paraformaldehyde for 2 h, stained with 1% crystal violét. Aclustering, a total of nine modules were established. Brown

assays were conducted more than two times. module had the highest correlation with pathological grades
(Figure 2), and was selected as the clinically signi cant module
for further analysis.

Statistical Analysis . . ,

Kaplan-Meier meta/od and Cox regression model were useg)mtem’PrOteIn Network Construction and

to analyze the survival of patients, and the log-rank tesGene Enrichment Analysis

was used to compare survival curves. Patients were separafdte PPl network consisted of 317 nodes and 4,980 edges

into low- and high- expression groups according to median(Figure 3). Our enrichment analysis demonstrated that genes in

expression value of each hub gene. Studestést and one-way the clinically signi cant module were mainly enriched inlce

ANOVA were used to compare 2 and more groups. Multiplecycle related procesBigure 3).

comparison with Bonferroni correction was performed when

appropriate. AP < 0.05 was considered as statistically signi canddenti cation and Validation of Hub Genes

and all tests were two-tailed. Correlations among hub geneBased the cut-o criteria (absolute MM 0.6 and absolute GS

were calculated using “ggstatsplot” package in R. All stedilsti > 0.5), a total of 5 genes was selected as hub genes, which

tests were performed with R software (Version 3.5.1) anthad high functional signi cance in the clinically signican

GraphPad Prism software version 7.0 (GraphPad Software, Sarodule Figure 3A). Among them, ASPM, CDC20, and TTK

Diego, CA, USA). were negatively associated with relapse-free survival (RFS) o
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FIGURE 6 | Validation of ASPM, CDC20 and TTK(A-C) Expression of hub genes in different tumor grades based on GBS25055. (E—F) Expression of hub genes in
different tumor grades based on GSE42568. *P < 0.001; ****P < 0.0001. Student's t-tests were used to evaluate the statistical signi cance of dferences.
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breast cancer patients using Kaplan Meier survival curves yvww.kmplot.com), expression levels of these three genes wer
log-rank test Figures 4A-Q. In validation dataset GSE42568, related to both RFS and O&igure 5). The brown module was
these 3 genes correlated with both the RFS and overall slirvivggni cantly associated with tumor grades, and the asgimria

(OS) Figures 4D-)). Therefore, ASPM, CDC20, and TTK were between tumor grade and the expression levels of hub genes wer
selected for further analysis. Based on Kaplan Meier-plottezvaluated. Both in the dataset GSE25055 and GSE42568;, highe
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FIGURE 7 | Expression levels of ASPM, CDC20 and TTKA) ASPM expression and breast cancer subtypes(B) CDC20 expression and breast cancer subtypes.
(C) TTK expression and breast cancer subtypes(D) ASPM expression and tumor stages(E) CDC20 expression and tumor stages.(F) TTK expression and tumor
stages. (G) ASPM expression and tumor sizes(H) CDC20 expression and tumor sizes(l) TTK expression and tumor sizes(J) ASPM expression and lymph node
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expression levels of ASPM, CDC20, and TTK were related tdheir expression levels were also increased in the advanced
advanced tumor grade§igure 6). In the dataset GSE25055, thetumor (Figure 7). Immunohistochemistry data from the Human
expression levels of these three genes were higher in basaidu  Protein Atlas also demonstrated that their protein levelseve

FIGURE 8 | Immunohistochemistry of the six hub genes based on the Human ®tein Atlas.(A) Protein levels of ASPM in normal tissues (https://www.proteatlas.
org/ENSG00000066279-ASPM/tissue/breast#img).(B) Protein levels of ASPM in tumor tissues (https://www.proteiatlas.org/ENSG00000066279-ASPM/pathology/
tissue/breast$+$cancer#img).(C) Protein levels of CDC20 in normal tissues (https://www.prainatlas.org/ENSG00000117399-CDC20/tissue/breast#ing).

(D) Protein levels of CDC20 in tumor tissues (https://www.protmatlas.org/ENSG00000117399-CDC20/pathology/tissuebreast$+$cancer#img).(E) Protein levels of
TTK in normal tissues (https://www.proteinatlas.org/ENSG0000112742- TTK/tissue/breast#img).(F) Protein levels of TTK in tumor tissues (https://www.proteiatlas.
org/ENSG00000112742-TTK/pathology/tissue/breast$+$a@ncer#img).

FIGURE 9 | Experimental validation of ASPM, CDC20 and TTKA) Relative expression of ASPM, CDC20, and TTK in breast cancéissues and paracancerous
tissues. (B) Cell Counting Kit-8 (CCK8) assay(C) Clone formation assay. **® < 0.001. Student's t-tests were used to evaluate the statistical signi cance of
differences.
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higher in tumor samples Kigure 8. More convincingly, the Gene Set Enrichment Analysis
result of gRT-PCR using breast cancer tissues and match&ISEA was conducted to obtain further insight into the fuocti
paracancerous tissues exhibited a signi cant upregulatibn oof the hub gene. Based on the cut-o criteria, the top 5 KEGG
ASPM, CDC20, and TTK in breast cancer compared tgathways enriched in the samples with the ASPM, CDC20, and
paracancerous tissueB € 0.001). CCK-8 and clone formation TTK highly expressed were shown kiigure 8 Four commonly
assays also con rmed that ASPM, CDC20, and TTK knockdowmnriched pathway were screened out: cell cycle pathway, DNA
could inhibit cell proliferation Figure 9). replication pathway, homologous recombination pathway, and
P53 signaling pathway{gure 10.

Correlations Among Hub Genes

Since hub genes ASPM, CDC20, and TTK in the brown
module were commonly associated with cell cycle pathway, DNA
replication pathway, homologous recombination pathway and
P53 signaling pathway, the correlation among these genes was
then evaluated. Our results demonstrated strong corratatio
among their expression levels both in GSE25055 and GSE42568
(Figure 11).

DISCUSSION

Breast cancer is the leading cause of cancer death in females
and easy to recur. The high-throughput platforms for genomic
analysis provided promising tools in medical oncology with
great clinical applications. While it is dicult to use such a
large number of genes for clinical application. Various genetic
changes were found to regulate breast cancer initiation and
progression. So far, many biomarkers have been identi ed for
the diagnosis and treatment of breast cancer. However, for
better understanding the mechanisms of tumor progression
and prediction of prognosis, novel biomarkers were still
required. In the presented study, WGCNA was performed to
identify candidate biomarkers associated with the progoessf
breast cancer.

A total of 6,206 genes with high variance were screened out
for construction of co-expression networks, and nine modgule
were identied via WGCNA analysis. Brown module had
the highest association with tumor grades. Five genes were
identi ed as hub genes, which had high functional signi @an
in the clinically signi cant module. ASPM, CDC20, and TTK
were negatively associated with prognosis in both test and
validation datasets. In the gene set enrichment analy AS&M,
CDC20, and TTK, cell cycle pathway, DNA replication pathway,
homologous recombination pathway and P53 signaling pathway
were commonly enrich in the high-expression groups. Moreover,
correlation analysis demonstrated that their expressionldeve
were co-related.

This protein encoded by ASPM was initially identied as
a centrosomal protein modulating mitotic spindle regulation
and neural development2(, 21). ASPM was reported to
regulate mitosis duration and passage through the G1 réistnic
point (22). Increasing evidence demonstrates that ASPM was
upregulated in a variety of tumors, including ovarian cancer
prostate cancer, glioma, and hepatocellular carcinorig, (
FIGURE 10 | Gene set enrichment analysis(A) The top 5 enriched pathways 23—25), In malignant gliomas, ASPM expression levels were
in samples.with ASPM high expres_sion(B) The t0p5en_riched pathway§ in positively associated with tumor grades and increased in
samples with CDC20 high expression(C) The top 5 enriched pathways in recurrent tumors. Knockdown of ASPM inhibited tumor growth
samples with TTK high expression. i .

and resulted in cell death2(). In hepatocellular carcinoma,
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FIGURE 11 | Correlations among hub genes.(A) Correlation between CDC20 and TTK in GSE25055B) Correlation between CDC20 and TTK in GSE42568C)
Correlation between ASPM and CDC20 in GSE25055(D) Correlation between ASPM and CDC20 in GSE42568(E) Correlation between ASPM and TTK in
GSE25055. (F) Correlation between ASPM and TTK in GSE42568.

upregulation of ASPM enhanced the metastatic capabilitgancer cells via Wnt signaling pathway by interaction with
of tumor, which was a marker for vascular invasion, earlydisheveled-346).

recurrence, and poor prognosig€3d). In prostate cancer, higher CDC20 regulates cell cycle and was recognized as an
ASPM expression was observed in tumor tissues comparexhcogenic role in tumorigenesis and tumor progression.
with adjacent prostate tissues, especially in tumors witlOverexpression of CDC20 was reported in various malignancies
advanced stages. Overexpression of ASPM correlated with t(iz7). CDC20 was detected to be upregulated in pancreatic ductal
presence of tumor metastasis, and was signi cantly assatiatadenocarcinoma (PDAC), and overexpression of CDC20 was
with a worse prognosis2f). ASPM enhances proliferation, associated with poor di erentiation and lower RFS of PDAC
colony formation, and the invasive capabilities of prostateatients £8). In human non-small cell lung cancer, patients
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with tumor exhibiting high levels of CDC20 showed signi ¢n In the presented study, a gene co-expression network was
shorter 5-year overall survival). Compared to adjacent non- constructed using co-expression analysis, and a clinically
cancerous tissue samples, CDC20 was overexpressed in primaigni cant module was identi ed. Functional enrichment
cancer tissues, and it was signi cantly associated withiadi analysis indicated that this clinically signi cant module yna
stages, lymph node status, and pathologic di erentiationid?Pas regulate cell cycle process. In addition, we identied vebhu
with colorectal cancer overexpressing CDC20 had a shortgenes closely correlated with the tumor grades. According
overall survival 80). In breast cancer, CDC20 was reported toto the test set (GSE25055) and validation set (GSE426568),
bind and promote proteasomal degradation of SMAR1, thushree hub genes (ASPM, CDC20, and TTK) were signi cantly
promoting migration and invasion capabilities of cancer ell associated with the prognosis of breast cancer patients. Gene
(3D). In glioma, knockdown of CDC20 enhanced the drugset enrichment analysis demonstrated that cell cycle pathway,
sensitivity of glioma cells to temozolomide, suggestingtth DNA replication pathway, homologous recombination pathway
CDC20 inactivation contributed human cancer contr8ly. and P53 signaling pathway were commonly enrich in patients
TTK is a critical mitotic checkpoint protein, and essentialwith high-expression of ASPM, CDC20, and TTK. In addition,
for chromosome alignment at the centromere during mitosiswe found strong correlations among their expression levels.
thus required for centrosome duplication. TTK mRNA levelsin conclusion, our WGCNA analysis identied candidate
were elevated in lung, anaplasic thyroid and breast cancg@rognostic biomarkers for further basic and clinical researc
(33 34). Decreased TTK protein levels were associated witMeanwhile, further studies were needed to investigate the
suppressed cell proliferation, migration, and invasion, ®sggg underlying molecular mechanisms.
the tumorigenic role of TTK 85 36). Inhibition of TTK
resulted in chromosome mis-segregation and tumor cell leat AUTHOR CONTRIBUTIONS
Overexpression of TTK correlate with poor prognosis in HER2-
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patient-derived xenograft models and in an immunocompetentll statistical analyses. All authors read and approved the
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