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Background: Breast cancer stem cells (BCSCs) are associated with tumor initiation, invasion, metastasis and drug resistance. It is
known that many proteins and signaling pathways are involved in the regulation of BCSCs, however, much more efforts are needed to
understand BCSCs comprehensively. Tumor-infiltrating immune cells are important in cancer treatment efficacy and patient prognosis.
We tried to identify potential suppressor of BCSCs and analyze its correlation with various immune cells infiltration by bioinformatic
and experimental methods.

Methods: Expression level and methylation state of OVOL2 were analyzed by tools from bc-GenExMiner v4.8 and UALCAN
databases. The Kaplan—Meier plotter was applied to evaluate the prognostic values of OVOL2. Gene expression datasets (GSE7515,
GSE15192) were selected to analyze differentially expressed genes (DEGs) related to BCSCs. GO and KEGG pathway analyses of
DEGs were conducted. MCODE app plugin of Cytoscape was used to screen modules in PPI network of downregulated DEGs.
Correlation of OVOL2 expression with infiltrating immune cells was evaluated by TIMER 2.0. Experiments were conducted to verify
whether OVOL2 could inhibit stemness traits of breast cancer cell MDA-MB-231.

Results: The expression level of OVOL2 in basal/TNBC was significantly lower than that of other subtypes. Survival analyses
indicated that high expression of OVOL2 was associated with favorable prognosis. GO and KEGG pathway analyses for upregulated
and downregulated DEGs were conducted. The top three clusters of downregulated DEGs showed that tight junction and chemokines
may play important roles in BCSCs. OVOL2 is one module of clusters. OVOL2 expression is correlated with various immune cells
infiltration. Experiments showed that OVOL2 suppresses CD44"/CD24 " ratio and mammospheres formation of MDA-MB-231.
Conclusion: OVOL2 may play an important role in the regulation of breast cancer stemness and immune cell infiltration, and is likely
to be a target for the treatment of breast cancer.
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Introduction

Breast cancer (BC) is the most common cancer in women worldwide, contributing 11.6% of new cases and 6.6% deaths in
2018." In the past few decades, although the treatment of BC has made great progress, the recurrence rate is still about 40% and
metastasis ratio is up to 60%~70% in the patients with recurrence. Therefore, recurrence and metastasis are obstacles to
complete cure of BC.?

Studies have shown that BC recurrence and metastasis are closely related to BCSCs. BCSCs refer to a small number of BC
cells with slow differentiation, strong tumorigenic ability, self-renewal ability and certain differentiation potential similar to stem
cells.> BCSCs are resistant to chemotherapy/radiation. Conventional treatment can only eliminate non-tumorigenic tumor cells in
the proliferating stage, so the drug-resistant tumor stem cells can re-proliferate to form the tumor and spread everywhere when the
treatment is stopped. If we can remove the root of tumor (tumor stem cells), then the disease will be completely cured.**
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In 2003, Al-Hajj et al successfully isolated CD44"/CD24 """ tumor stem cells from human BC for the first time.
They found that the cells of this phenotype were highly tumorigenic, and 200 CD44"/CD2 " cells transplanted into
NOD/SCID mice could generate tumors, and the newly generated tumors included tumorigenic and non-tumorigenic
cells, and the expression patterns of CD44 and CD24 were heterogeneous. Unscreened cells require transplantation of
50,000 cells to produce a tumor.’ In addition, ALDH, ABCG2, CD10, CD29, CD49f, CD133, CXCR4 and other markers
can also be used to screen BCSCs.®

The mammosphere assay was developed as a method to propagate mammary epithelial stem cells (MaSC) in vitro by
Dontu et al.” The assay is based on the premise that only undifferentiated cells derived from the mammary epithelium
will survive in suspension culture with all the other cell types dying by anoikis. Studies have shown that mammary gland
stem/progenitor cells can be propagated through mammosphere culture, which can enrich CD44"/CD2"° cells, so the
ability to form mammosphere is a characteristic of cancer stem cells.®’

Recent studies have shown that chemotherapy sensitivity and prognosis are largely dependent on the interaction of
cancer cells with different components of the tumor microenvironment (TME), especially with tumor-infiltrating immune
cells (TICs)."®!"" In ER-negative tumors, the presence of CD8" T cells and activated memory T cells was associated with
a reduction in the risk of relapse, while tumors with high proportions of T follicular helper cells were more likely to
respond to neoadjuvant chemotherapy. T regulatory cells were associated with poor prognosis in both ER-positive and
ER-negative tumors.'? Therefore, it is important to study the correlation between TICs and neoadjuvant chemotherapy
(NACT) in BC, to identify predictors of chemotherapy sensitivity, and to develop drugs to reverse chemoresistance by
targeting such factors, in order to guide the use of chemotherapy and improve the efficiency of chemotherapy.

The OVO gene encodes a family of proteins that have evolved conservatively from fruit flies, nematodes and
zebrafish to mammals. The protein family consists of transcription factors containing C2H2 zinc finger.'*'* There are
three OVO homologous genes (OVOL1, OVOL2 and OVOL3) in human. OVOL2 plays an important role in organ
development of fruit fly and mice.'>™'” OVOL2 could reduce invasive activities of colorectal tumors by inhibiting Wnt
Signaling.'® We also found that OVOL?2 inhibited BC metastasis by inhibiting TGF signaling.'® Several studies showed
that OVOL2 could block EMT by suppressing ZEB1, which in turn could inhibit OVOL2.>°%** In lung adenocarcinoma,
OVOL2 inhibits EMT by transcriptionally repressing Twistl.>*

In this paper, two GEO datasets (GSE7515, GSE15192) were analyzed to find potential “stemness” suppressor in
BCSCs.?*° Analyses showed that OVOL2 is significantly downregulated in BCSCs-enrichment populations, which implied
that OVOL2 may play a role in BCSCs. Promoter of OVOL2 is highly methylated in basal BC, which may account for its
low expression level in basa/ TNBC. OVOL2 expression was correlated with immune cells infiltration. Experiments showed
that OVOL2 was downregulated in mammospheres of MDA-MB-231. OVOL2 overexpression can inhibit CSCs properties
of MDA-MB-231. OVOL2 could suppress CD44/CD24  ratio and formation of mammospheres of MDA-MB-231. The on-
line Kaplan—Meier plotter platform was used to investigate the prognostic values of OVOL2. The results of overall survival
(0OS), relapse-free survival (RFS), distant metastasis free survival (DMFS) and post progression survival (PPS) analyses
indicated that high expression of OVOL2 was associated with favorable prognosis. Especially, the probability of RFS and
PPS is significantly increased in OVOL2 high expression patients (P=1.1e-6 and P=0.0036).

Materials and Methods

Data Source

The gene expression datasets (GSE7515, GSE15192) analyzed in this study were obtained from the GEO database (https://www.
ncbi.nlm.nih.gov/geo/). GSE7515 and GSE15192 were based on platform GPL570 (HG-U133 Plus 2, Affymetrix Human
Genome U133 Plus 2.0 Array). GSE7515 included 15 mammospheres and 11 primary BC samples. GSE15192 included CD44"/
CD24 and CD44 /CD24" samples with 4 replicates respectively. OVOL2 expression in different cancers was acquired through
the DiffExp module of the TIMER 2.0 database (https:/timer.cistrome.org/),”” which was also adopted to analyze correlation
between OVOL2 expression and immune infiltration. OVOL2 expression in basal/TNBC subtype was analyzed by bc-
GenExMiner v4.8 (http://bcgenex.ico.unicancer.fi/BC-GEM/GEM-Accueil.php?js=1).>* Methylation of OVOL2 promoter
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was analyzed by methylation module of UALCAN databases (http://ualcan.path.uab.edu).?’ The analyses of correlation between
OVOL2 and BCSCs markers were conducted by LinkedOmics (http://www.linkedomics.org/login.php).*°

Data Processing of DEGs

The GEO2R online analysis tool (https://www.ncbi.nlm.nih.gov/geo/geo2r/) was used to detect the DEGs between

BCSCs-enriched populations (mammospheres, CD44"/CD247) and control populations (primary cancer, CD44 /
CD24"), and the adjusted P-value and |logFC| were calculated. Genes that met the cutoff criteria (adjusted P-value
<0.05 and |logFC|>2) were considered as DEGs. Statistical analysis was carried out for each dataset, and the intersecting
part was identified using the Venn diagram webtool (http://bioinformatics.psb.ugent.be/webtools/Venn/).

GO and KEGG Pathway Analysis of DEGs

GO annotation analysis is a common useful method for large scale functional enrichment research; gene functions can be
classified into biological process (BP), molecular function (MF), and cellular component (CC). KEGG is a widely used
database which stores a lot of data about genomes, biological pathways, diseases, chemical substances, and drugs. GO
annotation analysis and KEGG pathway enrichment analysis of DEGs in this study were performed by Enrichr (http://amp.

pharm.mssm.edu/Enrichr/).*'-*2

Construction PPl Network and Screening of Modules

STRING database (http://string-db.org/) is designed to analyze the PPI information. To evaluate the potential PPI relation-
ship, the DEGs were mapped to the STRING database. The PPI pairs were extracted with a combined score>0.4.
Subsequently, the PPI network was visualized by Cytoscape software (www.cytoscape.org/). MCODE, an app plugin in

cytoscape, was used to screen important modules with the following standard: include loops, degree cutoff = 3, node score
cutoff= 0.2, k-core = 2, and max. depth = 100.

Survival Analysis
The Kaplan—Meier plotter (http://kmplot.com/analysis/) is an online tool applied to assess the effect of 54,675 genes on

survival using 10,461 cancer samples (5143 breast, 1816 ovarian, 2437 lung, and 1065 gastric cancer). BC mRNA of the
Kaplan—Meier plotter database was applied to evaluate the prognostic values of OVOL2 in BC patients. The patients
were split by “Auto select best cutoff”. Probes (Affy ID: 211778 s_at, OVOL2) was selected. OS (overall survival), RFS
(relapse-free survival) DMFS (distant metastasis free survival) and PPS (post progression survival) were analyzed
respectively. p<0.05 was considered as a statistically significant.*’

Cell Culture

BC cell line MDA-MB-231 was obtained from ATCC (American Type Culture Collection, Manassas, VA, USA) and was
cultured in DMEM media containing 10% fetal bovine serum supplemented with 100 units/mL of penicillin and 100 pg/
mL of streptomycin and incubated at 37°C in a humidified atmosphere of 5% CO,. MDA-MB-231 was recently
authenticated and tested without contamination.

Mammosphere Culture

Cells (1x10* cells/mL) were cultured in ultra-low attachment plates in serum-free DMEM/F12 (Invitrogen) supplemented
with B-27 (1:50; Invitrogen), 20 ng/mL epidermal growth factor (EGF; BD Biosciences), 20 ng/mL basic fibroblast
growth factor (bFGF; BD Biosciences) and 4 mg/mL insulin (Sigma), and fed every 3 days.>*

Lentivirus Generation and Infection

Human OVOL?2 ¢cDNA was cloned under the control of the EF-1a promoter in the lentiviral vector pLV-CS2.0. Lentivirus
was generated by co-transfecting pLV-CS2.0-OVOL2 or control vector with helper plasmids pVSV-G and pHR into
HEK?293T cells using Lipofectamine 2000 (Invitrogen). The viral supernatant was collected 48h after transfection. Cells
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at 50% to 70% confluence were infected with viral supernatants containing 10 pg/mL Polybrene for 24 h, after which
fresh medium was added to the infected cells.

RNA Extraction and Real-Time PCR

Total RNA was isolated by TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA). 2.0 pg of total RNA was used to reverse
transcribe cDNA using the HiFi-MMLV ¢DNA Kit (Cwbio, Beijing, China). Real-time PCR was performed using the
SYBR Green qPCR SuperMix (Invitrogen, Carlsbad, CA, USA) in the CFX96 Real Time System. All real-time PCR
assays were performed in technical triplicate and in at least three independent experiments. In addition, all mRNA
quantification data were normalized to the house-keeping gene. The sequences of specific primers are described in
Table S1.

FACS Analysis

Confluent cells were trypsinized into single-cell suspensions and washed with fluorescence-activated cell sorting (FACS)
buffer (2% foetal bovine serum in PBS), counted, and stained with fluorophore-conjugated antibodies (BD Biosciences).
A total of 10%cells were incubated with antibodies for 30 minutes at 4°C. Unbound antibodies were washed off, and the
cells were sorted using a Beckman EPICS XL instrument and analyzed by FlowJo X 10.0.7 software.

Statistical Analysis
Quantitative data is presented as mean + s.d., analysed and graphed by GraphPad Prism 6.0. Student’s #-test was
performed to analyse data between two groups. P values and sample sizes are listed in the figure legends.

Results

High Expression of OVOL2 in BC Patients is Correlated with Better Prognosis
Compared with normal tissue, OVOL?2 is highly expressed in most tumors (Figure S1). The on-line Kaplan—Meier plotter
platform was used to investigate the prognostic values of OVOL2. 1402 and 3951 BC patients were available for OS and
RFS analyses respectively (Figure 1A and B). 1746 and 414 BC patients were available for DMFS and PPS analyses
respectively (Figure 1C and D). To our surprise, higher expression of OVOL2 was correlated with better prognosis,
which may result from its inhibitory roles in pro-tumor process. It should be pointed out that probability of RFS and PPS
is significantly higher in OVOL2 high expression patients (p=1.1e-6 and p=0.0036).

OVOL2 is Downregulated in Basal/Triple-Negative Breast Cancer

BC can be classified into five major subtypes (luminal A, luminal B, HER2/neu, basal-like, and normal breast-like) based
on gene expression patterns.>>=° Triple-negative breast cancer (TNBC) is often classified as a subtype of basal-like breast
cancer according to gene expression profiling analysis.*’*® Our previous study found that OVOL2 was downregulated in
basal subtype of BC."”

Bc-GenExMiner v4.8 is a statistical mining tool of published annotated BC transcriptomic data (DNA microarrays,
n=11,359 and RNA-seq, n=4421). It offers the possibility to explore gene-expression of genes of interest in BC. Data
analysis showed that OVOL2 was significantly lower in basal/TNBC subtype based on DNA microarrays (Figure 2) and
RNA-seq (Figure S2). UALCAN is a comprehensive, user-friendly, and interactive web resource for analyzing cancer
OMICS data. Analysis of the data of UALCAN showed that the methylation level of OVOL2 promoter was significantly
higher in TNBC than the Normal and Luminal subtypes (Figure 3), which may explain low expression of OVOL2 in
basal/TNBC subtype. High expression of OVOL2 was positively correlated with survival of TNBC patients (Figure 4).

Functional Enrichment Analyses of DEGs in BCSCs-Enriched Populations

Two gene expression profiles (GSE7515, GSE15192) were selected in this study. GSE7515 included 15 mammospheres and
11 primary BC samples. GSE15192 included CD44/CD24 and CD44 /CD24" samples with 4 replicates respectively. Based
on the criteria of adjusted P-value <0.05 and |logFC| > 2, 1397 DEGs were identified from GSE7515, including 351
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Figure | High expression level of OVOL2 correlates good prognosis in BC patients. (A) Kaplan—-Meier plots comparing OS in cases with high/low expression of OVOL2.
(B) Kaplan—Meier plots comparing RFS in cases with high/low expression of OVOL2. (C) Kaplan—Meier plots comparing DMFS in cases with high/low expression of OVOL2.
(D) Kaplan—Meier plots comparing PPS in cases with high/low expression of OVOL2. Quantitative data is calculated by Kaplan-Meier Plotter (Details please see MATERIALS
AND METHODS).

upregulated genes and 1046 downregulated genes. In gene chip GSE15192, 2120 DEGs were identified, including 1146 genes
were upregulated, and 974 genes were downregulated. All DEGs were identified by comparing BCSCs-enriched samples with
control samples. Subsequently, Venn analysis was performed to get the intersection of the DEG profiles (Figure 5). Finally,
244 DEGs were significantly differentially expressed among all two groups, of which 96 genes were significantly upregulated
and 148 genes were downregulated (Tables S2 and S3).

GO function and KEGG pathway enrichment analysis for the upregulated (Table S4) and downregulated DEGs
(Table 1) were performed using Enrichr. BP analysis indicated that the downregulated DEGs were significantly enriched

215

Dove:

Breast Cancer: Targets and Therapy 2022:14


https://www.dovepress.com/get_supplementary_file.php?f=363114.pdf
https://www.dovepress.com/get_supplementary_file.php?f=363114.pdf
https://www.dovepress.com/get_supplementary_file.php?f=363114.pdf
https://www.dovepress.com
https://www.dovepress.com

Wu et al Dove

Box and whisker plot of OVOL2 expression

‘according to
basal-like (PAMS0) status

Box and whisker plot of OVOL2 expression
according to

c basal-ike (PAM50) & TNBC (HC) status
(all DNA microarray data)

Box and whisker plot of OVOL2 expression
according to

TNBC (IHC) status
(all DNA microarray data)

(all DNA microarray data)
4 44 .
*
¥
3 3 . 3 2] J
2 2 [ s
2 K 2
<
b s S
[4 (4 £
- = 3
] 3 2 [N
ket ° 2
] 5 s
3 3
3] § 2] — 5 .
< & &
g g 5 ! ;
~ ~
g : 3+ | 3 ] :
3 ' 3 i : 3 . .
t
6 6 L
p <0.0001 N p <0.0001 p <0.0001
> >n 6 . _ Em>m
Non-basal-like Basal-like Non-"l’NBc TN’BC Non-basal-like & non-TNBC Basal-like & TNBC
(No:) (7736) (1991) (No:) (7259) (897) (No) (6401) (675)

Figure 2 OVOL2 was significantly lower in basal/TNBC subtype. Expression level of OVOL2 was significantly lower in basal-like (A), TNBC (B) and basal-like and TNBC
(C) subtype based on DNA microarrays of bc-GenExMiner v4.8 database. (Figures were automatically generated from the database. The “*” represents the values of
samples. p < 0.0001).

Promoter methylation level of OVOL2 in BRCA
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Figure 3 Promoter methylation level of OVOL2 was significantly higher in TNBC. Promoter methylation level of OVOL2 Normal, Luminal, HER2 positive and TNBC.
(Comparison and Statistical significance: Normal-vs-Luminal, 1.405210E-01; Normal-vs-HER2 Positive, 1.056760E-01; Normal-vs-TNBC, 6.341600E-02; Luminal-vs-HER2
Positive, 7.800400E-03; Luminal-vs-TNBC, 6.413200E-04; HER2Positive-vs-TNBC, 6.074400E-01).

in bicellular tight junction assembly (GO:0070830), apical junction assembly (GO:0043297) and cell-cell junction
assembly (GO:0007043) etc (Table 1). For the cell component, the downregulated DEGs were enriched in bicellular
tight junction (GO:0005923), perinuclear region of cytoplasm (GO:0048471) and anchored component of plasma
membrane (GO:0046658) etc (Table 1). MF analysis showed that the downregulated DEGs were significantly enriched
in protein tyrosine kinase activator activity (GO:0030296), epidermal growth factor receptor binding (GO:0005154) and
protein binding involved in heterotypic cell-cell adhesion (GO:0086080) etc (Table 1). The results of KEGG pathway
analysis showed that the downregulated DEGs were mainly enriched in Tight junction, NF-kappa B signaling pathway
and Cell adhesion molecules (CAMs) etc (Table 1).
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Effect of OVOL2 expression level & cancer type on BRCA patient survival
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Figure 4 High expression of OVOL2 was positively correlated with survival of TNBC patients. Survival probability of TNBC patients with OVOL2 high expression was
better than lower expression group. (p = 0.045).
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Figure 5 Venn diagram of DEGs of two GEO datasets. (A) 96 genes were detected between upregulated genes of GSE7515 and GSE15192. (B) 148 genes were intersected
between downregulated genes of GSE7515 and GSEI5192.

OVOL2 is One Member of Modules of PPl Network Constructed by Downregulated
DEGs

In order to find suppressor of stemness, protein interactions among the downregulated DEGs were predicted with
STRING tools. A total of 142 nodes and 160 edges were involved in the PPI network (Figure 6). Average node degree
was 2.25 and avg. local clustering coefficient was 0.387. Expected number of edges was 54 and PPI enrichment p-value <
1.0 e-16. Such an enrichment indicates that the proteins are at least partially biologically connected as a group. The top
three modules were found in the PPI network (Figure 7). We found that OVOL2 was one member of modules.

OVOL2 is Correlated with Immune Cells Infiltration in Basal Subtype

Recent studies showed that the prognosis of BC patients is correlated with immune cells infiltration. Data from TIMER
2.0 indicated that expression of OVOL2 was significantly positively correlated with purity (Rho = 0.239, p = 1.48e-03).
Expression of OVOL2 was significantly negatively correlated with infiltration of non—regulatory CD4" T cell (XCELL,
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Table | Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Functional Enrichment Analysis of
Downregulated DEGs

Biological Process (BP)

Term P-value | Combined Genes
Score
Bicellular tight junction assembly (GO:0070830) 1.20E-09 | 684.617 PATJ;OCLN;MARVELD2;MARVELD?3;

F11R;GRHL2;MPP7

Apical Junction assembly (GO:0043297) 6.54E-09 | 502.5476 PAT);OCLN;MARVELD2;MARVELD3;
FI IR;GRHL2;MPP7

Cell-cell junction assembly (GO:0007043) 1.38E-07 | 213.2758 PATJ;OCLN;MARVELD2;GJAS;
MARVELD3;FI IR;GRHL2;MPP7

Actin filament network formation (GO:0051639) 2.25E-05 | 535.0423 COBLLI;COBL;PLSI

Regulation of GTPase activity (GO:0043087) 8.86E-05 | 52.94332 SYDE2;VAV3;ARHGAPS8;PRR5-
ARHGAPS; DOCKS8; CCL5; TBCID30;
FITIR

Cell-cell junction organization (GO:0045216) 2.07E-04 | 78.5321 OCLN;CXADR;MARVELD2;CADMI;
MARVELD3

Epithelial cell development (GO:0002064) 2.16E-04 | 211.0586 RAB25;GRHL2;EXPH5

Positive regulation of lymphocyte migration (GO:2000403) 2.60E-04 | 194.2045 CXCLI10;DOCKS8;CCL5

Regulation of T cell migration (GO:2000404) 2.60E-04 | 194.2045 CXCLI0;DOCKS8;CCL5

ERBB signaling pathway (GO:0038127) 3.39E-04 | 66.56841 RPS6KAS;ERBB3;ERBB4;STYK I; TGFA

Cellular Component (CC)

Bicellular tight junction (GO:0005923) 1.50E-10 | 418.9105 PATJ;OCLN;CXADR;MARVELD2;
EPCAM;MARVELD3;EPPK;CGN;FI IR;
MPP7

Perinuclear region of cytoplasm (GO:0048471) 0.002244 | 19.36331 TPD52;PPPIRI6B;EPN3;GALNT6;PAT];

LAMP3;RASEF, TGFA;COBL

Anchored component of plasma membrane (GO:0046658) 0.003334 | 57.03586 EFNAI;CD14;CD24

Cytoplasmic vesicle (GO:0031410) 0.005717 | 19.21606 OCLN;RAB25;MARVELD2;MARVELD3;
TGFA;DSC2

Anchored component of external side of plasma membrane 0.007901 | 71.71416 CDI14;,CD24

(GO:0031362)

Actin filament (GO:0005884) 0.008159 | 34.97222 COBL;PLSL;AIFIL

Intrinsic component of external side of plasma membrane 0.011698 | 53.91884 CDI14;,CD24
(G0O:0031233)

Transcriptionally active chromatin (G0:0035327) 0.011698 | 53.91884 PADI2;ESR |
Membrane raft (GO:0045121) 0.01241 19.67177 CXADR;MAL2;CD14;,CD24
Cytoskeleton (GO:0005856) 0.016716 | 9.441714 EPB41L5;KRT8;MAP7;EPPK |;PPPIR9A;

KANK4;SI100A8;AIF I L;MPZL2

(Continued)
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Table | (Continued).

Molecular Function (MF)

Term P-value | Combined | Genes

Score
Protein tyrosine kinase activator activity (GO:0030296) 8.66E-05 | 311.8208 ERBB3;CCL5;CD24
Epidermal growth factor receptor binding (GO:0005154) 8.43E-04 | 113.2653 ERBB4;AGR2;TGFA
Protein binding involved in heterotypic cell-cell adhesion 0.001145 | 258.0017 CXADR;DSC2

(GO:0086080)

PDZ domain binding (GO:0030165) 0.00121 57.78368 CXADR;CADMI;CCDCS88C;FI IR
Transcriptional activator activity, RNA polymerase Il 0.001386 | 24.71755 EHF;BCLI IB;MACCI;TFEC,EAF2;
transcription regulatory region sequence-specific binding GRHLI;ESRI;GRHL2

(GO:0001228)

Chemokine activity (GO:0008009) 0.004958 | 46.14646 CXCLI0;CXCLI I;,CCL5
Chemokine receptor binding (GO:0042379) 0.00592 | 41.87349 CXCLI0;CXCLI 1;CCL5
CXCR chemokine receptor binding (GO:0045236) 0.007058 | 77.70333 CXCLIO;CXCLI
Transcriptional activator activity, RNA polymerase Il core 0.010357 | 17.40982 EHF;BCLI IB;,TFEC;GRHLI;ESRI

promoter proximal region sequence-specific binding
(G0O:0001077)

Sialyltransferase activity (GO:0008373) 0.010687 | 57.6346 ST6GALI;ST6GALNACS

Kyoto Encyclopedia of Genes and Genomes (KEGG)

Protein tyrosine kinase activator activity (GO:0030296) 8.66E-05 | 311.8208 PATJ;OCLN;MAP3K |;MARVELD2;
MARVELD3;CGN;FI IR

Epidermal growth factor receptor binding (GO:0005154) 8.43E-04 | 113.2653 SYK;BLNK;TNFRSFI IA;CD14;BIRC3
Protein binding involved in heterotypic cell-cell adhesion 0.001145 | 258.0017 CNTNAP2;0CLN;CADMI;FI IR;HLA-
(G0O:0086080) DPAI

PDZ domain binding (GO:0030165) 0.00121 57.78368 EFNAI;RPS6KA5;MAP3K | ;ERBB3;

ERBB4;TGFA;CD 14

Transcriptional activator activity, RNA polymerase Il 0.001386 | 24.71755 CXCLI0;CXCLI I;CCL5;,CD 14
transcription regulatory region sequence-specific binding
(G0O:0001228)

Chemokine activity (GO:0008009) 0.004958 | 46.14646 CXCLI0;RPS6KAS5;CCL5;BIRC3
Chemokine receptor binding (GO:0042379) 0.00592 | 41.87349 C3;SYK;CLEC7A;CD | 4;HLA-DPAI
CXCR chemokine receptor binding (GO:0045236) 0.007058 | 77.70333 C3;PTAFR;HLA-DPAI
Transcriptional activator activity, RNA polymerase Il core 0.010357 | 17.40982 IFIH1;CXCLI0;MAP3KI1

promoter proximal region sequence-specific binding
(G0O:0001077)

Sialyltransferase activity (GO:0008373) 0.010687 | 57.6346 VAV3;SYK;BLNK

Figure S3A), naive CD4" T cell (CIBERSORT, Figure S3B; CIBERSORT—ABS, Figure S3C), Neutrophil (TIMER,
Figure S3D; MCPCOUNTER, Figure S3E), Macrophage M2 (CIBERSORT—ABS, Figure S3F; QUANTISEQ, Figure
S3G), Myeloid dendritic cell (XCELL, Figure S3H), Cancer associated fibroblast (XCELL, Figure S3I), Endothelial cell
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Figure 6 PPl network of downregulated DEGs. A total of 142 nodes and 160 edges were involved in the PPl network, with p < 1.0 e-16.

(EPIC, Figure S3J; MCPCOUNTER, Figure S3K; XCELL, Figure S3L), NK T cell (XCELL, Figure S3M) and

Monocyte (XCELL, Figure S3N), while positively correlated with infiltration of Eosinophil (XCELL, Figure S30)
and MDSC (TIDE, Figure S3P).

OVOL2 is Downregulated in Mammospheres of MDA-MB-23 land GEO Datasets
To assess the role of OVOL2 in BCSCs, we detected expression levels of OVOL2 and CSC-related markers in
mammospheres of MDA-MB-231. The results showed that the OVOL2 was downregulated in mammospheres as
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Figure 7 The top three modules of downregulated DEGs. (A) Members of module | are mainly involved in tight junction. (B) Members of module 2 are mainly involved in
immune response. (C) Members of module 3 are mainly involved in TFs in EMT.

compared with the monolayer adherent culture (Figure 8A). However, the levels of the CSC-related markers (NANOG,
SOX2 and OCT4) were significantly upregulated in mammospheres (Figure 8B). OVOL2 was also significantly down-
regulated in GSE7515 and GSE15192 (Figure 9A and B).
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Figure 8 OVOL2, NANOG, OCT4 and SOX2 expression in mammospheres of MDA-MB-231. (A) mRNA of OVOL2 was significantly lower in mammospheres. (B) mRNA
of NANOG, OCT4 and SOX2 was significantly higher in mammospheres. Quantitative data is presented as mean * s.d. of three independent experiments. ***<0.0001.
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Figure 9 OVOL2 was significantly downregulated in GSE7515 and GSE15192. (A) mRNA of OVOL2 was significantly lower (p<0.05) in mammospheres (GSE7515). (B) mRNA of
OVOL2 was significantly lower (p<0.0001) in CD44"/CD24 subgroup (GSEI5192). Quantitative data is presented as mean + s.d. of two GEO datasets (GSE7515 included 15
mammospheres and | | primary breast cancer samples. GSEI15192 included CD44"/CD24 ™ and CD44 /CD24" samples with 4 replicates respectively). ¥p<0.05, **%p<0.0001.
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OVOL2 Overexpression Inhibits CSCs Properties of MDA-MB-23 |

Our previous work has shown that OVOL2 is expressed at very low level in MDA-MB-231 cells.'® OVOL2 was
overexpressed in MDA-MB-231 to explore its function in BCSCs. Compared with the cells expressing the empty
vector (Plv-Vec), OVOL2 overexpression (Plv-OVOL?2) significantly inhibited the mammosphere formation of
MDA-MB-231 (Figure 10A and B). The ratio of CD44'CD24 subpopulation was significantly reduced by
OVOL2 overexpression (Figure 11A and B). Furthermore, our previous work has showed that the overexpression
of OVOL2 also significantly inhibits breast tumorigenicity and metastasis in mouse model.'’

ALDHI1 and CD44 are currently recognized as markers of BCSCs. Data of LinkedOmics manifested that
expression of OVOL2 was negatively correlated with CD44, ALDHI1A1, ALDH1A2, ALDH1A3, CXCR4 and
POUSFI1 in breast invasive carcinoma (Table 2). All these results demonstrate that OVOL2 could act as
a potential repressor of BCSCs.

150+
Il Plv-Vec

[ Piv-OVOL2
100+

Mammospheres count

Plv-Vec Plv-OVOL2

Figure 10 OVOL2 inhibited mammosphere formation of MDA-MB-231. (A) The representative images of mammospheres of control (Plv-Vec) and OVOL2 overexpression
(PIlv-OVOL2) groups. (B) Quantitatively analysis of mammospheres number. Quantitative data is presented as mean # s.d. of three independent experiments. **p<0.01. Scale
bars: 100 pm.
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Figure 11 OVOL2 downregulated CD44"/CD24~ subpopulation ratio. (A) CD44"/CD24™ ratio of control group (left) and OVOL2 overexpression group (right). (B)
Statistic analysis of CD44"/CD24  ratio between two groups (***<0.0001). Quantitative data is presented as mean = s.d. of three independent experiments.
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Table 2 Negative Correlation Between Expression of
OVOL2 and Markers of BCSCs

Gene Correlation P-value
CD44 —0.131419 I.31E-05
ALDHIAI —0.099754042 0.000958647
ALDHIA2 —0.155127161 2.55E-07
ALDHIA3 —0.260325753 2.17E-18
CXCR4 —0.209596495 2.57E-12
POUSFI —0.186991496 4.66E-10

Discussion

Numerous reports have revealed that BC is hierarchically organized and driven by a small fraction of tumor cells that
display stem cell properties. This small population is also designated as BCSCs or BC initiating cells. It is well
recognized that BCSCs play important roles in the tumorigenesis, drug resistance, invasion and metastasis.’**’
Considering inhibitory function of OVOL2 in EMT and close connection between EMT and stemness of BC,'” we
hypothesized that OVOL2 may regulate stemness of BC.

Functional enrichment analyses of the downregulated DEGs showed that “tight junction” (TJ) may play a key role in
BCSCs regulation. Recent research reported that the TJ structure played an important part in tumor development through
the dysregulation of its barrier and fence functions. Loss of cohesion of the TJ structure can lead to invasion and
ultimately to the metastasis of cancer cells.*' The top three modules include several genes involved in the following
epithelial function: interactions at tight junctions (MARVELDZ2, MARVELD3, F1IR, CGN, INADL, OCLN); transcription
regulation of cell-cell junction complexes (GRHL2); epithelial RNA splicing regulators (ESRP1); epithelial vesicle
traffic (RAB25, GRHL2); terminal differentiation of epithelial cells (OVOL2); maintenance of apico-basal polarity
(RAB25).*** For example, tight junction protein MarvelD3 contains a conserved MARVEL (MAL and related proteins
for vesicle trafficking and membrane link) domain like occludin and tricellulin. MarvelD3 is transcriptionally down-
regulated in Snail-induced EMT during the progression for the pancreatic cancer.** Inhibition of JAM-A/F11R by miR-
495 promoted the migration of MCF-7 and MDA-MB-231 cells.** ESRP1 is a mRNA splicing factor that regulates the
formation of epithelial cell-specific isoforms. ESRP1 also regulates the splicing of CD44, CTNND1, ENAH, 3 transcripts
that undergo changes in splicing during EMT.** Kikuchi et al found that ZEB1-RAB25/ESRP1 axis plays a critical role
in phenylbutyrate treatment-resistant BC.*® In addition, RAB25 is involved in the regulation of epithelial morphogenesis
through the control of CLDN4 expression and localization at tight junctions.*> GRHL2 and OVOL2 are also transcription
factors, both of which are potent suppressor of EMT.'®'8204748 Downregulation of above molecules may contribute to
losing epithelial cell traits and acquire mesenchymal cell traits.

EMT is an embryonic process during which polarized epithelial cells transform into a more motile and mesenchymal
phenotype.*” Numerous literatures have reported the important role of EMT in the process of cancer metastasis.’®
Moreover, it has been shown that EMT is also a process by which non stem cells acquire stem cell traits. Mani et al found
that induction of EMT in immortalized human mammary epithelial cells increased the expression of stem cell markers,
and their ability to form mammospheres.’’ Therefore, targeting EMT is a strategy to treat triple-negative BC.>* In
addition, these CSC properties are considered to be closely correlated with tumor initiation, progression and metastasis,
as well as resistance to chemotherapy.”>>> Our previous studies have shown that OVOL2 inhibits CRC and BC
migration and invasion through inhibiting the EMT by inhibiting Wnt and TGF-p signaling.'®'® OVOL2 also can
directly regulate expression of ZEB1 by binding to its promoters.”' > GEO datasets analysis showed that OVOL2 was
significantly downregulated in mammospheres and CD44"/CD24" subpopulation (Figure 9A and B). Considering the
close relationship between EMT and CSC properties, we examined the effect of OVOL2 on CSC traits of MDA-MB-231.
Herein, we demonstrate that high OVOL?2 expression inhibits CSC traits of BC. Survival analyses indicated that high
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expression of OVOL2 was associated with favorable prognosis. Higher expression of OVOL2 significantly increased the
probability of RFS and PPS, which highlight OVOL2 as a promising novel therapeutic target for aggressive breast
tumors. Due to the complexity of signaling network and target proteins regulated by OVOL2, further work is needed to
clarify the molecular mechanism of its action on EMT and stemness of BC.

Although chemokines were initially appreciated as important mediators of immune cell migration, they also play
important roles in tumor growth and progression. The discovery of host interferon-y (IFNY) in rejecting tumor cells has
led to renewed interest in cancer immunotherapies.’® Chemokines play an important role in leukocyte infiltration into any
tissue, including tumors. Hence, they have a critical role in shaping the immune cell composition in tumor microenvir-
onment (TME), which affects tumor development. The major effector cells that are involved in the elimination of cancer
cells are natural killer (NK) cells, y5 T cells, and effector CD4" and CD8" T cells.’” To eradicate a tumor, effector cells
must migrate into the TME, and the presence of effector cells within a tumor can be a positive prognostic indicator.
Expression of CCL5 has been correlated with the presence of tumor-infiltrating lymphocytes (TILs) in melanoma and
Triple negative breast cancer (TNBC).>**° Furthermore, IFNy-inducible chemokines CXCL9, CXCL10, and CXCLI11
have been associated with activation of cytotoxic CD8" T cell responses in BC treated by DNA methyltransferase
inhibitor (DMTi).°® Complement component 3 (C3) plays a central role in killing cancer cells.’** Downregulation of
these molecules may help BCSCs to escape immune surveillance.

Su et al showed that intratumoral tregs developed mainly from naive T cells in situ rather than from recruited tregs. The
abundance of naive CD4" T cells is correlated closely with Tregs, both indicating poor prognosis for BC patients.®> Huang
et al found that CD8" T cells are the key effector cell population mediating effective anti-tumor immunity. In contrast,
intratumoral CD4" T cells have negative prognostic effects on BC patient outcomes.** Tumor cell-neutrophil interactions
play an important role in tumor progression, metastasis, and overall survival. Wu et al found BC cell-neutrophil interactions

5 Macrophages promote “pro-

play an important role in pro-tumor characteristics, including therapy resistance.
tumourigenic” cellular characteristics of BC cell migration and stem cell activity. Ward et al found that co-culture with
four BC cell lines (MCF7, T47D, MDA-MB-231, MDA-MB-468), M2-macrophages increased mammosphere formation.®®
BC can hijack dendritic cells (DCs) to promote chronic inflammation and accelerate tumor development.®” Early BC has an
inflammatory milieu characterized by myeloid dendritic cell (mDC), Treg, and CSC infiltration, while plasmacytoid DC
(pDC) were almost absent.®® Cancer associated fibroblasts (CAFs) are the largest stromal cell population in breast tumors.
Emerging evidence suggests that CAFs play an important role not only in promoting tumor growth and spread, but also in
altering tumor response to therapeutic agents.®” Lymphatic endothelial cells provide not only nutrient and oxygen to tissues,
but also important microenvironmental factor for normal morphogenesis and cancerous growth in BC.”>"' Some studies
showed an association between higher circulating eosinophil count and better prognosis, as well as an association with
response to neoadjuvant chemotherapy in hormone receptor-negative/HER2-positive and in TNBC.”> The antitumor
functions of eosinophils could be direct, by cytotoxicity through release of granules, or indirect, by modulating immune
responses, especially by attracting CD8" T cells.”® A study showed that eosinophils secrete chemoattractant cytokines that
guide CD8" T cells into cancer tissue and induce normalization of the tumor vasculature.” In summary, CD4" T cell,
Neutrophil, Macrophage M2, Myeloid dendritic cell, Cancer associated fibroblast and Endothelial cell have cancer-
promoting function, while eosinophils have cancer-inhibiting effect. Interestingly, OVOL2 expression was negatively
correlated with naive CD4" T cell, Neutrophil, Macrophage M2, Myeloid dendritic cell, Cancer associated fibroblast,
Endothelial cell, and positively correlated with Eosinophil.

Conclusion

In conclusion, bioinformatics and experiments suggest that tight junction, EMT and chemokines may deeply participate
in regulation of BCSCs. OVOL2 expression was significantly correlated with infiltrating level of various immune cells.
OVOL2 is a potential suppressor of BCSCs in basal subtype.
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