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Background: Epigenetic modification of chromatin is an important step in the regulation of gene expression. The chromobox family
proteins (CBXs), as epigenetic modifier, may play a vital role in tumorigenesis and cancer progression. Herein we explored the
correlation between CBXs and breast cancer (BC) via the bioinformatics approach and qRT-PCR validation.

Methods: Several databases, including GEPIA, TCGA, GEO, K-M plotter, STRING, DAVID, cBioPortal, CIBERSORT, and HPA
were employed to analyze the expression levels of CBXs and the correlations between CBXs and prognosis (overall and recurrence-
free survival) in BC. We analyzed molecular functions, genetic variations, transcription factors of CBXs, and immune cell infiltration
status. ROC curve analysis was performed to determine the predictive value of CBXs. RNA extracted from 11 human BC and paired
adjacent normal tissues were subjected to qRT-PCR.

Results: The mRNA expression level of CBX1-5 was significantly upregulated, while that of CBX7 was significantly downregulated
in BC; no expression disparities were observed in CBX6/8 expression. Further, high mRNA expression of CBX1/2/3/4/8 correlated
with advanced BC, whereas high mRNA expression of CBX6/7 correlated with early BC. High mRNA expressions of CBX1/2/3/5
predict poor OS and RFS, while higher mRNA expressions of CBX6/7 predict better OS and RFS in patients with BC. ROC curve
analysis revealed that CBX3 showed excellent discriminatory ability. Gene ontology enrichment analysis showed that CBXs primarily
participated in SUMOylation and post-/transcriptional regulation. Moreover, they presented varying degrees of amplification in BC
tissues and were related to the infiltration of various immune cells.

Conclusion: CBXs can serve as putative biomarkers for BC. Further studies are warranted to determine the exact molecular
mechanisms underlying the action of CBXs in BC, particularly CBX1/2/3/5/7.
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Introduction

Breast cancer (BC) is an increasingly common malignancy among women across the world. It shows the second highest
mortality rate after lung cancer,' and recently, its incidence was reported to show a substantial increase.” Considering the
high invasiveness and heterogeneity of BC, outcomes in case of many patients who undergo conventional treatment are
not always satisfactory. Moreover, high-risk patients often experience recurrence or metastases post-treatment. There is
a dearth of efficient prognostic markers to guide clinical practice, including treatment priority/decision, and prognosis
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prediction. Fortunately, various molecular assays and advanced sequencing technologies that are widely employed in
clinical practice can help resolve, to a certain extent, treatment dilemmas related to tumor heterogeneity.

As an important part of epigenetic regulation, chromatin remodeling largely determines gene transcription, which
accounts for the diversity and functional specificity of cells, organs, living organisms, as well as tumor formation and
evolution.® Chromobox family proteins (CBX2/4/6/7/8) are core components of the polycomb repressor complex 1
(PRC1), which is involved in epigenetic regulation and several biological processes, including embryonic stem cell
differentiation and self-renewal.* Besides, CBXs (CBX5/HP1la, CBX1/HP1f, and CBX3/HP1y) constitute the hetero-
chromatin protein 1 (HP1) family, which is also involved in the process of post-transcriptional regulation, similar to
PRC1.> CBXs act as methyl readers in PRC1 and HPI and recognize the histone methyl marks H3K27me3 and
H3K9m2/3 (Figure 1). Subsequently, chromatin compaction and target gene silencing are induced.® The biological
functions of CBXs include stem cell self-renewal, tissue development, cell cycle regulation, cell proliferation, and
senescence. Notably, the aberrant expression of CBXs is closely related to various cancers.’

CBX family proteins have attracted extensive attention as they play a key role in tumorigenesis and cancer
progression.**'* At present, eight CBXs (CBX1-8) have been identified in the human genome, and their main functions
are related to heterochromatin, gene expression, apoptosis, and developmental regulation.” CBX4 is involved in
regulating hypoxia-inducible factor-1-alpha expression and is an important regulator of tumor angiogenesis.'' Further,
AKT-related pathways and the tumor suppressor protein P16 maintain the stemness of gastric cancer cells by regulating
the function of CBX7.'> However, in clear cell renal cell carcinoma, CBX7 is involved in TRAIL pathway-induced
apoptosis and is correlated with prognosis.'> Besides, CBX8 overexpression in hepatocellular carcinoma has been
reported to be associated with poor overall survival (0S).'* Epigenetic regulation is known to play a key role in the
occurrence and development of BC, but the functions of CBXs in BC have been rarely reported.'> Mao et al recently
explored the correlations between all CBXs and BC.'® While all of these studies are lack of any experimental validation.
Therefore, it is of high clinical significance to elucidate this correlation to identify novel and efficient biomarkers for BC.

Herein we used several databases, such as Gene Expression Profiling Interactive Analysis (GEPIA), The Cancer
Genome Atlas (TCGA), Kaplan—Meier Plotter, Search Tool for the Retrieval of Interacting Genes/Proteins (STRING),
Database for Annotation, Visualization, and Integrated Discovery (DAVID), cBioPortal, and cell-type identification by
estimating relative subsets of RNA transcript (CIBERSORT), to investigate the expression levels of CBXs in BC and
assessed their diagnostic/prognostic value, molecular functions, genetic variations, and immune cell infiltration status.
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Figure | Biological functions of CBXs and involvement in carcinogenesis.
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Clinical specimens were assessed to ensure robust data validation after performing comprehensive in silico analyses. Our
objective was to assess the potential function of CBXs in BC to assess their prognostic value and to identify novel
biomarkers/strategies for BC management.

Materials and Methods
GEPIA, TCGA and GEO Database

The Gene Expression Profiling Interactive Analysis (GEPIA) database (http:/gepia.cancer-pku.cn/) contains RNA

sequencing expression data of 9736 tumors and 8587 normal samples from The Cancer Genome Atlas (TCGA) and
Genotype—Tissue Expression (GTEx) projects.'” Herein we used GEPIA to analyze differences in the mRNA expression
levels of CBXs in normal (n = 291) and BC tissues (n = 1085) and to assess the relationship between CBXs and
clinicopathological grades. The significance threshold was set to log,FC > 0.5 and p < 0.05. Considering data hetero-
geneity, another two microarray datasets, GSE65194 (153 BC and 11 normal tissues) and GSE42568 (104 BC and 17
normal tissues), from the GEO database were selected for validation. GEO is a public functional genomics data

repository supporting MIAME-compliant data submissions. (https://www.ncbi.nlm.nih.gov/geo/). Correlation results

were visualized using the R package “ggpubr”’. TCGA was employed for survival analysis in immune cell setting.

Kaplan—Meier Plotter
Kaplan—Meier plotter (K-Mplotter) (http://kmplot.com/analysis/) is an online database that can be used to assess the

effect of 54,000 genes on survival in 21 different types of cancers.'® We herein utilized the GeneChip of Kaplan—
Meier plotter to analyze the prognostic value of CBXs on the OS (n = 1402) and recurrence-free survival (RFS, n =
3955) of patients with BC. Subsequently, we explored the prognostic value of CBXs on OS (n=2976) using the
RNAseq dataset. The median value of gene expression was used as the grouping basis, and p < 0.05 indicated
statistical significance.

STRING & DAVID

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) (https://string-db.org/) is commonly used for

analyzing protein interactions.'” In this study, we employed STRING for protein—protein interaction (PPI) analyses
involving eight CBXs and 10 proteins interacting with CBXs, and medium confidence (0.4) was selected. The results
were visualized using Cytoscape v3.7.2. To further explore the function of pertinent genes, the results were uploaded to
Database for Annotation, Visualization, and Integrated Discovery (DAVID) (https://david.nciferf.gov/) for gene ontology

(GO) enrichment analysis.?® False discovery rate < 0.05 indicated statistical significance.

cBioPortal and the Signaling Pathways Project

cBioPortal (www.cbioportal.org) provides a web resource to explore, analyze, and visualize multidimensional cancer

genomics data.”' We used cBioPortal to analyze genetic variations in CBXs in patients with BC, and visualization was
achieved by combining heat maps depicting CBX expression. SPP (The Signaling Pathways Project) is a multi-omics
knowledge mine based upon public, manually curated transcriptomic and cistromic (ChIP-Seq) datasets involving genetic
and small molecule manipulations of cellular receptors, enzymes, and transcription factors. It was employed by using the

package “ggalluvial” of R software to investigate transcription factors of CBXs.

CIBERSORT

CIBERSORT is a deconvolution method that characterizes the cell composition of complex tissue from their gene
expression profiles.”? Herein we employed CIBERSORT to analysis the differences of immune cell infiltration in BC.
More than half of the immune cells with zero abundance in the sample were removed (https://cibersortx.stanford.edu/),

and R package “ggplot2” was used for plotting in combination with TCGA data.
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The Human Protein Atlas (HPA) Database

The HPA database (www.proteinatlas.org) provides free access to immunohistochemistry results for many cancer tissues.

Depending on the intensity of staining and percentage of stained cells, the immunohistochemistry score is primarily
classified into strong, medium, weak, and negative.”* In this study, protein expression levels of CBXs in BC and adjacent
normal tissues were analyzed using the “Pathology Atlas” and “Tissue Atlas” modules on www.proteinatlas.org.

Receiver Operating Characteristic (ROC) Curve Analysis
CBX1-8 expression levels from TCGA were discriminated by ROC curve analysis. TCGA BC dataset, containing
information for 1104 BC and 113 normal tissues, was downloaded from UCSC (https://xenabrowser.net/datapages/), and

ROC curves were plotted using the R package “pROC.”

Specimens for Experimental Validation, RNA Extraction, and Quantitative

Reverse-Transcriptase Polymerase Chain Reaction (qQRT-PCR)

All 11 BC and paired adjacent normal tissue samples were stored at —80°C immediately after resection (Table 1). Total
RNA was extracted using TRIzol (ServiceBio, Wuhan, China). Approximately 1 ug total RNA was then reverse
transcribed into cDNA using PrimeScript™ RT Reagent Kit with gDNA Eraser (Perfect Real Time), according to
manufacturer instructions (Takara, Dalian, China). qRT-PCR was performed using TB Green™ Premix Ex Taq II
(Takara) on a CFX Connect™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). ACTB (forward:
CTCCTACCTGGCCTCGCTGT, reverse: GCTGTCACCTTCACCGTTCC) served as the internal control. Data were
analyzed using the comparative C; method (AACt). Supplementary Table S lists all sense/antisense primers used in this

study. This study was approved by the Human Ethics Committee of the First Affiliated Hospital of Army Medical
University.

Statistical Analysis

An unpaired #-test was used to analyze differences in the transcription level in BC. Survival analysis was performed using
Log rank test or multivariate cox regression analysis. QRT-PCR data were analyzed with Wilcoxon signed-rank test.
R programming language was used for statistical analysis and plotting charts and graphs. p < 0.05 indicated statistical
significance.

Table | Clinicopathological Characteristics of Patients Whose Primary Tumor Specimens Were Subjected to qRT-PCR

Patients | Age Histological Molecular Stage Surgery ALN (Positive/ Ki-67 Neoadjuvant
Type Subtype Total) Chemotherapy
| 63 NSIBC TNBC A TM+SLNB 0/4 40%+ NO
2 56 NSIBC TNBC A MRM 9/41 15%+ NO
3 47 IPC HER2+(HR+) A TM+SLNB 0/6 10%+ NO
4 68 NSIBC TNBC 113 MRM 3/18 80%+ NO
5 68 NSIBC TNBC A TM+SLNB 0/4 50%+ NO
6 52 NSIBC Luminal A IA MRM 0/19 15%+ NO
7 48 NSIBC HER2+(HR-) 113} MRM 2/30 60%+ YES
8 48 NSIBC Luminal B 1A MRM 0/19 30%+ NO
9 48 ILC Luminal B nc MRM 10/12 30%+ NO
10 45 NSIBC TNBC A MRM 0/12 50%+ NO
1 64 L & R: NSIBC L: HER2+(HR+) L: 1A L: TM+SLNB L:0/5 L:20%+ NO
R: HER2+(HR+) R: lIC R: MRM R:15/27 R:50%+

Abbreviations: ALN, axillary lymph nodes; NSIBC, nonspecific invasive breast carcinoma; IPC, invasive papillary carcinoma; ILC, invasive lobular carcinoma; TNBC, triple
negative breast cancer; TM, total mastectomy; MRM, modified radical mastectomy; SLNB, sentinel lymph node biopsy; L, left; R, right.
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Results

Expression of CBXs Considerably Varies Between BC and Adjacent Normal Tissues
The expression levels of CBX1-5 and CBXS8 were significantly upregulated in BC tissues (Figure 2, p < 0.05). In
contrast, the CBX7 expression level was significantly downregulated in BC tissues (p < 0.05). Further, CBX6 expression
levels did not significantly differ between normal and BC tissues.

Similarly, in GSE65194 and GSE42568, the expression level of most CBXs was comparable with that in the GEPTIA
database (Figure 3). The expression level of CBX1-5 was significantly upregulated (p < 0.001), and that of CBX7 was
significantly downregulated in BC tissues in both the datasets (p; < 0.001 and p, < 0.05); these data were in accordance
with those in GEPIA. In contrast, CBX6 expression was significantly upregulated in BC tissues in GSE42568 (p < 0.05)
but downregulated in GSE65194 (p < 0.01), while CBX8 expression was upregulated in BC tissues in GSE42568 but
showed no significant differences in GSE65194. CBXs expressions were furtherly evaluated in PAMS50-based intrinsic
subtype of BC. All expression signatures were consistent with the above results, except that there is no difference in the
expression of CBXS5 in BC and normal tissues (Figure 4).

Protein expression levels of CBXs in BC were evaluated using the HPA database (Figure 5). The protein expression
levels of CBX3/4/5 in BC tissues were found to be higher than in adjacent normal tissues, and those of CBX2/7 in
adjacent normal tissues were higher than in BC tissues. However, the protein expression levels of CBX1/8 did not show
any differences between BC and adjacent normal tissues. CBX6 expression was not detected in either tissue specimen.
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Figure 2 Gene expression level of CBXs in BC and normal tissues (GEPIA).
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Figure 3 mRNA expression levels of CBXs in BC were validated in GSE42568 (A) and GSE65194 (B) (NS > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001).

Experimental Validation of the Expression of CBXs

Based on qRT-PCR results, BC tissues showed a significant upregulation of CBX3 (p < 0.01) and CBX5 (p < 0.01)
expression levels, while CBX7 (p < 0.01) expression level was downregulated. No significant differences were found in
the expression level of CBX1/2/8 between BC and adjacent normal tissues (Figure 6). Unfortunately, qRT-PCR did not
generate reliable expression data for CBX4 and CBX6 (Ct values were too high, >40), despite repeating the experiment
with different primers. This could be primarily attributed to insufficient sample size or low-quality specimens, given that
little credible data are available. Table 2 summarizes the mRNA/protein expression levels of CBXs in BC and adjacent
normal tissues.

Relationship Between CBX Expression Levels and Clinicopathological Grade

According to GEPIA, the expression levels of eight CBXs were correlated with clinicopathological grade (Figure 7).
Among them, the expression levels of CBX1 (P = 0.034) and CBX2 (p < 0.001) were positively correlated with
clinicopathological grade and those of CBX4 (P = 0.445) and CBX8 (P = 0.066) tended to increase with an increase
in clinicopathological grade. In contrast, CBX7 (P = 0.089) expression level was negatively correlated with
clinicopathological grade. However, the expression levels of CBX3 (P = 0.405), CBXS5 (P = 0.531), and CBX6
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Figure 5 Immunohistochemical staining of CBX protein in BC and normal breast tissues summarized from the HPA database.
Abbreviations: ND, not detected; Ab, antibody.

(P = 0.084) were not significantly different in tumor tissues of different clinicopathological grades. To be further
aligned with clinical practice, we further classified the cases into high- and low-stage cohorts (Figure 8). The
expression levels of CBX1/2 (p < 0.05) were higher in advanced BC (high stage), which is consistent with previous
results, and those of CBX3/4/8 (p < 0.05) were higher in advanced BC, which contradicts previous results. Further,
the expression levels of CBX6/7 (p < 0.05) were higher in early BC (low stage).
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Figure 6 mRNA expression levels of CBX|-8, as determined by qRT-PCR.

Relationship Between CBXs and OS

To determine the prognostic value of CBXs, Kaplan—Meier plotter was used to perform survival analysis (genechip)
(Figure 9). The highly expressed CBX2 (HR = 1.5, 95% CI = 1.1-2.06, p = 0.011), CBX3 (HR = 1.43, 95% CI = 1.15—
1.77, p = 0.001), and CBXS5 (HR = 1.35, 95% CI = 1.09-1.67, p = 0.006) were related to poorer OS in BC. In contrast,
the highly expressed CBX4 (HR = 0.73, 95% CI = 0.53-1, p = 0.049), CBX6 (HR = 0.78, 95% CI = 0.63-0.96, p =
0.021), and CBX7 (HR = 0.55, 95% CI = 0.44-0.69, p < 0.001) were associated with better OS. CBX1 (HR = 1.04, 95%

CI = 0.84-1.29, p = 0.690) or CBX8 (HR = 1.05, 95% CI = 0.85-1.3, p = 0.670) was not associated with OS.

However, different results were obtained when using RNAseq data (Figure 10). High expressions of CBX1 and CBX2
were related to poor OS, respectively, while high expressions of CBX3, CBX5, and CBX6 indicated better OS in BC

patients. CBX4, CBX7, and CBX8 were not related to OS in BC patients. However, multivariate cox regression analysis

indicated that all CBXs were not independent prognostic factors in BC patients (Figure 11).

Table 2 CBX mRNA/Protein Expression Levels in BC and Normal Tissues

Resources CBXI CBX2 CBX3 CBX4 CBX5 CBX6 CBX7 CBX8
GEPIA 1 1 1 1 1 NS ! 1
TCGA (PAM50-based subtype) i il i i N l l i
GSE42568 t 1 t 1 1 t ! 1
GSE65194 1 1 1 i 1 ! l NS
HPA (protein) NS l i il il NS l NS
Specimens (n = | 1) NS NS T F 1 F | NS

Notes: 1: significantly higher expression in BC than in normal tissues; |: significantly lower expression in BC than in normal tissues.

Abbreviations: NS, not significant (compared to normal tissues); F, failed to obtain reliable data as Ct values were too high (>40) despite repeating qRT-PCR with different

primers for CBX4/6;
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Figure 9 Relationship between mRNA expression of CBXs and OS in BC (KM plotter, cut-off = 50%).

Relationship Between CBXs and RFS

As evident from Figure 12, the highly expressed CBX1 (HR = 1.26, 95% CI = 1.13-1.41, p < 0.001), CBX2 (HR = 1.79,
95% CI =1.53-2.1, p < 0.001), CBX3 (HR = 1.46, 95% CI = 1.31-1.63, p < 0.001), and CBXS5 (HR = 1.34, 95% CI =
1.2-1.5, p < 0.001) were significantly negatively correlated with RFS. In contrast, the highly expressed CBX4 (HR =
0.69, 95% CI = 0.59-0.81, p < 0.001), CBX6 (HR = 0.73, 95% CI = 0.66-0.82, p < 0.001), and CBX7 (HR = 0.53, 95%
CI = 0.47-0.59, p< 0.001) were significantly positively correlated with RFS, while CBX8 (HR = 1.04, 95% CI = 0.93—
1.16, p = 0.480) showed no significant relationship with RFS. Table 3. summarizes the correlation between the
expression of CBX mRNA and clinicopathological grade, OS and RFS.
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Figure 10 Relationship between mRNA expression of CBXs and OS in BC (RNAseq) (KM plotter, cut-off = 50%).

Functional Enrichment Analysis

To assess the involvement of CBXs in biological processes, we analyzed the STRING database to shortlist 10 genes that
interact with CBXs, and a PPI network was constructed (Figure 13A). DAVID was then utilized for GO enrichment
analysis of the aforementioned 18 genes (Figure 13B). Consequently, it became evident that CBXs were principally
involved in protein SUMOylation, covalent chromatin modification, negative regulation of transcription from RNA
polymerase II promoter, DNA-templated transcriptional regulation, histone H2A monoubiquitination, and DNA-
templated negative transcriptional regulation. False discovery rate < 0.05 indicated statistical significance.

Genetic Variations and Transcription Factors of CBXs

In general, >2 gene mutations were detected in BC, and amplification was the most common form (Figure 14). Further,
292 CBX gene mutations were identified in 1108 patients with BC; the mutation rate was 30%. Various CBXs showed
the following mutation rates: CBX1, 8%; CBX2, 10%; CBX3, 5%; CBX4, 9%; CBXS5, 4%; CBX6, 4%; CBX7, 4%; and
CBXS, 11%. All transcription factors of CBXs were presented in an alluvial plot (Figure 15). Notably, FOXA1, ELK1,
and TCF7L2 were involved in the transcription of multiple CBXs.

Correlation Between CBXs and Immune Cell Infiltration, and Immune Cell Related
oS

Immune cell infiltration is closely related to tumor initiation and progression, which also guide immunotherapy in BC. In
this study, we explored the correlation between CBXs and immune cell infiltration using CIBERSORT (Figures 16 and17).
The expressions of CBX5/6/7 were positively related to the infiltration of B cells, and CBX2 expression was negatively
related to the infiltration of B cells. The expressions of CBX7/8 were positively related to the infiltration of CD8+ T cells,
and CBX1/5 expression was negatively related to the infiltration of CD8+ T cells. The expressions of CBX5/6/7 were
positively related to the infiltration of CD4+ T cells, and CBX2/3/8 expressions were negatively related to the infiltration of
CD4+ T cells. The expressions of CBX2/4/8 were positively related to the infiltration of Tregs, and CBX5/7 expressions

were negatively related to the infiltration of Tregs cells.
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Figure |1 Multivariate cox regression analysis of CBXs and OS in BC.

The expressions of CBX1/2/3/8 were positively related to the infiltration of M1 macrophages, and CBX6/7 expres-
sions were negatively related to the infiltration of M1 macrophages. The expressions of CBX7 were positively related to
the infiltration of M2 macrophages, and CBX1/2/3/4/8 expressions were negatively related to the infiltration of M2
macrophages. The expressions of CBX2/7/8 were positively related to the infiltration of NK cells, and CBX1/3/5
expressions were negatively related to the infiltration of NK cells. Dendritic cells account for a smaller part of immune
cells. The expressions of CBX1/2/3 were positively related to the infiltration of dendritic cells, and CBX4/6/7 expres-
sions were negatively related to the infiltration of dendritic cells. Survival analysis showed that M2 macrophages and
dendritic cells in BC correlate with poor prognosis. While CD8+ T cells in BC indicated better OS (Figure 18).

Diagnostic Ability of CBXs in BC

ROC curve analysis was performed according to mRNA expression of CBXs in BC and normal tissues (obtained from
TCGA). CBX1 (AUC=0.783, p <0.001), CBX2 (AUC = 0.790, p < 0.001), CBX3 (AUC =0.939, p <0.001), CBX4 (AUC =
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Figure 12 Relationship between mRNA expression of CBXs and RFS in BC (KM plotter, cut-off = 50%).
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0.924, p < 0.001), and CBX8 (AUC = 0.892, p < 0.001), particularly CBX3/4/8, showed good predictive value. Furthermore,
the combination of all CBXs (AUC = 0.993, p < 0.001) was associated with an excellent predictive value (Figure 19).

Discussion
As the most common malignancy in female around the world, BC is associated with high invasiveness and heterogeneity,

hence treatment strategies and clinical outcomes considerably vary depending on different subtypes. In addition to

transcriptome abnormalities, epigenetic dysregulation plays a vital role in BC occurrence and progression.”* As core

components of PRC1 and HP1, CBXs are one of the main executors of epigenetic regulation in vivo.” In this study, we

systematically explored the correlation between CBX1-8 and BC, and the possibility of CBXs serving as diagnostic and

prognosis markers for BC is also estimated.
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Table 3 Correlation Between mRNA Expression of CBXs and Clinicopathological Grade, OS, and RFS

Parameters/ Resources CBXl CBX2 CBX3 CBX4 CBX5 CBXé CBX7 CBX8
Stage TA 1A 1A 1A NS 1E 1E TA
OS (genechip) NS Poor Poor Better Poor Better Better NS
OS (RNAseq) Poor Poor Better NS Better Better NS NS
RFS Poor Poor Poor Better Poor Better Better NS
GEPIA 1 1 1 1 1 NS ! 1
TCGA (PAM50-based subtype) i T i i NS l l i
GSE42568 1 1 1 1 1 1 ! 1
GSE65194 i T i i 1 l l NS
HPA (protein) NS l i i i NS l NS
Specimens (n = I1) NS NS i F i F l NS

Notes: TA: significantly higher in advanced BC; 1E: significantly higher in early BC; 1: significantly higher expression in BC than in normal tissues; |: significantly lower
expression in BC than in normal tissues.

Abbreviations: NS, not significant; Poor, poor survival; Better, better survival; OS, overall survival; RFS, recurrence-free survival; NS, not significant (compared to normal
tissues); F, failed to obtain reliable data as Ct values were too high (>40) despite repeating qRT-PCR with different primers for CBX4/6.

Functional enrichment analyses indicated that CBXs were involved in protein SUMOylation, covalent chromatin
modification, negative regulation of transcription from RNA polymerase II promoter, DNA-templated negative/transcrip-
tional regulation, and histone H2A monoubiquitination. Besides being a member of PRC1, human CBX4 presents the
small ubiquitin-related modifier (SUMO) E3 ligase activity, owing to its structural properties.”> Moreover, Li et al
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Figure 13 Functional analysis of CBXs: the PPl network of CBXs and interacting proteins (A): GO enrichment analysis, (B): STRING and DAVID databases.
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Figure 14 Genetic variations in CBXs in breast cancer (cBioPortal database).

Figure 15 Alluvial plot of transcription factors regulating CBXs: the left column represents genes, the right represents transcription factors, and the edge represents the
relationship between them.

reported that CBX4 contributes to the angiogenesis of hepatocellular carcinoma by regulating HIF-1 transactivation with
its SUMO E3 ligase activity."" Other functions, such as chromatin modification and transcriptional regulation, are well
understood as CBXs are critical components of PRC1 (CBX2/4/6/7/8) as well as HP1 (CBX1/3/5), whose main function
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Figure 16 Correlation between CBXs and immune cell infiltration: B cells, CD4+/CD8+ T cells and Tregs.
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Figure 17 Correlation between CBXs and immune cell infiltration: M1/M2 macrophages, NK cells and Dendritic cells.

is to mediate epigenetic regulation.G’7 What interests us the most is whether the SUMOylation of CBX4 and other CBXs
plays a role in BC tumorigenesis and progression. Further studies on this topic are warranted.

In the present study, multidataset-based bioinformatics analyses provided us with consistent results, that there are
significant differences in CBXs expression between BC and adjacent normal tissues. With regard to mRNA expression of
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Figure 18 Relationship between infiltrating immune cell count and OS in BC (KM plotter, cut-off = 50%).

CBXs in BC and adjacent normal tissues, different datasets/approaches showed acceptable concordance. And the results
were furtherly confirmed by human specimen-based qRT-PCR. Protein expression level were almost consistent with
transcriptional level data of CBXs. However, CBXs protein expressions in this study used as a reference to some extent
since we obtained them from HPA instead of human specimen-based experiments like Western blotting. The mRNA
expression levels of CBX6/8 in BC and adjacent normal tissues remain unknown because our analysis showed
considerably different trends (Table 2).

In silico analysis results indicated that the mRNA expression levels of CBX1/2/3/4/8 were significantly higher in
advanced BC, while those of CBX6/7 were significantly higher in early BC. No difference in the mRNA expression of
CBXS5 was observed between advanced and early BC. Similar trends were observed in the correlations between CBX and
OS/RFS. When the mRNA expression levels of CBX2/3/5 and CBX4/6/7 were markedly upregulated, patients with BC
showed shorter and longer OS and RFS, respectively.

As for CBX4/6/8, some studies have suggested their role in various cancers, including BC. Jiang et al reported that
CBX4 transcriptionally suppresses the tumor suppressor KLF6 by interacting with HDACT to exert oncogenic activities
in clear cell renal cell carcinoma.?® In BC, however, the analysis revealed that both CBX4 mRNA and protein were
highly expressed in advanced BC, and high expression of CBX4 mRNA was related to better OS and RFS. Obviously, it
is inconsistent with the biological behavior of BC that advanced BC is usually related to poor OS or RFS. Further, as per
two previous studies, CBXS8 plays a pivotal role in BC; one of them reported that CBX8 acts non-canonically with
WDRS5 to promote mammary tumorigenesis.””** In this study, however, CBX8 were neither significantly differentially
expressed in BC and adjacent normal tissues nor related to prognosis in patients with BC. Further, CBX6 overexpression
evidently promotes the growth of hepatocellular carcinoma cells and accelerates the progression of hepatocellular
carcinoma by regulating the S100A9/NF-kB/MAPK pathway.”’ In this study, analysis about CBX6 presented with
much bias, and besides, we did not obtain reliable data for the expression of both CBX4/6 mRNA in BC. Altogether,
based on our comprehensive results (Table 2), CBX1/2/3/5/7 appears to be novel prognostic biomarkers for BC.
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Figure 19 Sensitivity and specificity for ROC curve analysis of CBXs in predicting a diagnostic value in patients with BC.
Abbreviation: AUC, area under the curve.

CBXs are closely related to various cancers. A study reported CBX2 mRNA and protein levels to be significantly
higher in gastric cancer tissues than in normal tissues.*® CBX2 regulates proliferation and apoptosis via YAP phosphor-
ylation in hepatocellular carcinoma.’’ Many other studies have elucidated the oncogenic role of CBX2 and reported
robust data.>**® Mohammad et al reported that CBX2 participates in metabolic reprogramming, which ultimately
promotes BC growth; CBX7 was also reported to be involved in metabolic reprogramming, and compared to CBX2,
it plays an antagonistic role in aerobic glycolysis in BC.** In this study, even we obtained contradictory expression data
for CBX2 and CBX?7 in BC. The differential expression of CBX2 mRNA and its prognostic value in BC were identified
on analyzing multiple datasets.

Similar to CBX2, CBX3 also regulates glycolysis by inhibiting fructose-1, 6-bisphosphatase 1, and eventually
promotes the proliferation of pancreatic cancer cells.>> A study reported CBX3 expression level to be significantly
upregulated in brain glioma tissues; further, CBX3 stimulated the growth of glioma U87 cells by targeting CDKNIA,
leading to unfavorable prognosis.*® Similar biological effects were reported for hepatocellular carcinoma.®” Yu et al*®
found that CBXS promoted the proliferation and metastasis of lung cancer cells, leading to poor prognosis in patients
with lung cancer.

CBX7 is a unique member of the CBX family acting as a tumor suppressor in most situations, including in cases
of BC.*>*° In ovarian cancer, CBX7 inhibits the function of TWIST-1 by combining with E-box.*' Moreover, it inhibits
pancreatic cancer progression by negatively regulating the PTEN/AKT signaling pathway;** CBX7 also reportedly
suppresses urinary bladder cancer progression.** Kim et al found that CBX7 can serve as a BC suppressor because it
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inhibits BC tumorigenesis by mediating the suppression of the Wnt/B-catenin pathway.** As a possible suppressor, the
effects of CBX7 mutation on BC occurrence and progression remain to be systematically reported. Interestingly, the
transcription of two CBXs (CBXS5/7) are regulated by transcription factor FOXA1. A recent study by Scaltriti and their
colleagues indicated that FOXA1 mutations perturb its function to dictate cancer progression and lower response to
aromatase inhibitors in BC.** It’s reasonable to infer that CBX7 may be one of the executors of this process.

ROC curve analysis indicated that CBX1/2/3/4/8 presented promising predictive values. The calculated AUC was
0.993 (p < 0.001) when all CBXs were included. However, considering cost and feasibility, it is hard to expand all or
combined CBXs to clinical practice. CBX3 (AUC = 0.939) was the most efficient at discriminating between BC and
normal tissues; thus, it can serve as an independent diagnostic biomarker.

CBXs were found to be involved in cell differentiation, tissue development, cell cycle regulation, and cell differ-
entiation. Therefore, CBX mutations are more likely to impact cell/organ development and cancer induction.
Unfortunately, studies on the correlation between CBX mutations and cancer development are limited. CBX7 knockout
mice were found to be more prone to liver and lung cancer.*®*’

Previous survival analysis revealed that expressions of CBX1/2/3/4/8.

The tumor microenvironment is essential for tumor progression and recurrence. Various cues in the environment
support therapeutic decision-making, particularly in the case of immunotherapy. Immune cells in the tumor microenvir-
onment promote or inhibit tumor activity, and they are generally considered to be important determinants of clinical
outcomes and immunotherapy response.*® CBXs in BC is related to immune cell infiltration including B cells, CD4/8+
T cell, Tregs, macrophage, NK cells and Dendritic cell.

M1 and M2 macrophages are widely recognized as anti-cancer and pro-cancer cells respectively.*’ In this study,
CBX1/2/3 is highly expressed in BC and related to poor outcomes, and survival analysis revealed that high M2
macrophage or dendritic cell count predicts poor OS in BC. However, CBX1/2/3 is negatively related to M2 macrophage
count and positively related to M1 macrophage count. The same phenomenon has been observed in CBX7. On the
contrary, High dendritic cell count indicated poor OS in BC, and CBX1/2/3 is positively related to dendritic cell count.
CBXs in BC may involve in a complex immune process and cannot be directly summarized and correlated.

The role of CBX7 in inhibiting tumorigenesis of BC has been detailed. Therefore, CBX-targeted therapy appears
promising to treat BC. In fact, Simhadri et al have already reported the first chromodomain antagonists that target
CBX7.>° Moreover, Wang et al proposed pyrvinium pamoate to be an indirect inhibitor of CBX4, to inhibit osteosarcoma
metastasis via the CK1oa/CBX4 axis.”' It’s important to note that CBXs cannot help to choose the preferred regimens for
patients among chemotherapy, anti-HER?2 therapy, endocrine therapy and immunotherapy, since no reliable data is available.

Conclusions

To summarize, we herein conducted comprehensive bioinformatics analyses and qRT-PCR validation to assess the
correlation between CBXs and BC. Our data revealed differential expression of CBX mRNAs between BC and adjacent
normal tissues. CBX1/2/3/5/7 were significantly related to prognosis and thus can serve as potential prognostic
biomarkers for BC. CBX3 can also serve as a diagnostic marker. Moreover, most CBXs are related with immune cell
infiltration. Our results provide a framework for further in-depth research.
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