L))

Check for
updat

Original Article

CBX3 is associated with metastasis and glutathione/
glycosphingolipid metabolism in colon adenocarcinoma

Xiaoling Zhong", Jun Ni**, Zhijun Jia*, Hong Yan®, Ying Zhang’, Yunyun Liu®’

'Department of Blood Transfusion, Nanjing Drum Tower Hospital, The Affiliated Hospital of Nanjing University Medical School, Nanjing, China;
*Department of Clinical Laboratory, Nanjing Drum Tower Hospital, The Affiliated Hospital of Nanjing University Medical School, Nanjing, China;
*Department of Nuclear Medicine, Nanjing Drum Tower Hospital, The Affiliated Hospital of Nanjing University Medical School, Nanjing, China;
*Department of Clinical Laboratory, The Second Affiliated Hospital of Nanjing Medical University, Nanjing, China; *Department of Obstetrics
and Gynecology, Nanjing Drum Tower Hospital, The Affiliated Hospital of Nanjing University Medical School, Nanjing, China; ‘Department of
Pathology, The Fourth Affiliated Hospital of Nanjing Medical University, Nanjing, China; 'Department of Pathology, Nanjing Medical University,
Nanjing, China

Contributions: (I) Conception and design: H Yan; (I) Administrative support: Y Zhang; (III) Provision of study materials or patients: Y Liu; (IV)
Collection and assembly of data: X Zhong; (V) Data analysis and interpretation: Z Jia, J Ni; (VI) Manuscript writing: All authors; (VII) Final approval
of manuscript: All authors.

*These authors contributed equally to this work.

Correspondence to: Hong Yan. Department of Clinical Laboratory, The Second Affiliated Hospital of Nanjing Medical University, Nanjing, China.
Email: yanhong@njmu.edu.cn; Ying Zhang. Department of Obstetrics and Gynecology, Nanjing Drum Tower Hospital, The Affiliated Hospital of
Nanjing University Medical School, Nanjing, China. Email: zhy7359@sina.com; Yunyun Liu. Department of Pathology, Nanjing Medical University,
Nanjing, China. Email: zjyunyun1314@sina.com.

Background: Metastasis is the major cause of colon adenocarcinoma (COAD) mortality. Increasing studies
demonstrated that the epigenetics and downstream expression change of pivotal genes may act as a major
role in promoting COAD progression and metastasis. Therefore, identifying the dysregulation of key genes
associating with COAD metastasis may provide a new strategy for the discovery of potential treatment
targets.

Methods: This study included a single-cell RNA sequencing profile consisting of 17,469 tumor cells
derived from 23 samples, and 326 COADs available from The Cancer Genome Atlas (TCGA), etc. The
study was performed using comparative analysis to characterize the role of CBX3 in COAD metastasis and
progression.

Results: This study revealed that the mRNA level of Chromebox homolog 3 (CBX3) in the metastatic
COAD was significantly higher than that of the primary COAD and normal colon tissues (Wilcoxon’s
rank-sum test, P<0.05). Activation of CBX3 was involved in regulating an interaction network consisting of
CCT6A, LSM5, and GGCT, etc., which may subsequently participate in glutathione metabolism. Besides,
CBX3 also exhibited a negative correlation with glycosphingolipid metabolism, which may associate with the
regulation of CBX3 on DNA methylation. Clinical data analysis demonstrated that patients with high CBX3
mRNA levels showed a nearly 2-fold shorter overall survival time than the control group (hazard ratio =1.59;
likelihood ratio test, P=0.04).

Conclusions: Our study demonstrated that CBX3 overexpression is associated with COAD metastasis.
CBX3 downstream regulation network involves in TCP1 complex, LSM family, and glutathione metabolism,

which may provide a potential target for suppressing tumor metastasis.
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Introduction

Metastasis is a major cause of death for patients with colon
adenocarcinoma (COAD) (1). Current standard treatments,
including surgery and chemotherapy, have prolonged overall
survival time of COAD patients, but more than 50% still
experience metastasis after treatment (2). The identification
of potential targets for inhibiting tumor metastasis and
improving prognosis is urgently needed. Previous studies
mainly focused on using whole genome/exome sequencing
and found that COAD progression is an accumulation of
mutations in pivotal genes regulating tumor-associated
pathways. For instance, the APC mutation, which is found
in more than 70% of colon cancer patients, is thought to
be an initiating event for carcinogenesis in COAD (3).
The TP53 and KRAS mutations may promote COAD
progression to resistance to chemotherapy (4) and
cetuximab treatment (5), respectively. However, recent
research pointed out that the epigenetics and downstream
change of gene expression, which endows tumors with
plasticity and fitness to microenvironment stress (6), act as
a major role in promoting COAD progression, metastasis,
and recurrence. Increasingly, studies are concluding that
tumor development is similar to embryonic development
(7,8). Key development signaling pathways, such as the Wnt
pathway, have been found to participate in tumor initiation,
progression, and metastasis (9). Therefore, dissecting
the dysregulation of key genes associating with COAD
may provide a new strategy for the discovery of potential
treatment targets (10).

Chromobox protein homolog 3 (CBX3) is a member
of the heterochromatin protein 1 (HP1) family and is
involved in cell differentiation, growth, and transcriptional
regulation (11). Previous studies have demonstrated that
CBX3 is highly overexpressed in many cancer types and
is associated with tumorigenesis and treatment resistance
(12-14). Recently, several studies have demonstrated that
CBX family is a potential prognostic biomarker for colon
tumor (15,16). For instance, Ma et /. (17) conducted an
in vitro assay to reveal that CBX3 could regulate tumor
cell proliferation. Knocking down CBX3 led to an increase
in apoptosis and cell cycle arrest in osteosarcoma cells.
A similar result was also observed by Lin et 4/. in gastric
cancer (13), where knocking down CBX3 significantly
inhibited the malignant phenotype and migration.
Collectively, these findings suggested that CBX3 was
associated with tumor progression. However, the function
of CBX3 in COAD, especially its potential influence on
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tumor progression and metastasis, has not been verified.
We designed this study to elucidate the association between
CBX3 and metastasis in COAD. We present the following
article in accordance with the REMARK reporting
checklist (available at https://jgo.amegroups.com/article/
view/10.21037/jgo-22-97/rc).

Methods
Data collection

The Cancer Genome Atlas (TCGA) COAD datasets were
available from University of California Santa Cruz (UCSC)
Xena (https://xena.ucsc.edu) and included a messenger RNA
(mRNA) expression profile (Illumina HiSeq 2000 RNA
sequencing [RNA-seq]; 329 samples), [llumina 450K DNA
methylation arrays, and a phenotype profile (545 samples).
After intersecting the 2 profiles, 326 samples remained for
inclusion in the analysis. The datasets GSE132465 (18),
GSE77953 (19), GSE14297 (20), and GSE173858 were
obtained from the Gene Expression Omnibus (GEO, https://
www.ncbi.nlm.nih.gov/geo). All samples were treatment free.
The GSE132465 dataset consisted of 63,689 cells derived
from 33 samples. Ten out of 33 samples (16,404 cells) from
GSE132465 were labeled as normal mucosa. Therefore, these
cells were filtered out of the analysis. Detailed information
of samples and preparation methods are given in the GEO
database. The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013).

Single-cell RNA-seq data analysis

Single-cell RNA-seq (scRNA-seq) data analysis was
performed by the Seurat package in R (version 3.2.3) (21).
All cells were first subjected to clustering through the K-means
algorithm with parameter resolution =0.2. Malignant-like
cell clusters were then identified by tumor markers, including
epithelial cell adhesion molecule (EpCAM) and keratin 8
(KRTS). Only the clusters whose proportion of cells expressing
EpCAM and KRTS8 was greater than 50% were labeled as

malignant-like tumor cell clusters.

ChIP-seq data analysis

Chromatin immunoprecipitation sequencing (ChIP-seq) data
were available from ChIP-Atlas (https://chip-atlas.org).
Integrative Genomics Viewer (IGV, version 2.6.2) was used
to perform data visualization.
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Figure 1 Overexpression of CBX3 is associated with metastasis. (A) t-SNE plot of primary tumor (PMO, green dots) and metastatic tumor
(PM1, orange dots) cells based on scRINA-seq dataset. (B) Top: Distribution of CBX3 mRNA level across malignant-like cells. Bottom:
Number of cells in indicated groups. (C) Comparison of CBX3 mRNA levels in PM0 and PM1 groups. (D,E) Comparison of CBX3 mRNA
levels in control and PM1 groups. (F) Comparison of CBX3 mRNA levels in control and COAD. CBX3, chromobox protein homolog 3;

COAD, colon adenocarcinoma. Wilcoxon’s rank-sum test, *, P<0.05; **, P<0.01.

Statistical analysis

We used the Wilcoxon rank-sum test and Student’s #-test
(for continuous quantitative variables) or Fisher’s exact test
(for categorical variables) to compare differences between
groups. Survival analysis methods, including Kaplan-Meier
plots and Cox proportional hazards models, were used to
estimate the effect of CBX3 on clinical outcome. Analyses
were carried out using statistical software R. All figures
were plotted by ggplot2 package.

Results
CBX3 is overexpressed in primary metastatic COAD

To explore the differential expression of CBX3 in primary
COAD with metastasis (PM1) and without metastasis
(PMO), we first collected an scRNA-seq profile consisting of
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47,285 cells derived from 23 COAD samples (GSE132465),
including 2 diagnosed with PM1. We clustered these cells
using K-means algorithm and filtered out tumor cells
through EpCAM and KRTS (18), resulting in 17,469
malignant-like cells (Figure 14). PM1 cells comprised
12% of these malignant-like cells. The proportion of PM1
cells with high expression of CBX3 was 53.8%, which was
significantly higher than that of PMO cells (41.2%) [Fisher’s
exact test, odds ratio (OR) =1.66, P<0.01] (Figure 1B). The
average mRNA expression of CBX3 in PM1 cells was also
significantly higher than that in PMO cells (Student’s #-test,
P<0.01) (Figure 1C). This finding was further confirmed
by 2 independent data sets derived from Qu ez 4. (19) and
Stange ez al. (20), in which CBX3 mRNA level in PM1 was
also higher than that of the control group (Student’s z-test,
P<0.05) (Figure 1D,1E). Finally, we analyzed the expression
of CBX3 in the mRNA profile from the TCGA COAD
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dataset and found that the CBX3 was significantly expressed
in tumor tissues compared with adjacent normal tissues or
peripheral blood (P<0.01) (Figure 1F). Collectively, these
findings suggested that CBX3 was associated with COAD

metastasis.

CBX3 is associated with regulating CCT6A, LSMS5, and
GGCT

Next, we considered how CBX3 performed its role in
COAD. A coexpression profile for CBX3 and genes based
on the TCGA COAD dataset was generated through
Pearson’s correlation test in total online: https://cdn.
amegroups.cn/static/public/jgo-22-97-1.pdf. We focused
on analyzing the top 5 genes with the highest correlation
coefficients, including chaperonin-containing TCP1
subunit 6A (CCT6A), Like Sm 5 (LSM5), gamma-
glutamylcyclotransferase (GGCT), nuclear factor
(erythroid 2)-like factor 3 (NFE2L3), and DEAD-Box
Helicase 56 (DDX56) (Figure 2A). Interestingly, CCT6A
is a member of the chaperonin-containing TCP1 complex.
In a study conducted by Ying er al. (22), CCT6A was found
to act as an inhibitor to suppress SMAD family member
2 (SMAD?2) and switch transforming growth factor beta
(TGF-p) signaling to promote metastasis. GGCT is involved
in glutathione homeostasis, and it has been reported (23)
that knocking down GGCT could efficiently reduce colony
formation and proliferation of tumor cells.

We further analyzed the 5 genes in the scRNA-
seq dataset and confirmed that all showed a significant
correlation with CBX3 expression (7>0.8, P<0.01) across
malignant-like cells (Figure 2B). Encouraged by these
findings, we then considered whether CBX3 could regulate
these genes. We performed ChIP-seq analysis based on a
colon cancer cell line (SRX190214) derived from ChIP-
Atlas (24). Notably, with the exception of NFE2L3, the
genes were detected with CBX3 binding sites upstream of
the promoter (<1 KB) (Figure 2C). The binding pattern
predicted by Multiple EM for Motif Elicitation (MEME) (25)
is shown in Figure 2D. We also collected an mRNA profile
derived from a set of cell lines treated with CBX3 small
interfering RNA (siRNA) or control siRNA (GSE173858).
As expected, we found that the average of 5 genes showed
a significant decrease in the siCBX3 group (Wilcoxon’s
rank-sum test, P<0.05) (Figure 2E), suggesting that CBX3
could regulate the mRINA level of these genes. Further, by
exploring the expression of these genes in 2 independent
data sets derived from Qu et /. (19) and Stange et al. (20),
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we found that except for DDX56, the genes showed a
higher mRNA level in the PM1 group (Figure 2F). Taken
together, these findings implied that CBX3 regulated
CCT6A, LSM5, and GGCT expression in COAD.

CBX3 is involved in glutathione metabolism

Since we had identified a series of genes potentially
regulated by CBX3, we further characterized the function
of these genes. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis [via Enrichr (26)]
demonstrated that glutathione metabolism, which is an
important antioxidant involved in regulating carcinogenesis
and progression (27), was significantly associated with the
gene set (P=0.011) (Figure 3A4). Moreover, we constructed
a gene-gene interaction network based on these genes and
CBX3 through the GeneMANIA tool (28) (Figure 3B).
The interaction network showed 2 distinct modules,
including the T'CP1 complex (CCT), and the LSM family
(Figure 3B). CCT is involved in intracellular protein
folding. Recent studies have revealed that CCT could
regulate several signaling pathways to promote cancer
metastasis, such as the Wnt7b/B-catenin pathway and the
protein kinase B (AKT)/glycogen synthase kinase 3 beta
(GSK3B)/B-catenin pathway (29,30). The LSM family
participates in splicing and cytoplasmic mRNA degradation.
It has been reported that the LSM family could promote
epithelial-mesenchymal-transition (EMT) and drive
tumor metastasis (31). By integrating all of the genes on
the network into KEGG pathway enrichment analysis,
we found that glutathione metabolism was presented with
high significance (P=6.04e-7) (Figure 3C), suggesting that
CBX3 may drive glutathione metabolism. To validate the
impact of CBX3 on glutathione metabolism, we applied
the analysis to the mRNA profile derived from a set of cell
lines treated with CBX3 small interfering RNA (siRNA)
or control siRNA (GSE173858). As expected, we found
that the glutathione metabolism signature score, which was
predicted by single-sample Gene Set Enrichment Analysis
(ssGSEA) algorithm (32), showed a remarkable decrease in
the CBX3 siRNA group (Figure 3D).

CBX3 is involved in glycosphingolipid metabolism

It is well known that HP1 is involved in controlling DNA
methylation and regulating the impact of DNA methylation
on alternative splicing. Hence, we explored the specific
DNA methylations associated with CBX3. We divided
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the samples from TCGA COAD into 2 groups according
to the mRNA level of CBX3. By performing Wilcoxon’s
rank-sum test analysis, we identified 12 hypermethylation
probes relating to 10 genes (Table I). Interestingly, these
genes were significantly enriched on glycosphingolipid
biosynthesis (P=0.0223) (Figure 4A4). Glycosphingolipids
play an important role as receptors in cell invasion. Several
studies have demonstrated that cells conduct epithelial-
to-mesenchymal transition by dynamically decreasing
glycosphingolipid biosynthesis. Furthermore, analysis based
on TCGA COAD showed that CBX3 mRNA level was
negatively correlated with glycosphingolipid metabolism
(r=-0.58, P<0.01) (Figure 4B), suggesting that CBX3 may
be associated with the suppression of glycosphingolipid
metabolism.

Patients with high CBX3 expression show poor prognosis

Finally, we evaluated the clinical features of CBX3. By
dividing cases in the TCGA COAD dataset into 2 groups
based on CBX3 level (high group: top 33%; low group:
bottom 67%), we found that cases with high CBX3 levels

had a nearly 2-fold shorter median survival time than those
in the control group [hazard ratio (HR) =1.59; likelihood
ratio test, P=0.04] (Figure 5A4). Additionally, when we
focused solely on disease-free interval time, we found that
the cases with high CBX3 still had a shorter time than
the control group (HR =2.20, likelihood ratio test, P=0.1)
(Figure 5B). Further, multivariate analysis controlling for
age, gender, and histological type suggested that CBX3
was an independent prognostic factor [HR =1.64, 95%
confidence interval (CI): 1.03-2.6, P=0.036] (Figure 5C).

Discussion

Metastasis is the primary cause of COAD mortality (33),
and the identification of potential targets for inhibiting
progression is urgently needed. The COAD metastasis may
be caused by a series of processes, including angiogenesis,
microenvironment remodeling, the epithelial-mesenchymal
transition, etc. (1). Especially, the reshaping of the
tumor microenvironment is considered to be an essential
component during tumor metastasis (34), which may be

regulated by TGF- B and other cytokines (35,36). On the
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Table 1 High CBX3 associated DNA methylation probes

Chromosome Position Strand Name Relation to island Gene name
14 91580429 - €g26288577 OpenSea C140rf159
3 134083080 + cg05304177 Island AMOTL2
11 64108322 - cg12043314 N_Shore CCDC88B
2 27165781 + cg14455516 OpenSea DPYSL5
14 105144033 + €g24015081 N_Shore -

1 154971922 + cg10445911 Island -

6 33244976 - €g21333861 Island B3GALT4
19 1248287 + cg02986494 Island MIDN
19 18118079 + cg18096253 Island ARRDC2
1 58912236 + cg14058754 S_Shore FAM111A
11 2292636 - cg06347739 Island ASCL2
16 88803885 - cg00973732 Island FAM38A

CBX3, chromobox protein homolog 3.
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Figure 4 CBX3 is associated with glycosphingolipid metabolism.
(A) KEGG enrichment analysis via Enrichr. (B) Correlation
between CBX3 mRNA level and glycosphingolipid metabolism

enrichment score. CBX3, chromobox protein homolog 3.
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one hand, these cytokines function as an immunosuppressive
factor to inhibit the activity of immune cells, such as natural
killer cells, etc. (1,36). On the other hand, these molecules
also accelerate epithelial-mesenchymal transition to promote
tumor metastasis (37). Hence, it is essential to identify the
potential upstream regulators, which may help deepen our
understanding of such a metastasis process.

Our study suggested that CBX3 was associated with
COAD metastasis. Patients with high CBX3 had a
shorter overall survival time. However, the downstream
regulation axis of CBX3-driven metastasis remains to be
further explained. One possible clue promoting metastasis
may be attributed to CCTO6A since it is a component
of the chaperonin containing TCP1 complex and has
been confirmed to switch TGF-B signaling to promote
metastasis. In our study, the results of ChIP-seq analysis
coupled with correlation analysis indicated that CBX3 could
regulate CCT6A expression, suggesting that the CBX3-
CCTO6A regulation pathway may be a potential target for
inhibiting tumor metastasis.

Increasingly, studies are being drawn to the impact of
tumor metabolism on metastasis (38). Our study suggested
that glutathione metabolism was associated with a CBX3-
driven interaction network. Glutathione is a key antioxidant
associated with regulating carcinogenesis and progression.
It has been reported that tumor cells require certain
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Figure 5 CBX3 is associated with poor prognosis. Overall survival (A) and disease-free interval (B) time analysis of COAD cases for high

and low CBX3 groups. (C) Multivariable Cox regression analysis of overall survival of TCGA COAD cases on 4 prominent variables, as

indicated. CBX3, chromobox protein homolog 3; COAD, colon adenocarcinoma. Wilcoxon’s rank-sum test, *, P<0.05.

metabolic products, such as glutathione, to maintain
reactive oxygen species (ROS) levels for supporting
survival in circulation (38). Moreover, glycosphingolipid
metabolism was negatively correlated with CBX3
expression, which may be associated with CBX3’s role in
controlling DNA methylation. Many studies have shown
that glycosphingolipid metabolism has low activity during
the epithelial-to-mesenchymal transition process.

Since the aim of this study was using bioinformatics
analysis to integrate multi-omics data and systematically
explore the putative function of CBX3 on promoting
COAD progression. One limitation of our study is a lack
of in vive and in vitro experiments to validate the findings
above. In the future, we will conduct more experiments to
further identify and validate the key molecules found in our
study which may participate in COAD metastasis.

In conclusion, our work showed that CBX3
overexpression was associated with COAD metastasis. The
CBX3 downstream regulation network involved TCP1

© Journal of Gastrointestinal Oncology. All rights reserved.

complex, the LSM family, and glutathione metabolism,
which may provide a potential target for suppressing tumor
metastasis.
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