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CBX2 and EZH2 cooperatively promote the growth
and metastasis of lung adenocarcinoma
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The disruption of epigenetic regulation is common in tumors;
the abnormal expression of epigenetic factors leads to cancer
occurrence and development. In this study, to investigate the
potential function of histone methylation regulators in lung
adenocarcinoma (LUAD), we performed differential expression
analysis using RNA-seq data downloaded from The Cancer
Genome Atlas (TCGA) database, and identified CBX2 and
EZH2 as obviously upregulated histone methylation regulators.
CBX2 knockdown significantly inhibited LUAD cell growth and
metastasis in vitro and in vivo. The combined high expression of
CBX2 and EZH2 was an indicator of poor prognosis in LUAD.
The inhibition of bothCBX2 and EZH2 exerted cooperative sup-
pressive effects on the growth and metastasis of LUAD cells.
Mechanistically, we revealed that CBX2 and EZH2 downregu-
lated several PPAR signaling pathway genes and tumor suppres-
sor genes through binding to their promoter cooperatively or
separately. Furthermore, knockdown of CBX2 improved the
therapeutic efficiency of EZH2 inhibitor on A549 cells. Our
study reveals the cooperative oncogenic role of CBX2 and
EZH2 in promoting LUAD progression, thereby providing po-
tential targets for LUAD diagnosis and therapy.

INTRODUCTION
Epigenetic regulatory mechanisms, such as DNA methylation, his-
tone modification, and RNA-mediated targeting, regulate gene
expression and are fundamental to biological functions. Conse-
quently, the abnormal expression of epigenetic factors can have a
profound influence on cells and lead to tumorigenesis by affecting
hallmarks of cancer, such as malignant proliferation and invasion.1

Moreover, the promising clinical and preclinical benefits obtained
from drugs targeting epigenetic factors highlight the central role of
epigenetics in cancer and the importance of exploring new epigenetic
factors as therapeutic targets.2

Polycomb group (PcG) genes are a group of epigenetic regulators that
play critical roles in the maintenance of cellular identity.3,4 During the
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past 70 years, a large number of PcG genes have been identified and
intensively studied. PcG proteins function in several families of multi-
protein complexes, such as polycomb repressive complex (PRC) 1
and PRC2. PRC2 catalyzes the methylation of K27 on histone H3.
In mammals, PRC2 is mainly consisted of enhancer of zeste (EZH2
or EZH1), suppressor of zeste 12 (SUZ12), embryonic ectoderm
development (EED), and retinoblastoma binding protein (RbAp46/
48). EZH2 is the core component responsible for the catalytic activity
of PRC2, as inhibition of EZH2 led to almost complete loss of
H3K27me2/3. In recent years, PRC1 was classified into canonical
(cPRC1) and noncanonical PRC1 (ncPRC1). The cPRC1 complex
chiefly contains RING1 proteins (RING1A or RING1B), which cata-
lyze the monoubiquitination of H2AK119 (H2AK119ub), one of the
six PcG ring-finger domain proteins (PCGF1–PCGF6), polyhomeotic
homologous proteins (PHC1–PHC3), and chromobox proteins
(CBX2, 4, 6, 7, and 8).4,5 Polycomb-mediated gene silencing relies
mostly on regulation of chromatin structure, in part through histone
modifications, such as PRC2-catalyzed H3K27me2/3 and PRC1-cata-
lyzed H2AK119ub. EZH2-catalyzed H3K27me3 functions as a
recruitment signal for CBX proteins in the PRC1 complex.6 However,
it has been reported that only a subset of PRC1 targets overlaps with
H3K27me3-rich regions, and these regions are typically bound by
Authors.
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cPRC1 complexes containing CBX2.7,8 Furthermore, there are genes
targeted by PRC2 in the absence of H2AK119ub,9 and genes bound by
PRC1 without PRC2.10,11 Notwithstanding, PRC1 and PRC2 are usu-
ally both required for the maintenance of gene repression. Although
EZH2 has been reported to be upregulated in various tumor tissues,12

the cooperative effects of the PRC1 and PRC2 complexes in tumori-
genesis have not been investigated. Therefore, exploring the com-
bined tumorigenic function of CBX2 and EZH2, and integrating their
downstream molecules could provide new therapeutic targets for
cancer.

Lung cancer is a deadly malignancy and the leading cause of cancer-
related death worldwide.13 Generally, lung cancer is classified into
small cell lung cancer (SCLC, 20%) and non-small cell lung cancer
(NSCLC, 80%).14 Lung adenocarcinoma (LUAD) is the most
frequently diagnosed histological subtype of NSCLC.15 Great progress
has been achieved in understanding the functions of epigenetic fac-
tors in LUAD progression. For example, high expression levels of
HDAC1 and HDAC3 are associated with a poor prognosis in
LUAD, and treatment with HDAC inhibitors has shown antiprolifer-
ative effects.16 However, identifying new epigenetic regulators as ther-
apeutic targets in LUAD is still urgent.

In this study, to investigate the potential function of histone methyl-
ation regulators in LUAD progression, we performed differential
expression analysis of 58 paired tumor/normal LUAD samples
from The Cancer Genome Atlas (TCGA) and identified CBX2 and
EZH2 as obviously upregulated genes in the tumor samples. We
showed that depletion of CBX2 significantly suppressed the growth
and metastasis of LUAD in vitro and in vivo. The Kaplan-Meier uni-
variate survival analysis showed that the high expression of both
CBX2 and EZH2 was more significantly associated with a poor prog-
nosis than high expression of CBX2 or EZH2 alone; in addition, the
expression of CBX2 and EZH2 in LUAD was positively correlated.
The double inhibition of CBX2 and EZH2 led to more significant
cellular effects in LUAD cells than inhibition of either alone.
Regarding the downstream targets, we showed that CBX2 and
EZH2 downregulated several peroxisome proliferator-activated re-
ceptors (PPAR) signaling pathway genes and tumor suppressor genes
(TSGs) by binding to their promoters together or separately. Knock-
down of PPARG, a key regulator in the PPAR signaling pathway,
partially rescued the decrease in LUAD cell proliferation and invasion
caused by the CBX2 and EZH2 depletion. Furthermore, knockdown
of CBX2 improved the therapeutic efficiency of EZH2 inhibitor on
A549 cells. Together, our study results reveal the cooperative role of
CBX2 and EZH2 in promoting LUAD progression, providing poten-
tial new targets for LUAD diagnosis and therapy.

RESULTS
The PcG protein CBX2 is significantly upregulated in LUAD, and

its depletion suppresses the growth and invasion of LUAD cells

Histone methylation is a very important type of histone modifica-
tions that regulates gene expression. To investigate the potential
function of histone methylation in LUAD, we downloaded RNA
sequencing (RNA-seq) data of LUAD from TCGA database and
analyzed the expression level of genes encoding writers (methyl-
transferases), readers, and erasers (demethylases) of histone
methylation (Table S1) in LUAD. The differential expression anal-
ysis of 58 paired tumor/normal samples revealed that 7 of 129 his-
tone methylation-related genes were dysregulated (six genes were
upregulated, and one gene was downregulated) in tumor samples
(Figure 1A). Among these differentially expressed genes (DEGs),
the most obviously upregulated genes include CBX2 and EZH2
(Figures 1A and 1B). EZH2 was previously reported to be overex-
pressed in LUAD and play an oncogenic role in the progression of
LUAD.17,18 Similar to the observed expression pattern of EZH2, the
mRNA expression level of CBX2 was increased 5-fold in tumor tis-
sues compared with that in normal tissues (Figure 1B). Moreover,
we found that the CBX2 expression continuously increased from
normal samples to distant metastasis-free (DMF) samples and
from DMF samples to distant metastasis (DM) samples (Figure 1C).
However, the expression of EZH2 was not significantly different
between DMF and DM patients (Figure 1C). These results indi-
cated that the overexpression of CBX2 is potentially associated
with LUAD progression.

To validate the potential carcinogenic role of CBX2 in LUAD, we
investigated its function in cell viability, proliferation, apoptosis,
and invasion in A549 cells. Cell Counting Kit-8 (CCK-8) assays
were first used to detect the viability of A549 cells with CBX2 knock-
down. The results showed that CBX2 depletion led to a marked
decrease in the viability of A549 cells, similar to the effects of the
EZH2 knockdown (Figure 1D). Then, 5-ethynyl-20-deoxyuridine
(EdU) incorporation assays were performed to observe the effects
of the CBX2 knockdown on the proliferation of A549 cells (Fig-
ure 1E). The results demonstrated that the CBX2 silencing inhibited
cell proliferation. The apoptosis analysis using annexin V-FITC (flu-
oresceine isothiocyanate) and propidium iodide staining (Figure 1F)
showed that the knockdown of CBX2 promoted the apoptosis of
A549 cells. Furthermore, we investigated the role of CBX2 in the in-
vasion of LUAD cells (Figure 1G). The results of transwell assays
showed that CBX2 deficiency led to a significant decrease in A549
cell invasion, which is similar to the effect of EZH2 depletion. More-
over, the expression of epithelial-to-mesenchymal transition (EMT)
markers in A549 cells was analyzed by western blot after transfec-
tion of small interfering RNAs (siRNAs) against CBX2 or EZH2.
Similar to the EZH2 knockdown, depletion of CBX2 led to increased
protein levels of epithelial markers, including E-cadherin, a-catenin,
b-catenin, as well as g-catenin (Figure 1H), and decreased protein
level of a mesenchymal marker, N-cadherin, demonstrating the
role of CBX2 in promoting EMT. Overall, the in vitro experiments
demonstrated that CBX2 plays an important role in promoting
the growth and invasion of LUAD cells.

CBX2 knockdown significantly inhibits LUAD growth and

metastasis in vivo

After confirming the carcinogenic role of CBX2 at the cellular level,
we explored its functions in vivo. We transplanted lung tumors
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Figure 1. The PcG protein CBX2 is significantly upregulated in LUAD, and its depletion suppresses the growth and invasion of LUAD cells

(A) Heatmap showing the expression of 7 differentially expressed (FDR <0.01, fold changeR2 and CPM>30) histone methylation-related genes in LUAD tumor samples and

normal samples. (B) The differences of CBX2 and EZH2 mRNA expression between the paired tumor (n = 58) and normal (n = 58) samples (pairs are connected by gray dash

lines). The p values were estimated using the R package NOISeq. ***p % 0.001. (C) The differences of CBX2 and EZH2 mRNA expression between normal (n = 58, tumor

adjacent), DMF (n = 353), and DM (n = 25) samples. (D-G) A549 cells transfected with control, CBX2, or EZH2 siRNAs were applied. (D) CCK-8 assays were used to examine

the cell viability of the transfected A549 cells. (E) EdU incorporation assays were used to examine the proliferation of the transfected A549 cells. (F) FITC-labeled annexin V and

propidium iodide were used to stain the transfected A549 cells, and flow cytometry was used to detect apoptosis. (G) The cell invasion was examined by counting the

transmigrated cells under a microscope. In (D-G), each bar represents the mean ±SD of three independent biological replicates. *p % 0.05; **p % 0.01; ***p % 0.001

(Student’s t test). (H) Protein expression of EMT markers was determined by western blotting in A549 cells transfected with control, CBX2, or EZH2 siRNAs. The molecular

weights are indicated on the left side of the plot.
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Figure 2. CBX2 knockdown significantly suppresses LUAD growth and metastasis in vivo

(A) Western blot analysis validating the inhibitory effect of CBX2 sgRNAs on the protein expression of CBX2 in A549 cells. (B) Control A549 cells or A549 cells expressing

CBX2 sgRNAs (A549-sgCBX2) were transplanted into female athymic nude mice (BALB/c, Charles River; ages between five and six weeks; six mice per group). (C) Tumors

were measured at the indicated times using a vernier caliper. According to the formula, V = p/6� length� width2, the volume of tumor was calculated. Error bars represent

the mean ± SD of six animal measurements. *p% 0.05; **p% 0.01 (Student’s t test). (D) The tumors dissected from themice were weighed. Each bar represents the mean ±

SD of six animal measurements. ***p% 0.001 (Student’s t test). (E) Representative in vivo bioluminescent images showing the difference inmetastasis between the A549-Luc

and A549-sgCBX2-Luc mice group. After six weeks of initial implantation, the metastasis of tumor cells was quantified using bioluminescence imaging. Each bar represents

the mean ± SD of three animal measurements. *p % 0.05 (Student’s t test).
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derived from normal A549 cells or A549 cells expressing CBX2 sin-
gle guide RNAs (sgRNAs), which greatly inhibited CBX2 protein
expression compared with that in control cells (Figure 2A), into
nude mice (BALB/c; Charles River, Beijing, China; n = 6 per group)
(Figure 2B). Then wemonitored the growth of the implanted tumors
over a period of four weeks. We found that the tumor growth,
including tumor volume (Figure 2C) and weight (Figure 2D), were
significantly decreased in athymic mice that received cells express-
ing CBX2 sgRNAs. To investigate the role of CBX2 in LUAD metas-
tasis in vivo, normal A549-luc cells or A549-luc cells expressing
CBX2 sgRNAs were injected into female severe combined immuno-
deficiency (SCID) (six-week-old) mice via the lateral tail vein, and
metastatic tumor cells were monitored weekly using a biolumines-
cence imaging system (Xenogen) (Figure 2E). The results showed
that tumor metastasis was significantly decreased in mice that
received A549-luc cells expressing CBX2 sgRNAs compared with
in mice that received normal A549-luc cells (Figure 2E). Overall,
these results showed that CBX2 depletion suppresses LUAD tumor
growth and metastasis in vivo.

The potential cooperative function of CBX2 and EZH2 in

promoting LUAD

Then we performed the univariate survival analysis and found that
the overexpression of either CBX2 or EZH2 was slightly associated
with a poor prognosis (Figure 3A), and the multivariate survival
analysis showed that these associations were dependent of TNM
stage, years of smoking, metastasis, and mutation of KRAS and
EGFR (Figure S1A). However, the combined high expression of
CBX2 and EZH2 was significantly associated with a poor prognosis
(p = 0.0085; Figure 3B) and was more valuable in predicting prog-
nosis than the high expression of CBX2 (p = 0.067) or EZH2 (p =
0.021) alone (Figure 3A). The multivariate survival analysis indi-
cated that the combined high expression of CBX2 and EZH2 was
a predictor of poor prognosis independent of TNM stage, years
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 673
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Figure 3. Potential functional relevance between CBX2 and EZH2

(A) Kaplan-Meier survival curve for patients with high (>median expression) or low (<median expression) expression of CBX2 or EZH2. The survival difference was determined

by log rank test. According to a standard procedure, tumor samples were grouped into high and low groups by the median expression of specific gene. The median survival

times were marked by a dashed line. (B) Kaplan-Meier survival curve of the combined CBX2 and EZH2 expression. (C) The proteins expression of CBX2 and EZH2 detected

by immunohistochemistry of LUAD microarrays (scale bar, 50 mm) and (D) their quantification in human LUAD (n = 75) and adjacent normal tissues (n = 75). ***p% 0.001. (E)

The Spearman correlation between CBX2 and EZH2 protein expression levels in LUAD tissuemicroarrays (n = 75). (F) Spearman correlation between CBX2 and EZH2mRNA

expression levels in TCGA tumor samples. In (E) and (F), r: correlation coefficient; n: number of samples.
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of smoking, metastasis, and mutation of KRAS and EGFR
(Figure S1B).

Given the reported role of CBX2 as a reader of EZH2-catalyzed
H3K27me3,4 we further investigated the functional relevance of
EZH2 and CBX2 in LUAD. The immunohistochemical assays
showed that the protein levels of both CBX2 and EZH2 were higher
674 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
in LUAD tumor samples than in adjacent normal samples (Figures
3C and 3D). The correlation analysis revealed that the protein levels
of EZH2 and CBX2 in LUAD samples were positively correlated (r =
0.41; p = 4.1 � 10�5; Figure 3E). Moreover, their mRNA levels were
also positively correlated (r = 0.34; p = 2.5 � 10�15; Figure 3F).
Together, these results revealed a potential cooperative carcinogenic
role of CBX2 and EZH2 in promoting LUAD.



Figure 4. Inhibition of both CBX2 and EZH2 led to more significant cellular effects in LUAD cells

A549 or H1299 cells were transfected with control, CBX2, EZH2, or double gene siRNAs. (A) Transfected A549 cells were applied to detect cell viability using MTT assays. (B)

Transfected A549 cells were used to detect cell proliferation using the EdU incorporation assay. Scale bar, 100 mm. (C) FITC-labeled annexin V and propidium iodide were

used to stain the transfected A549 cells. Flow cytometry was then performed to detect apoptosis. (D) Transfected A549 cells were used to detect invasion using transwell

assays. The images showing one field under a microscope. The transmigrated cells were counted. Scale bar, 200 mm. In (A-D), each bar represents the mean ±SD of three

independent biological replicates. *p % 0.05; **p % 0.01; ***p % 0.001 (Student’s t test).
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Inhibition of both CBX2 and EZH2 leads to more significant

effects on cell behaviors in LUAD cells

To validate the cooperative carcinogenic effect of CBX2 and EZH2 in
LUAD, we used a double knockdown strategy to investigate their
cooperative roles in regulating LUAD cell functions. The effect of
CBX2, EZH2, or combined CBX2/EZH2 knockdown by specific
siRNAs was examined by western blot analysis (Figure S2A). MTT as-
says (Figure 4A), EdU incorporation assays (Figure 4B), apoptosis
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 675
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assays (Figure 4C), migration assays (Figure S2B), and transwell as-
says (Figure 4D) were carried out to assess the viability, proliferation,
apoptosis, migration, and invasion, respectively, of A549 and H1299
cells. The results showed that the knockdown of both CBX2 and
EZH2 led to a more marked decrease in the viability, proliferation,
migration, and invasion of A549 and H1299 cells, and to a more sig-
nificant increase in apoptosis, than knockdown of either CBX2 or
EZH2 alone (Figures 4A–4D, and S2B), indicating the cooperative
functions of these genes in promoting LUAD.

ChIP-seq reveals potential targets of CBX2 and EZH2

The cPRC1 complex is recruited to target genes partially by binding of
the CBX protein to H3K27me3,4 which is catalyzed mainly by
EZH2.10 Furthermore, we found that CBX2 and EZH2 cooperatively
promoted LUAD (Figures 3 and 4). Therefore, we performed CBX2
chromatin immunoprecipitation sequencing (ChIP-seq) and down-
loaded H3K27me3 ChIP-seq data (GSE75903) of A549 cells to
explore the transcriptional targets of CBX2 and EZH2 in LUAD.
The analysis of the ChIP-seq data of CBX2 and H3K27me3 showed
that 6.4% of the CBX2 peaks overlapped with H3K27me3 peaks
and that 0.2% of the H3K27me3 peaks overlapped with CBX2 peaks
(Figure 5A). This finding was consistent with published studies indi-
cating that a small set of PRC1 targets overlaps with H3K27me3-rich
regions.7,8,19 Regarding protein-coding genes, 3,166 and 5,577 genes
were occupied by CBX2 and EZH2 (H3K27me3), respectively (Fig-
ures 5B and 5C). There were 822 genes occupied by both CBX2
and EZH2 (Figure 5D), among which, 145 genes were downregulated
in LUAD samples (obtained through analyzing TCGA LUAD
RNAseq data). The binding profile of CBX2 to these 822 genes
showed that the binding signal of CBX2 was located exactly at the
transcription start site (TSS) (Figure 5E).

Given the inhibitory roles of CBX2 and EZH2 in regulating gene
expression, we investigated the pathways enriched in the 145
LUAD-downregulated genes targeted by both CBX2 and EZH2.
These downregulated genes overlapped with several pathways,
including the PPAR signaling pathway (Figure 5F), which was also
the most downregulated pathway in LUAD (Figure S3A). In addition,
CBX2 and EZH2 could also bind and regulate target genes indepen-
dently. For example, we found that CBX2 bound the TSS regions of
PPARG (Figure 5G) and CD36 (Figure S3B) and that EZH2 bound
the TSS regions of SORBS1, SLC27A6, RXRG, LPL, FABP4,and
ACADL (Figure S3B) in the PPAR signaling pathway. Therefore,
among the 16 downregulated PPAR signaling genes in LUAD, 11
genes might be bound and regulated by CBX2 and/or EZH2 (Figures
5G and S3B). In addition to these genes in the PPAR signaling
pathway, CBX2 and EZH2 co-bound 14 other TSGs, namely,
RBMS3, CLDN11, AGTR1, PCDH10, PPP2CB, NRG1, SMARCA2,
ITIH5, CADM1, NR4A1, DCN, NDRG4, SOCS3, and FHL1; the
ChIP-seq peaks of RBMS3 and CLDN11 are shown in Figure 5H.

Transcriptional regulation of target genes by CBX2 and EZH2

To confirm the ChIP-seq results, we performed ChIP assays using spe-
cific antibodies against CBX2, H2AK119ub, EZH2, and H3K27me3,
676 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
with non-specific IgG as the negative control. The results indicated
the occupancy of CBX2, H2AK119ub, EZH2, and H3K27me3 on the
promoters of their common targets: RBMS3 and CLDN11 (Figure 6A).
The results also verified the enrichment of H2AK119ub in the PPARG
promoter (Figures 6C and 6E), whereas the enrichment of H3K27me3
in the promoter of PPARGwas very weak (Figures 6D and 6F), which is
consistent with the H3K27me3 ChIP-seq data (Figure 5G). To investi-
gate the mutual influence of H2AK119ub and H3K27me3 on their
common target genes, we knocked down the expression of CBX2 or
EZH2 by their specific siRNA or shRNA, respectively (Figure 6B)
and then performed ChIP assays using primers targeting CLDN11.
The results showed that knockdown of CBX2 not only significantly
decreased PRC1-catalyzed H2A119ub (Figure 6E) but also markedly
decreased EZH2-catalyzed H3K27me3 on the promoter of CLDN11
(Figure 6F), indicating that the CBX2-mediated H2AK119ub assists
the occupation of H3K27me3 in the promoter of CLDN11. Similarly,
knockdown of EZH2 significantly decreased the level of H3K27me3
(Figure 6D), as well as the level of H2AK119ub on the promoter
of CLDN11 (Figure 6C), suggesting that the EZH2-catalyzed
H3K27me3 also assists the occupation of H2AK119ub in the promoter
of CLDN11. However, knockdown of EZH2 did not change the
H2AK119ub level in PPARG (Figure 6C), whose promoter was only
modified by H2AK119ub but not EZH2-catalzyed H3K27me3. Our re-
sults validated the binding of CBX2 and EZH2 to their target genes and
indicated that the enrichments of H2AK119ub and H3K27me3 are
mutually required for the occupancy of CBX2 and EZH2 on their
co-targeted gene, i.e., CLDN11.

Based on the results showing that CBX2 and/or EZH2 occupy the
promoters of PPAR signaling genes (PPARG, FABP5, and OLR1)
and TSGs (RBMS3 and CLDN11), we further investigated whether
CBX2 and EZH2 regulate the transcription of these genes in A549
cells. Therefore, total mRNA was extracted from A549 cells trans-
fected with CBX2 siRNAs, EZH2 siRNAs, combined siRNAs, or
control siRNAs. Then, quantitative real-time RT-PCR assays were
performed. The results showed that depletion of CBX2, EZH2, or
both led to the increased transcription of PPARG, OLR1, FABP5,
RBMS3, and CLDN11 (Figure 6G). For OLR1, PPARG, FABP5, and
CLDN11, knockdown of both CBX2 and EZH2 had a more significant
inhibitory effect than knockdown ofCBX2 or EZH2 alone (Figure 6G).
Interestingly, although the enrichment of H3K27me3 in the promoter
of PPARGwas very weak (Figures 6D and 6F), indicating that PPARG
was not a direct target of EZH2, the knockdown of EZH2 also led to an
obvious upregulation of PPARG. This upregulation could be an indi-
rect effect caused by EZH2 depletion-mediated transcriptional
changes of PPARG upstream genes. Together, our data showed that
CBX2 and EZH2 downregulated some PPAR signaling pathway genes
and several TSGs by binding to their promoters cooperatively or
separately.

A downstream target of CBX2 and EZH2 suppresses the growth

and invasion of LUAD cells

As stated above, 11 genes in the PPAR signaling pathway (downregu-
lated genes in LUAD) were co- or separately bound by CBX2 and



Figure 5. ChIP-seq profile of CBX2 and EZH2

(A) Venn plots showing the CBX2 peaks overlapping with the H3K27me3 peaks (left) and the H3K27me3 peaks overlapping with the CBX2 peaks (right). (B) CBX2 target

genes and (C) EZH2 target genes annotated by the Ensembl and Gencode databases. (D) Venn diagram showing the overlap between the CBX2 target genes and the EZH2

target genes. For the overlapping genes, red, blue, and gray represents genes upregulated, downregulated, and unchanged genes in LUAD, respectively. (E) Normalized

signal of CBX2 and H3K27me3 and their input peaks on 822 overlapping target genes identified by ChIP-seq and their relative position to the TSS. (F) Pathway enrichment

analysis (p < 0.05) of 145 downregulated genes (FDR <0.01, fold changeR1.5, and CPM>30). (G-H) Genome browser showing the binding peaks of CBX2 and EZH2 on (G)

genes in the PPAR signaling pathway and (H) TSGs. The green bars indicate the TSS regions (TSS-8 kb � TSS+2 kb) of different transcripts. The narrowPeak row presents

the peak of the signals obtained by MACS2. Black frames highlight the peak regions among the TSS regions.
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Figure 6. Transcriptional regulation of their targets by CBX2 and EZH2

(A) ChIP assays were performed using antibodies against EZH2, CBX2, H3K27me3, H2AK119ub, or non-specific IgG, and primers targeting the RBMS3 and CLDN11

promoters. (B) The mRNA expression of CBX2 or EZH2 after the transfection of CBX2 siRNAs or EZH2 shRNAs (n = 3). (C-F) ChIP assays were performed, n = 4. (C)

H2AK119ub antibodies and non-specific IgG were used in EZH2 depleted cells. (D) H3K27me3 antibodies and non-specific IgG were used in EZH2 depleted cells. (E)

H2AK119ub antibodies and non-specific IgGwere used in CBX2 depleted cells. (F) H3K27me3 antibodies and normal IgGwere used in CBX2 depleted cells. (G) Quantitative

real-time RT-PCR assays were performed to examine the transcription of indicated genes in the A549 cells transfected with specific siRNAs (n = 3). In (A-D) , *p% 0.05; **p%

0.01; ***p % 0.001 (Student’s t test).
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EZH2 in A549 cells, among which PPARG, OLR1, and FABP5 were
confirmed to be downregulated by CBX2 and EZH2 in our experi-
ments, implying a tumor-suppressive function of the PPAR signaling
pathway. However, PPARG, a key gene of the PPAR signaling
pathway, was reported to play an ambiguous functional role in
different cancers.20 To determine the role of PPARG in LUAD, we
knocked down the mRNA expression of PPARG by its specific
siRNAs (Figure 7A). In vitro experiments indicated that PPARG defi-
ciency led to a significant increase in the viability (Figure 7B) and in-
vasion (Figure 7C) of LUAD cells. Furthermore, PPARG knockdown
partially rescued the decrease in the viability (Figure 7D) and invasive
activity (Figure 7E) of LUAD cells caused by the CBX2 and EZH2
knockdown, demonstrating that PPARG, which plays a role in inhib-
iting LUAD cell viability and invasion, is one of the functional down-
stream targets of CBX2 and EZH2.

Furthermore, to further confirm the role of PPAR signaling in LUAD
suppression, we also performed survival analysis of patients stratified
by the expression levels of these 11 genes to reveal the clinical rele-
vance of the PPAR signaling pathway. The results showed that over-
expression of OLR1, CD36, and RXRG was significantly (p < 0.05)
associated with good prognosis in patients with LUAD (Figures 7F
and S3C). Interestingly, the combination of higher expression of these
three genes with lower expression of CBX2 and/or EZH2 was more
significantly (p < 0.05) associated with good prognosis (Figures 7G
and S3D). These results indicated the potential tumor suppressor
role of these PPAR signaling genes in LUAD.

Application potential in clinic: CBX2 knockdown enhances the

therapeutic efficiency of tazemetostat

To investigate the importance of the cooperative effects of CBX2 and
EZH2 inhibition in the clinical treatment of LUAD, we examined the
effects of combined CBX2 knockdown and tazemetostat (TAZ, an
oral EZH2 inhibitor in clinical phase 2 trial21) treatment on LUAD
cell growth and invasion. We found that the inhibitory effect induced
by CBX2 knockdown was approximately equal to that of TAZ in in-
hibiting the viability (Figure 8A) and invasion (Figure 8B) of A549
cells. In addition, when CBX2 siRNA was used in combination with
TAZ treatment, cell viability (Figure 8A) and invasion (Figure 8B)
decreased more significantly than those in the cells treated with
TAZ alone. In summary, CBX2 inhibition improved the therapeutic
efficiency of TAZ.

DISCUSSION
Abnormal epigenetic regulation profoundly influences cellular pro-
cesses, leading to tumorigenesis. Drugs targeting epigenetic factors
have been used in clinical trials to treat tumors. For example, EZH2
performs oncogenic functions, and its inhibitor has been used to treat
a variety of cancers, such as breast, prostate, and lung cancer.22–24 In
our study, to investigate the potential function of histone methylation
regulators in LUAD, we performed differential expression analysis of
58 paired tumor/normal LUAD samples from TCGA and found
marked upregulation ofCBX2 and EZH2 in LUAD samples (Figure 1).
Then, we validated the oncogenic role of CBX2 in vitro (Figure 1) and
in vivo (Figure 2). The combined high expression of CBX2 and EZH2
served as an indicator of poor survival in LUAD patients (Figure 3B,
p = 0.008), and their expressions were positively correlated (Figures
3E and 3F). These results suggested that CBX2 and EZH2 play a po-
tential oncogenic role in LUAD through cooperation. We also vali-
dated the cooperative role of CBX2 and EZH2 in promoting LUAD
cell growth and invasion (Figure 4). Moreover, CBX2 inhibition
enhanced the effect of TAZ, an EZH2 inhibitor in clinical phase 2
trial, on inhibiting survival and invasion of LUAD cells. This study
elucidated the oncogenic role of CBX2 in LUAD and the cooperative
oncogenic role of CBX2 and EZH2, which reveals a potential com-
bined target for therapy.

To identify factors responsible for the upregulation of CBX2 and
EZH2, and their positive correlation in LUAD, we constructed the
regulatory network of the transcription factor (TF)-miRNA feedfor-
ward loop using CBX2, EZH2, 78 upregulated TFs, and 24 downregu-
lated miRNAs in LUAD. We obtained 20 regulators (6 miRNAs and
14 TFs) targeting EZH2 and 19 regulators (9 miRNAs and 10 TFs)
targeting CBX2. Among them, 5 TFs (E2F1, E2F3, SOX4, SOX9,
and FOXP3) and 5 miRNAs (miR-101-3p, miR-195-5p, let-7a-5p,
let-7c-5p, and miR-30d-5p) regulated both CBX2 and EZH2. This
may be the possible reason for the positive correlation between the
expression of CBX2 and EZH2 in LUAD. The experimental verifica-
tion of this part will be carried out in the future.

Through high-throughput sequencing, we found that CBX2 and
EZH2 bound to 11 PPAR signaling pathway genes and 14 TSGs to
add histone modification in the TSS regions of these target genes.
Among the CBX2 and H3K27me3 peaks identified by ChIP-seq,
6.4% of the CBX2 peaks overlapped with the H3K27me3 peaks.
This finding is consistent with published studies, suggesting that
PRC1 can be recruited to chromatin independently of PRC2 and
H3K27me3.7,8,19 One reason for this phenomenon is that, in addition
to CBX2, other CBX proteins also function as components of PRC1 to
bind to H3K27me3.4 Furthermore, the chromodomain in CBX pro-
teins can specifically recognize both H3K27me3 and H3K9me3.
Moreover, CBX proteins may regulate transcription independent of
the PRC1 complex. In addition, our data further indicated that the
binding of CBX2 and EZH2 to their common target genes and the
establishment and maintenance of H2AK119ub and H3K27me3
were mutually required. This finding is consistent with previous re-
ports showing that, for the common targets, EZH2 is needed for
the binding of some CBX proteins to chromatin and that loss of
H2AK119ub1 led to rapid dysregulation of PRC2 activity and the
loss of H3K27me3 deposition.25,26

The PPAR signaling pathway was the most significantly downregu-
lated pathway in LUAD, and among the 16 downregulated PPAR
signaling genes, 11 genes might be bound and regulated by CBX2
and/or EZH2. PPARG is the core regulator gene in PPAR signaling
pathway. Interestingly, PPARG showed an ambiguous functional
role in different cancers20 and appeared to be a driver in different
pathways,27 determining its role in LUAD is crucial, and may provide
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 679

http://www.moleculartherapy.org


Figure 7. The PPAR pathway suppresses the viability and invasion of LUAD cells

(A) Real-time quantitative RT-PCRwas performed to detect the knockdown effect of the PPARG siRNAs transfection. (B) MTT assays were used to detect the viability of cells

transfected with control or PPARG siRNAs. (C) Transwell assays were used to examine invasion of A549 cells transfected with the control or the PPARG siRNAs. The images

show one field under a microscope. The invaded cells were counted. Scale bar, 200 mm. (D) MTT assays were performed to detect the viability of cells transfected with the

indicated siRNAs. (E) Transwell assays were used to examine the invasion of A549 cells transfected with the indicated siRNAs. Scale bar, 200 mm. In (A-D), each bar in the bar

plots represents the mean ±SD of three independent biological replicates; *p % 0.05; **p % 0.01; ***p % 0.001 (Student’s t test). (F) Kaplan-Meier survival curve of OLR1

based on TCGA data. Tumor samples were grouped into high and low groups by the median expression of OLR1. (G) Kaplan-Meier survival curve of the combination of

CBX2, EZH2, and OLR1. Tumor samples were grouped into high and low groups by median expression of CBX2, EZH2, and OLR1.
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Figure 8. CBX2 knockdown enhances the therapeutic efficiency of tazemetostat

A549 cells transfected with control or CBX2 siRNAs were treated with DMSO or TAZ (200 nmol/L). (A) MTT assays were applied to examine the viability of the indicated cells

(n = 4). (B) Transwell assays were applied to detect the invasion of A549 cells (n = 3). The images represent one field under amicroscope. Scale bar, 200 mm. The invaded cells

were counted.
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more insight into the role of PPARG in cancer development. There-
fore, we focused on PPARG, which is one of the downstream genes
of CBX2 and EZH2, for functional experiments. In our study, we
confirmed the tumor suppressor role of PPARG in reducing cell
viability and inhibiting invasion. This finding is consistent with a
previous study showing that the activation of PPARG inhibits the
proliferation of cancer cells through changing the metabolic, ulti-
mately resulting in the arrest of cell cycle.28 We also confirmed that
PPARG is one of the functional downstream targets of CBX2/
EZH2, because PPARG knockdown partially rescues the phenotype
caused by CBX2 and EZH2 depletion.

In summary, through bioinformatic data mining and a series of
in vitro and in vivo studies, we revealed the role of CBX2 in promoting
growth and metastasis in LUAD, indicating that CBX2 is a new po-
tential therapy target. In addition, we found that CBX2 and EZH2
cooperatively promote the growth and metastasis of LUAD by adding
histone modifications on the promoter region of several PPAR
signaling pathway genes and TSGs, suggesting the potential clinical
application of developing CBX2 inhibitors in combination with
EZH2 inhibitors to treat LUAD. We further presented numerous
gene combinations as prognostic indicators of LUAD, which per-
formed well in the prognostic stratification of LUAD patients.
Together, the results of this study provide insights into the mecha-
nism of epigenetic regulation in LUAD progression, and identify
several predictors of prognosis as well as potential novel therapeutic
targets of LUAD.

MATERIALS AND METHODS
Differential expression analysis

The mRNA (576 samples, Illumina HiSeq level 3) sequencing data of
LUAD were collected from TCGA database. We quantified the gene
expression data by RSEM. The tumor samples (n = 58) with paired
adjacent normal samples (n = 58) were screened to perform a differ-
ential expression analysis. The NOISeq29 R package was used to
calculate the DEGs from the RNA-seq data of 58 tumor-normal
paired samples. The DEGs were identified with the thresholds false
discovery rate (FDR) <0.01, fold change R2 and counts per million
(CPM) >30. In addition, the gene expression profile was scaled by
row, and the heatmap was computed by the ComplexHeatmap30

R package. In addition, we relaxed the threshold of fold change
R1.5 to identify the DEGs targeted by both CBX2 and EZH2.

Survival analysis

TCGA survival data of LUAD were collected from the literature,31

which provides four major clinical outcome endpoints and a summary
of the endpoint usage recommendations for each cancer type. The pro-
gression-free interval (PFI) survival data of LUAD passed all tests in
this study,31 and LUAD is a very aggressive cancer type; thus, five-
year PFI survival data were extracted to analyze LUAD patient survival
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in this study. The univariate Kaplan-Meier (log rank test) andmultivar-
iate Cox analyses were performed to determine the independent risk
characteristics. In detail, the gene expression data and the clinical
data were merged through the TCGA sample barcode. Then, for single
gene survival analysis, according to the median expression of a specific
gene, the samples were classified into two groups (high and low expres-
sion). In the survival analysis that combines multiple genes’ expression,
first, the samples were classified into two groups according to the me-
dian expression of each gene; second, the samples were filtered depend-
ing on the gene function hypothesis. For example, CBX2 and EZH2
were both upregulated in LUAD and may function together as onco-
genes; therefore, samples with both EZH2 and CBX2 highly expressed
were included in the EZH2High/CBX2High group, and the EZH2Low/
CBX2Low group was defined similarly. In the univariate survival anal-
ysis, the log rank test compared the survival differences between two
groups. In multivariate survival analysis, a Cox regression model,
including objective variable (such as CB�2 expression) and other co-
variates (TNM stage, smoking years, metastasis, and mutation of
KRAS and EGFR), was constructed. The hazard ratios and 95% confi-
dence intervals of these variables were estimated to quantify the
strength of these associations. A p <0.05 was considered indicative of
a significant independent prognostic predictor. The R package survival
was implemented to perform survival analysis, and package survminer
was used to draw the survival curves.

Immunohistochemistry and analysis

As we previously described,32 microarrays containing LUAD and
adjacent normal tissue (HLugA150CS02) were obtained from
Shanghai Outdo Biotech (Shanghai, China). Tissue sections were
observed and scored by an investigator blinded to the clinicopatho-
logic data. Paraffin-embedded tissue microarrays were deparaffinized
using xylene and rehydrated through a graded alcohol series. Antigen
was retrieved in 5 mM citrate buffer (pH 6.0) at a sub-boiling temper-
ature for 10 min. After inactivating endogenous peroxidase using 3%
H2O2 solution in methanol for 10min at room temperature, the tissue
microarrays were blocked with goat serum, followed by incubation
with anti-EZH2 or anti-CBX2 antibodies. Then, the tissue microar-
rays were incubated with a biotin-conjugated secondary antibody
and streptavidin-biotin-peroxidase. Diaminobenzidine was used as
a chromogenic substrate to visualize the proteins. Finally, the tissue
microarrays were counterstained with hematoxylin and examined
under a microscope.

For the data obtained from immunohistochemistry, the percent pos-
itive rate was scored as follows: 1, <25%; 2, 25%–50%; and 3, R50%.
The expression score was calculated by multiplying the positive rate
by the staining intensity (the median was used when the staining in-
tensity was a range value; for instance, we used 0.75 to represent a
range of 0.5–1) to represent the protein expression levels.

Cell line authentication, culture, inhibitor treatments, and

transfections

As we previously described,32 A549 and H1299 cells were obtained
from the National Infrastructure of Cell Line Resource (Shanghai,
682 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
China). The cells were cultured in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum (HyClone, Logan,
UT, USA) at 37�C in a humidified atmosphere with 5% CO2. The
cell lines were authenticated by an examination of their morphology
and growth characteristics. All the cell lines were confirmed to be my-
coplasma-free. For siRNA transfections, according to the manufac-
turer’s standard protocol, Lipofectamine 2000 was used to transfect
30 nM siRNAs into 106 cells. The detailed methods of the cell viability
assay, apoptosis assay, EdU incorporation assay, and migration assay
are presented in the supplemental information.

Animal experiments

Statement: all procedures involving animals were approved by the
Institutional Animal Care and Use Committee of Tianjin Medical
University and were conducted in accordance with the NIH’s Guide
for the Care and Use of Laboratory Animals (eighth ed., National
Academies Press, 2011).

CBX2 single guide RNA (sgRNA) or control sequences were cloned
into pLentiCRISPRv2 vectors, and then lentiviruses expressing
sgRNAs and Cas9 were packaged and used to infect A549 cells. As
we previously described,32 lung tumors derived from control A549
cells or A549 cells expressing CBX2 sgRNAs were transplanted into
female athymic nude mice (BALB/c, Charles River; between five
and six weeks of age; six mice per group). Tumors were measured us-
ing a vernier caliper over a period of four weeks, and tumor volumes
were calculated according to the following formula: V = p/6� length
� width2. Tumor volumes were examined by an investigator blinded
to the experiment procedure. Mice in which tumors did not form
were removed from this study. Tumors were observed in all mice in-
jected with A549 cells. Mice were sacrificed at 23 days post injection.
Tumors were then excised and imaged.

To investigate LUAD metastasis in vivo, normal A549 cells or A549
cells stably expressing CBX2 sgRNAs were transduced with lentiviral
vectors carrying the luciferase expression cassette. These cells were
separately injected into six-week-old female SCID mice via the lateral
tail vein. The metastasis of tumor cells was monitored weekly by a
bioluminescence imaging system (Xenogen). The bioluminescence
analysis was performed by a technician blinded to the subgroup
allocations.

Antibody sources

The following antibodies were used: anti-CBX2 (A302-524A) from
Bethyl Laboratories. (Montgomery, TX, USA); anti-EZH2
(ab191250) and anti-H3K27me3 (ab6002) from Abcam (Cambridge,
MA, USA); anti-E-cadherin (610,404), anti-N-cadherin (610,921),
and anti-a-catenin (610,194) from BD Biosciences (Franklin Lakes,
NJ, USA); anti-Vimentin (SC32322), anti-b-catenin (SC7963), and
anti-g-catenin (SC33634) from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); and anti-H2AK119ub (ABE569) and anti-b-actin
(A1978) from Sigma-Aldrich (St. Louis, MO, USA). Horseradish
peroxidase-conjugated secondary antibodies (sc-2030 and sc-2031)
were obtained from Santa Cruz Biotechnology.
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ChIP and ChIP-seq

The ChIP experiments were performed as previously described.33,34

Briefly, A549 cells were washed with PBS twice and crosslinked with
1% formaldehyde for 10 min. Then, cells were rinsed with ice-cold
PBS twice and collected. Cells were collected and resuspended in
lysis buffer (50 mM Tris-HCl [pH 8.1], 10 mM EDTA, 1% SDS,
1� protease inhibitor cocktail), and sonicated for 10 cycles at the
maximum amplitude using a water bath sonicator (Diagenode)
before centrifugation for 10 min. Then, immunoprecipitation was
performed using antibodies against CBX2, EZH2, H2AK119ub,
and H3K27me3 or non-specific IgG as the negative control. The
eluted DNA fragments were purified using a DNA purification kit
(QIAquick Spin Kit; Qiagen, Valencia, CA, USA) and subjected to
PCR or sent to BGI-Shenzhen (Shenzhen, China) for deep
sequencing.33

ChIP-seq data analysis

Using Bowtie (version 1.0.1), millions of reads generated by the
ChIP-seq of CBX2 and H3K27me3 (GEO: GSE75903) were aligned
with the human reference genome (version GRCh38), and non-
uniquely mapped reads were excluded. Then, MACS2 (version
2.1.0)35 was subsequently used to detect the genomic regions
(namely, peaks) enriched with multiple overlapping DNA frag-
ments. The positive binding sites were extracted using the FDR (cut-
off: 1 � 10�3) estimated by MACS2, which was defined to compare
the peaks obtained from the treated and control samples. The peak
intersection analysis was performed by the intersectBed function of
BEDtools (version 2.25.0), which was applied to identify overlaps
between the H3K27me3 and the CBX2 peaks and between the
H3K27me3 or CBX2 peak summits and the TSS regions (TSS-8 kb
� TSS+2 kb). In all analyses, a 1 bp intersection was considered a
peak overlap. A gene was considered a target of H3K27me3
or CBX2 when its peak summit overlapped with the TSS region
(GENCODE version 21) of at least one transcript of the gene.
Then, deepTools (version 3.0.2) was used to generate the ChIP-
seq profiles around the TSS regions through calculating the average
coverage at each position. Finally, the data were visualized with the
UCSC Genome Browser.36 The ChIP-seq data of CBX2 in A549 cells
were deposited in the NGDC (National Genomics Data Center)
database under accession number CRA001102.
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