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EZH2 mutation is associated

with the development of visceral metastasis
by enhancing proliferation and invasion

and inhibiting apoptosis in breast cancer cells

Fan Wu'2", Nani Li'", Xiufeng Wu?, Mulan Chen', Weiwei Huang'?, Xinhua Chen', Yi Hong', LiliWang', Kan Chen',
Lin Lin', Minjin You' and Jian Liu'""

Abstract

Background The prognosis of breast cancer patients with visceral metastasis (VM) is significantly worse than that of
patients without VM. We aimed to evaluate EZH2 (enhancer of zeste homolog 2) mutation as a biomarker associated
with VM.

Methods Data from forty-nine patients with metastatic breast cancer (MBC) pathologically confirmed at our hospital
between March 2016 and September 2018 were collected. Metastatic tissue samples were obtained via ultrasound-
guided needle biopsy, and paired peripheral blood samples were also collected. Tissue and blood samples were
subjected to targeted next-generation sequencing via a 247-gene panel. Stably transfected MDA-MB-231 cells
expressing wild-type EZH2 (EZH2"T) or a mutant form of EZH2 (EZH2°°R) were generated. Cell proliferation, colony
formation ability, migration and invasion abilities and apoptosis were assessed using CCK-8 assays, plate colony
formation assays, Transwell chamber assays and flow cytometry.

Results The incidence of EZH2 mutations in the VM subgroup was greater than that in the non-VM subgroup in the
entire cohort (n=49, 42.3% vs. 13.0%, p=0.024) and in the triple-negative breast cancer (TNBC) subgroup (n =20,
50.0% vs. 10.0%, p=0.05). Patients carrying EZH2 mutations had a significantly greater risk of developing VM than did
those in the non-EZH2 mutation group in the entire cohort (HR 2.9) and in the TNBC subgroup (HR 6.45). Multivariate
analysis revealed that EZH2 mutation was an independent prognostic factor for VM (HR 2.99, p=0.009) in the entire
cohort and in the TNBC subgroup (HR 10.1, p=0.006). Data from cBioPortal also showed that patients with EZH2
mutations had a significantly greater risk of developing VM (HR 3.1), and the time to develop VM was significantly
earlier in the EZH2 mutation group (31.5 months vs. 109.7 months, p=0.008). Multivariate analysis revealed that EZH2
mutation (HR 2.73, p=0.026) was an independent factor for VM after breast cancer surgery. There was no correlation
between EZH2 mutations and BRCA1/2 mutations. Most of the patients (81.8%) in our cohort who developed VM
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EZH2"T group.

cells.

carried the “c.1544A > G (p.K515R)" mutation. Compared with EZH2"T MDA-MB-231 cells, EZH2*°"*" MDA-MB-231 cells
had greater colony formation rates (p <0.01), greater migration and invasion rates (p <0.001), and lower apoptosis
rates (p < 0.01). The proportion of S+ G2/M phase cells in the EZH2*"f group was significantly greater than that in the

Conclusions EZH2 mutation is associated with VM development in breast cancer patients. The EZH2"°R mutation
leads to VM and a poor prognosis by enhancing proliferation and invasion and inhibiting apoptosis in breast cancer

Keywords EZH2 mutation, Visceral metastasis, Breast cancer, Targeted next-generation sequencing

Introduction

Breast cancer remains the most common malignant
tumor in women worldwide [1]. The prognosis of MBC
patients with visceral metastasis (VM) is significantly
worse than that of patients without VM (non-VM) [2-4].
The breast cancer-specific survival (BCSS) and overall
survival (OS) rates of patients with VM are significantly
lower than those of patients without VM. However, the
mechanism of VM in breast cancer is unclear. Further
understanding of the biological processes involved in the
development of VM in breast cancer will help researchers
better understand the heterogeneity of breast cancer and,
more importantly, could be of clinical value for distin-
guishing different subgroups of patients who may benefit
from tailored treatment.

EZH2 is a cancer-related gene with histone meth-
yltransferase activity and is the key catalytic subunit
of polycomb repression complex 2 (PRC2). PRC2 is
an important epigenetic regulator that is mainly com-
posed of four core proteins, EZH2, EED, SUZ12 and
RbAp46/48, which play important roles in the occurrence
and development of breast cancer [5]. EZH2 can induce
trimethylation of lysine 27 of histone H3 (H3K27me3) in
a classic PRC2-dependent manner and promote the for-
mation of heterochromatin to silence genes associated
with tumor occurrence, progression and maintenance
of stem cell characteristics. EZH2 can also exert tran-
scriptional activation in a PRC2-independent manner.
In recent years, epigenetic regulation of EZH2 has been
found to be closely related to the MAPK signaling path-
way. Inhibiting H3K27 methylation can lead to abnor-
mal activation of the kinase MAPK signaling pathway,
confirming the interaction between epigenetic regula-
tion and the cellular phosphorylation signaling network
[6, 7]. EZH2 can also engage TGFp signaling to promote
breast cancer bone metastasis via integrin p1-FAK acti-
vation [8]. Downregulation of EZH2 through siRNAs and
shRNAs or through signaling pathways involving EZH2
can inhibit the proliferation and growth of tumors. High
expression of EZH2 in breast cancer cells is associated
with increased invasiveness and a poor prognosis and is
an independent predictor of the development of metas-
tases [9, 10].

However, the role of EZH2 mutation in breast cancer is
unclear. Previous studies on EZH2 mutations have mostly
focused on hematological tumors [11]. With the develop-
ment of genomics and sequencing technology, targeted
next-generation sequencing (targeted NGS) has become
widely used for screening cancer biomarkers for preci-
sion medicine [12—14]. In this study, we evaluated EZH2
mutation as a biomarker associated with VM in breast
cancer by comparing tissue and blood samples from VM
and non-VM MBC patients through targeted NGS. We
collected data on 1,392 patients with breast cancer from
the cBioPortal datasets to further evaluate whether EZH2
mutation was an independent prognostic factor for VM
in primary breast cancer patients via multivariate analy-
sis. Subsequently, we explored the preliminary mecha-
nism by which EZH2 mutation leads to increased cell
invasion and metastasis in vitro.

Methods

Patient selection

We collected samples from 231 MBC patients pathologi-
cally confirmed at our hospital between March 2016 and
September 2018. Sixty-six patients were enrolled con-
secutively according to the following inclusion criteria:
(I) underwent a biopsy of the metastatic site, and paired
peripheral blood was collected as a normal control; (II)
the interval between biopsy and subsequent treatment
was shorter than 1 week; and (III) tissue and blood sam-
ples were tested by targeted next-generation sequencing
of a 247-gene panel from Annoroad Gene Tech. (Bei-
jing) Co. Seventeen patients were subsequently excluded
based on the following exclusion criteria: (I) patients
with prior or concomitant malignancies; (II) patients
who failed to follow-up during the therapeutic process;
and (III) patients whose treatment before metastasis was
not standardized according to the current guidelines.
For example, standard chemotherapy or radiotherapy
was not performed, the number of chemotherapy cycles
was insufficient, or anti-HER2 targeted therapy was not
administered to patients with the HER2-positive subtype
(Fig. 1).
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assessed for eligibility

Y

17 excluded
1 with prior non-small cell lung cancer
8 lost to follow-up during the study

8 not received standard prior therapy

49 patients enrolled

Fig. 1 The flow chart of patient selection process

Sample collection

Tissue samples of metastatic tissue were obtained by
ultrasound-guided needle biopsy and preserved in
formalin for pathological and immunohistochemical
detection or in RNAsafer stabilizer reagent (R0424-02,
OMEGA) for targeted NGS analysis. For those whom
with only bone metastasis, CT-guided biopsy was used to
obtain metastatic tissue. For whom with brain metasta-
sis, tissue samples of extracranial metastatic tissue were
obtained by ultrasound-guided needle biopsy. Paired
peripheral blood samples were collected and preserved
in blood collection tubes (Streck Cell-Free DNA BCT).
ER- and PR-positive status was defined as the presence
of >1% tumor cells with nuclear staining within invasive
breast carcinoma. One patient with ER-negative and PR
2% weakly positive was defined as hormone receptor-
negative. HER2 positivity was defined either by protein
overexpression as defined by immunohistochemical score
(IHC) 3+or equivocal protein expression (IHC 2 +), with
evidence of HER2 gene amplification by fluorescence in
situ hybridization (FISH) in accordance with the Ameri-
can Society of Clinical Oncology/College of American
Pathologists guidelines [15-17].

Construction of stably transduced mutant cell lines

We constructed an EZH2 wild-type vector (pcSLenti-
EF1-EGFP-P2A-Puro-CMV-EZH2-3xFLAG-WPRE) and
used a QuikChange Site-Directed Mutagenesis Kit (Strat-
agene) point mutation kit to construct an EZH2-K515R
mutation vector (pcSLenti-EF1-EGFP-P2A-Puro-CMV-

EZH2C.1544 A>G-3xFLAG-WPRE), and the mutation
site was verified by Sanger sequencing. PCR was per-
formed on 200 bp near the mutation site of the genomic
DNA, and the PCR products were detected by agarose
gel electrophoresis. MDA-MB-231 cells were transduced
with lentiviral particles to overexpress mutant EZH2-
K515R (EZH2R group), wild-type EZH2 (EZH2WT
group), or the empty vector in tandem with EGFP (con-
trol group). After the initial transduction, stably trans-
fected EZH2"°"*® and EZH2%T MDA-MB-231 cells were
screened and selected through puromycin resistance.

Cell proliferation was detected using a Cell Counting
Kit-8 (CCK-8) assay (40203ES76, Yeasen). A plate colony
formation assay (3516, Corning) was used to detect the
colony-forming ability of the MDA-MB-231 cells. Tran-
swell chambers (3422, Corning and 356234, Corning)
were used to detect cell migration and invasion ability.
Flow cytometry (FCM) was used to analyze cell apopto-
sis (KGA1026, Keygen and C1052, Beyotime). The above
experiments were performed according to the manufac-
turers’ instructions.

Targeted next-generation sequencing

The methods and process of targeted next-generation
sequencing were previously described in our previous
manuscript [18]. In brief, we collected metastatic tissue
from patients and peripheral blood ctDNA as a normal
control for analysis through targeted NGS. The library
was assayed and captured 247 target sequence hotspots
in key genes closely related to tumor detection.
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Clinicopathological review

Patients were generally assessed every 2 cycles during
treatment and then every 3 months after completing
treatment to assess drug efficacy. Patient data, including
medical history, concurrent diseases, age at diagnosis,
surgical information, pathological evaluation, and imag-
ing findings were retrieved. Efficacy evaluation was based
on imaging according to RECIST 1.1. The last follow-up
visit was in June 2023 and the median follow-up was 40
months. The primary endpoint was visceral metastasis-
free survival (VMES), defined as the length of time after
primary treatment for a cancer, at which point the patient
survived without any signs or symptoms of VM. And dis-
ease-free survival (DFS) was defined as the length of time

Table 1 Clinicopathologic characteristics of the patients

Characteristics EZH2 P
Mutation No muta-
(n=14) tion (n=35)
Median age (range), years 55(49-70) 50(32-59) 0.521
Type of histology 0312
Ductal 14 31
Lobular 0 4
ER/PR 0928
ER or PR positive 7 18
ER and PR negative 7 17
HER2 0914
Positive 3 8
Negative M 27
Subtype 0.976
Luminal 7 18
HER2-positive 1 3
TNBC 6 14
Grade 0.588
1/2 6 18
3 8 17
Metastatic sites 0.015
(visceral vs. non-visceral)
Visceral 11 15
Lung 5 8
Liver 8 7
Brain 1 2
Non-visceral 3 20
Bone 0 7
Chest wall 1 5
Lymph node 3 16
Non-targeted treatments 0917
Endocrine 7 18
Chemotherapy 11 30
HER2-targeted treatments 0.997
Monoclonal antibody 3 8
TKI 2 5
Monoclonal antibody +TKI 2 5

ER: Estrogen Receptor; PR: Progesterone Receptor; HER2: Human Epidermal
Growth Factor Receptor 2; TKI: Tyrosine Kinase Inhibit
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after primary treatment for a cancer ends that the patient
survives without any signs or symptoms of that cancer
[19].

Statistical analysis

Statistical analysis of clinicopathologic data was per-
formed using a two-tailed Student’s t test for continuous
variables and Fisher’s exact test for categorical variables.
Pvalues<0.05 were considered to indicate statistical
significance. K-M survival curves were used to analyze
patient survival. Multivariate analysis was performed
to identify factors related to PFS using a Cox propor-
tional hazards model. The variables included menstrual
status, primary stage, ER/PR status, HER2 status, and
EZH?2 mutation status. Variables with p<0.05 in the uni-
variate analysis were included in the multivariate analy-
sis. All analyses were performed using SPSS 21.0 (IBM,
Armonk, NY, USA) and visualized with GraphPad Prism
9.3.0 (GraphPad Software, Inc) and R software v4.0.3 (R
Core Team). Based on the formula for investigating the
sample size by population rate m, n= (Ua/8)*(1-P) P, we
set a=0.05, Ux=1.96, and §=0.05, where P is the sam-
ple rate. According to previous studies, the frequency of
EZH?2 mutations in breast cancers is approximately 1-3%
[20-22]. Thus, we estimated the sample size to be 44
patients, the dropout rate was 10%, and 49 patients were
ultimately enrolled.

Expanded information regarding EZH2 mutations and
patient survival time in breast cancer patients was down-
loaded from cBioPortal, an open access database that is
available at http://www.cbioportal.org [23, 24]. Using
the Breast Cancer dataset (MSK, Cancer Cell 2018), data
from the targeted sequencing of tumor/normal sample
pairs from 1,918 breast cancer patients were retrieved.

Results

EZH2 mutation was an independent prognostic factor for
VM in the whole patient cohort and in the TNBC subgroup
There were 20 TNBC patients, 25 luminal patients and
4 HER2-positive patients. EZH2 mutation was associ-
ated with VM (p=0.015) but was not associated with age,
type of histology, ER or PR status, HER2 status, subtype,
tumor grade, or treatment regimen (Table 1). In the whole
patient cohort (#=49), the incidence of EZH2 mutations
in the VM group (11/26=42.3%) was significantly greater
than that in the non-VM group (3/23=13.0%) (p=0.024).
For different subtypes of breast cancer, the incidence of
EZH2 mutations in the VM subgroup (5/10=50.0%) was
greater than that in the non-VM subgroup (1/10=10.0%)
(p=0.05) in the TNBC subtype but not in the HER2-posi-
tive or luminal subtype (p>0.05). Patients carrying EZH2
mutations had a significantly greater risk of develop-
ing VM (HR 2.9, 95% CI 1.1-7.5) and shorter VMES (22
months vs. 50 months, log-rank p=0.005) than patients
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Fig. 2 EZH2 mutation is associated with the development of visceral metastasis. (A) Patients carrying EZH2 mutations had a significantly shorter VMFS
(22 months vs. 50 months, p=0.005) than patients without EZH2 mutations. (B) Patients carrying EZH2 mutations had a significantly shorter VMFS (10
months vs. unreached, p=0.001) than patients without EZH2 mutations in the TNBC subtype. (C) DFS time of patients with EZH2 mutations was signifi-
cantly shorter than that of patients without EZH2 mutations (26.9 months vs. 52.7 months, p=0.029) in 1,392 patients from cBioPortal. (D) VMFS was
significantly shorter in the EZH2 mutation group than that of patients without EZH2 mutations (31.5 months vs. 109.7 months, log-rank p=0.008) in 1,392

patients from cBioPortal

without EZH2 mutations (Fig. 2A). In the TNBC sub-
type, we also found that patients with EZH2 mutations
had a significantly greater risk of developing VM (HR
6.45, 95% CI 1.1-37.9) and shorter VMFS (10 months
vs. unreached, log-rank p=0.001) than patients with-
out EZH2 mutations (Fig. 2B). Cox multivariate analysis
revealed that EZH2 mutation (HR 2.99, p=0.009) were
independent prognostic factors for VM after breast can-
cer surgery (Table 2). In the TNBC subtype, multivariate
Cox analysis also revealed that EZH2 mutation (HR 10.1,
p=0.006) was an independent prognostic factor for VM
(Table 3).

EZH2 mutation was an independent prognostic factor for
VM in a dataset from the cBioPortal

We collected complete follow-up data for 1,392 patients
with early breast cancer (stage 1-3) from cBioPortal

(dataset MSK, Cancer Cell 2018) to verify our results.
The results also showed that the DFS time of patients
with EZH2 mutations was significantly shorter than that
of patients without EZH2 mutations (26.9 months vs.
52.7 months, log-rank p=0.029) (Fig. 2C). Patients with
EZH?2 mutations had a significantly greater risk of devel-
oping visceral metastases (HR 3.1), and the VMFS was
significantly shorter in the EZH2 mutation group (31.5
months vs. 109.7 months, log-rank p=0.008) (Fig. 2D).
With menopausal status, ER status, PR status, HER2 sta-
tus, TNM stage of the primary disease, and EZH2 muta-
tion status as prognostic indicators, multivariate Cox
regression analysis revealed that ER negativity, stage III
status, and EZH2 mutation status (HR 2.73, p=0.026)
were independent factors for the occurrence of VM after
breast cancer surgery (Table 4).
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Table 2 Risk factor for VM in 49 MBC

Factors Univariate analysis Multivariate analysis
HR 95% Cl p HR 95% ClI p

Menstrual status

Post vs. pre 0.94 0.45-1.99 0.878 0.45 0.16-1.24 0.121
ER

Negative vs. Positive 1.54 0.73-3.21 0.254 1.60 0.64-4.02 032
PR

Negative vs. Positive 1.09 0.50-2.38 0.837 1.93 0.68-5.48 0.215
HER2

Positive vs. negative 1.64 0.66-4.06 0.283 1.07 0.23-5.00 0.934
Subtype

Luminal vs. TNBC 0.70 0.30-1.64 0411 044 0.12-1.61 0.215

HER2-positive vs. TNBC 0.81 0.10-6.51 0.843 0.94 0.06-13.82 0.965
Primary Stage

s, 224 0.73-6.91 0.160 2.07 0.61-6.95 0.241

lllvs. | 138 0.62-3.07 0427 225 0.90-5.67 0.084
EZH2 mutation
With vs. without 263 1.26-548 0.010 299 1.31-6.79 0.009

Table 3 Risk factor for VM in 20 TNBC subtype

Factors Univariate analysis Multivariate analysis
HR 95% Cl p HR 95% Cl p

Menstrual status

Post vs. pre 127 0.31-5.16 0.735 0.59 0.13-2.78 0.508
Primary Stage

s | 3.04 0.59-15.7 0.184 1.21 0.15-9.52 0.857

s, | 178 0.36-8.86 0480 033 0.04-2.46 0.279
EZH2 mutation

With vs. without 15.11 2.19-104.14 0.006 10.1 1.92-52.8 0.006

Table 4 Risk factor for VM in primary breast cancer from cBioPortal

Factors Univariate analysis Multivariate analysis

HR 95% Cl p HR 95% Cl p
Menstrual status
Post vs. pre 093 0.75-1.15 0482 0.84 0.67-1.05 0.121
peri vs. pre 0.89 0.57-1.39 0.597 0.95 0.60-1.51 0.832
ER
negative vs. Positive 147 1.10-1.97 0.010 171 1.24-2.36 0.001
PR
negative vs. Positive 1.36 1.09-1.70 0.008 118 0.89-1.57 0.250
HER2
Positive vs. negative .11 0.79-1.56 0.545 0.97 0.69-1.38 0.881
Primary Stage
llvs. | 1.22 0.95-1.96 0.119 1.26 0.96-1.65 0.093
s | 1.39 1.06-1.81 0.016 1.34 1.01-1.77 0.046
EZH2 mutation
With vs. without 3.09 1.28-7.48 0.012 2.73 1.13-6.62 0.026
Relationship of EZH2 mutation and BRCA1/2 mutation luminal type, and 1 had the HER2-positive type. Among

We found that 9 out of 49 patients had BRCA1/2 muta-  the 6 patients with BRCA2 mutations, 5 had the luminal
tions (3 with only BRCA1 mutations, 4 with only BRCA2  type, and 1 was HER2 positive. Interestingly, we did not
mutations, and 2 with both BRCA1l and 2 mutations). find that TNBC patients in our cohort carried BRCA1 or
Most BRCA mutations were of the luminal type (8/9). BRCA2 mutations.

Among the 5 patients with BRCA1 mutations, 4 had the
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We also analyzed the correlation between EZH2 muta-
tions and BRCA1 and BRCA2 mutations in our cohort,
and the results revealed no correlation between EZH2
mutations and BRCA1 mutations (OR=1.78, 95% CI
0.26-11.98, p=0.616) and no correlation between EZH2
mutations and BRCA2 mutations (OR=2.91, 95% CI
0.51-16.59, p=0.334) (Table S1). We also performed fur-
ther analysis of the Breast Cancer dataset (MSK, Cancer
Cell 2018, http://www.cbioportal.org). We found no cor-
relation between EZH2 mutations and BRCA1 or BRCA2
mutations (p>0.05) (Table S2).

There were no differences between the EZH2 muta-
tion rate and the BRCA1/2 mutation rate in any patient
cohort (p=0.233), luminal subtype (»p=0.758) or HER2-
positive subtype (p=1.0), but the rate of EZH2 mutation
was higher than that of BRCA1/2 mutation (p=0.003).
Owing to the presence of both EZH2 and BRCA muta-
tions in some patients in our cohort, we also analyzed the
differences in the incidence of EZH2/BRCA comutations
among different subtypes. We found that the incidence
of EZH2/BRCA comutations was 8.2% in 49 patients.
Among these subtypes, the luminal subtype accounts
for 12% (3/25), the HER2-positive subtype accounts for
25% (1/4), and the TNBC subtype accounts for 0% (0/20).
There was no significant difference in the EZH2/BRCA
comutation rate between the luminal- and HER2-positive
groups (12% vs. 25%, p=0.467). Compared with lumi-
nal patients, TNBC patients had a lower EZH2/BRCA
comutation rate (0% vs. 12% unilateral p=0.109), but the
difference was not statistically significant due to sample
size. Compared with that in the HER2-positive group, the
EZH2/BRCA comutation rate was lower in the TNBC
group (0% vs. 25% unilateral p=0.022). These results sug-
gest that BRCA/EZH2 comutations occur less frequently
in TNBC. Combined with the aforementioned results,
there is no correlation between EZH2 mutations and
BRCA mutations, suggesting that EZH2 mutations and
BRCA mutations in TNBC may be mutually exclusive,
which requires further validation with larger sample sizes
(Table 5).

Table 5 Rates of EZH2 mutations, BRCA1/2 mutations, and EZH2
and BRCA1/2 comutations

N EZH2 BRCA1/2 P EZH2 and
mutation mutation BRCA1/2 co-
(%) mutations(%)
All 49 14 (29) 9(18) 0233 4(82)
Luminal 25 7(28) 8(32) 0.758 3(12)
HER2-positive 4 1(25) 1(25) 1.000 1(25)
TNBC 20 6(30) 0(0) 0.003  0(0)
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The EZH2%°">R mutation leads to VM by enhancing
proliferation and invasion and inhibiting apoptosis
Among the 49 MBC patients, 14 patients carried
EZH2 mutations, and 78.6% (11/14) developed VM.
Most patients who developed VM (81.8%, 9/11) had
“c.1544A>G (p.K515R)” point mutations. In this study,
we constructed a lentiviral vector for stably transduced
MDA-MB-231 cells (EZH2¥" and EZH2X°®R). The
CCK-8 cell proliferation assay showed that the cell pro-
liferation rates of the EZH2X°R and EZH2¥T groups
were decreased at 48 h and 72 h compared with those
of the control group (p<0.001), but there was no differ-
ence in the cell proliferation rate between the EZH2K15R
and EZH2YT groups. A plate colony formation assay
showed that the EZH2*'*R group had a greater colony
formation rate than did the EZH2YT group (p<0.01).
Transwell chamber migration and invasion experi-
ments showed that the EZH2X'*R group had greater
migration (p<0.001) and invasion (p<0.001) than the
EZH2YT group. The flow cytometry results showed that
the EZH2"*!*R group had a lower apoptosis rate than the
EZH2YT group (p<0.01). The EZH2*"R group had a
greater proportion of cells in the S phase (p<0.001) and
G2/M phase (p<0.01) and a lower proportion of cells
in the G1/GO phase (p<0.001) than did the EZH2WT
group (Fig. 3). The proportion of S+G2/M phase cells
in the EZH2**!*R group (40.86+0.86%) was significantly
greater than that in the EZH2YT group (36.631+0.56%)
(p=0.002).

Discussion

Since VM is associated with a poor prognosis, previous
studies have been conducted to explore the factors and
mechanisms associated with VM. Patients with patho-
logical ER-negative, HER2-positive and grade 3 tumors
have an increased risk of developing VM [25, 26]. The
ESR1 mutation may be associated with VM in estrogen
receptor-positive MBC [27]. A specific fourteen-gene
expression signature has been identified as an indepen-
dent prognostic factor for the development of VM in pri-
mary breast cancer [28].

In this study, we found that EZH2 mutation was an
independent prognostic factor for VM by targeted NGS,
and the results were further verified through a data-
set from cBioPortal. The function of EZH2 mutations
depends on the type of cancer, for example, gain-of-
function in lymphomas and loss-of-function in medul-
loblastoma and bladder and renal cancers [29, 30].
Previous studies on the role of EZH2 mutation in breast
cancer are rare. EZH2 rs6950683 and rs3757441 SNPs
(TC+CC genotype) have been shown to be related to
the tumor size of TNBC patients under 60 years of age
[31]. The EZH2X°15R mutation is located in exon 13 of the
EZH2 gene. This region is an important site for EZH2 to
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The cell functions in stably transduced MDA-MB-231 cells (EZH2"T and EZH21°R),

(A, B) The cell proliferation rates of the EZH2'"f and EZH2"T groups were decreased at 48 h and 72 h compared with those of the control group
(p<0.001), but there was no difference in the cell proliferation rate between the EZH2"* and EZH2"T groups.

(C, D) The EZH2**"*R group had a greater colony formation rate than the EZH2T group (p<0.01).

(E, F) The EZH2*°"*R group had greater migration rate than the EZH2" group (p < 0.001).

(G, H.) The EZH2""R group had a greater invasion rate than the EZH2"T group (p<0.001).

(I, J) The EZH2*°"*R group had a lower apoptosis rate than the EZH2"T group (p < 0.01). The EZH2®"*F group had a greater proportion of cells in the S
phase (p<0.001) and G2/M phase (p<0.01) and a lower proportion of cells in the G1/G0 phase (p <0.001) than did the EZH2"T group.

interact with its positive regulatory factor CDYL. There-
fore, the EZH2*!°R mutation may lead to important
functional changes in EZH2. Our results indicate that,
compared with EZH2VT, the EZH2X*1°R mutation even-
tually leads to VM and a poor prognosis in TNBC cells
by enhancing proliferation and invasion and inhibiting
apoptosis in vitro. The molecular mechanism may be
that the EZH2X°1*R mutation silences the expression of
certain genes by inducing H3K27me3, and further study
is underway to shed light on the potential of EZH2 as a
therapeutic target.

The in vitro results showed that EZH2WT and
EZH2X°1R TNBC cells appeared to have lower inva-
sion and metastatic abilities than control TNBC cells. In
most previous studies, overexpression of EZH2 indicated
increased invasiveness and a poor prognosis in patients
with breast cancer [8, 32, 33]. However, EZH2 expression
seems to play a different role in TNBC subtypes than in
other subtypes [31]. We analyzed the correlation between
high EZH2 expression and the prognosis of patients with
each subtype of breast cancer using a database (https://
kmplot.com/analysis/) (Figure S1). The results showed
that the RFS (relapse-free survival) (p=3.4X10E-7) and
OS (overall survival) (p=1.4X%10E-5) rates of high-EZH2

patients were shorter than those of low-EZH2 patients in
the whole breast cancer cohort. However, in the TNBC
subtype, the RFS (p=0.0051) and OS (p=0.0037) rates
of high-EZH?2 patients were greater than those of low-
EZH2 patients. In the HER2-positive subtype, the RFS
(p>0.05) and OS (p>0.05) rates of the high-EZH2 sub-
group were not significantly different from those of the
low-EZH2 subgroup. Only in the Luminal subtype were
the RFS (p=7.6x10E-6) and OS (p=8.9x10E-9) rates
of high-EZH2 patients shorter than those of low-EZH2
patients. These results revealed that the prognosis of
patients with high EZH2 levels was significantly bet-
ter than that of patients with low EZH2 levels in TNBC.
Therefore, the results of our in vitro experiments with
the MDA-MA-231 TNBC cell line are consistent with
the clinical database results, showing that TNBC cells
with high EZH2 expression are less invasive than those
with low EZH2 expression. A previous study also showed
that EZH2 can inhibit RAS and MAPK in the RAS/RAF/
MEK/ERK pathway [34]. In addition, the expression of
EZH2 is greater in Brcal/BRCA2-deficient tumors than
in Brcal/2 wild-type tumors, and the high-expression
EZH2 group shows better platinum therapy sensitivity
(regardless of BRAC wild-type or BRACness) and a better
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prognosis in TNBC [35]. For now, both the genomic role
and the tumor suppressive role of EZH2 have been dem-
onstrated through distinct mechanisms in different can-
cer types and conditions [36]. Therefore, more research
is needed to investigate the relationship between EZH2
expression and TNBC.

(A, B.) the RFS (p=3.4x10E-7) and OS (p=1.4x10E-
5) rates of high-EZH?2 patients were shorter than those
of low-EZH2 patients in the whole breast cancer cohort.
(C, D.) In the TNBC subtype, the RFS (p=0.0051) and
OS (p=0.0037) rates of high-EZH2 patients were greater
than those of low-EZH2 patients. (E, F.) In the HER2-
positive subtype, the RFS (p>0.05) and OS (p>0.05)
rates of the high-EZH2 subgroup were not significantly
different from those of the low-EZH2 subgroup. (G, H.)
In the Luminal subtype, the RFS (p=7.6x10E-6) and OS
(p=8.9%x10E-9) rates of high-EZH2 patients were shorter
than those of low-EZH2 patients.

Interestingly, EZH2"*'*R seemed to attenuate the tumor
suppressor effect of EZH2VT in TNBC. Compared with
the EZH2WT strain, the EZH2X°!°R strain had a greater
colony formation rate, greater migration and invasion
rate, greater proportion of cells in the S+G2/M phase
and a lower apoptosis rate in the TNBC cell line MDA-
MB-231. One of the characteristics of triple-negative
breast cancer is that it is prone to VM [37]. Combining
the above clinical sample and in vitro cytology results,
we propose that an EZH2 mutation may promote the
occurrence of VM compared to patients without EZH2
mutations in TNBC. Therefore, it may be possible to spe-
cifically treat or even prevent the occurrence of VM in
TNBC patients with EZH2 mutations if we identify the
molecular mechanism by which EZH2 mutations lead to
VM, making this a research area that warrants further
exploration.

The current study has certain limitations. First, the
retrospective and observational nature of the study
may have resulted in missing data or possible recall and
information bias. Second, the patient sample size was
relatively small, and the results may have been unstable
during multivariate analysis. Finally, the molecular mech-
anism by which the EZH2**"*" mutation causes VM has
not yet been clarified, and we will elucidate this mecha-
nism in subsequent studies.

Conclusion

Our analysis of patient cohort data and a dataset from
cBioPortal revealed that EZH2 mutation is associated
with the development of VM in breast cancer through
the enhancement of proliferation, invasion, and anti-
apoptotic effects in vitro. However, further studies are
needed to elucidate the complex mechanism underlying
this phenomenon.
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BCSS Breast Cancer-Specific Survival
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