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Abstract

Uterine fibroids (UFs) are benign smooth muscle neoplasms affecting up to 70% of reproductive age women. Treatment of
symptomatic UFs places a significant economic burden on the US health-care system. Several specific genetic abnormalities have
been described as etiologic factors of UFs, suggesting that a low DNA damage repair capacity may be involved in the formation of
UF. In this study, we used human fibroid and adjacent myometrial tissues, as well as an in vitro cell culture model, to evaluate the
expression of MutS homolog 2 (MSH2), which encodes a protein belongs to the mismatch repair system. In addition, we deci-
phered the mechanism by which polycomb repressive complex 2 protein, EZH?2, deregulates MSH2 in UFs. The RNA expression
analysis demonstrated the deregulation of MSH2 expression in UF tissues in comparison to its adjacent myometrium. Notably,
protein levels of MSH2 were upregulated in 90% of fibroid tissues (9 of 10) as compared to matched adjacent myometrial tissues.
Human fibroid primary cells treated with 3-deazaneplanocin A (DZNep), chemical inhibitor of EZH2, exhibited a significant
increase in MSH2 expression (P < .05). Overexpression of EZH2 using an adenoviral vector approach significantly downregulated
the expression of MSH2 (P < .05). Chromatin immunoprecipitation assay demonstrated that enrichment of H3K27me3 in
promoter regions of MSH2 was significantly decreased in DZNep-treated fibroid cells as compared to vehicle control. These data
suggest that EZH2-H3K27me3 regulatory mechanism dynamically changes the expression levels of DNA mismatch repair gene
MSH2, through epigenetic mark H3K27me3. MSH2 may be considered as a marker for early detection of UFs.
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by endogenous repair enzymes, lessens the rate of mutagenesis
and strengthens the immune response to tumor cells.'* More-
over, knowledge of the DNA repair system in normal and
tumorigenic tissue may help predict and guide development
of effective nonsurgical treatment for UFs.

The mismatch repair (MMR) system recognizes and repairs
erroneous insertion, deletion, and misincorporation of bases that
can arise during DNA replication and recombination. Several
MutS homolog (MSH) proteins and other members including

Introduction

Uterine fibroids (UFs) are benign, smooth muscle neoplasms
affecting up to 70% of reproductive age women. Treatment of
symptomatic UFs places a significant economic burden on the
US health-care system.' Etiology and pathogenesis of UFs are
complex. Several genetic abnormalities related to the patho-
genesis of UFs have been investigated, including deletions in
7q, trisomy of chromosome 12, and rearrangements in the
HMGA?2 gene, particularly, mutations in exons 1 and 2 of the
MEDI2 gene are very common and can be detected in up to
85% of all sporadic UFs lesions.*'" An inadequate repair of the
acquired DNA damage is responsible for the undifferentiated
cell proliferation and tumorigenesis.'*'* Endogenously and/or
exogenously induced DNA damage commonly results in geno-
mic instability leading to a variety of chromosomal aberra-
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tions.' Increasing scientific evidence supports a link
between low DNA repair capacity and an increased risk for
neoplastic development.'*'#'® Direct repair of DNA damage,
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MSHI1, MSH2, MSH3, MSH6, PCNA, and EXO1 belong to
MMR system. MSH2, a component of the postreplicative DNA
MMR system, is able to form 2 different heterodimers with
MSH3 and MSH6, which binds to DNA mismatched segment,
thereby initiating DNA repair.'” The MMR system, which
includes MSH2 protein, is essential for maintaining the stability
of the genome during repeated duplication.'®

The polycomb repressive complex 2 (PRC2), the mammalian
enzymatic complex, is involved in the gene-repressive high-
degree methylation of histone H3 at lysine 27 (H3K27me3).'*-
22 Numerous studies have shown that EZH2 as a catalytic sub-
unit of PRC2 plays a critical role in cancer initiation and
progression, as well as in cancer stem cell biology.**** Further-
more, the molecular response to EZH2 alteration appears to be
diverse and depends largely on the type of cancer.”>' Notably,
EZH2 has been shown to deregulate several DNA repair genes
leading to the development of cancers.***

Although genetic abnormalities have been well described in
human UFs, little is known about the DNA damage repair
system related to epigenetic abnormalities in this common dis-
ease.”*>° Since a wide array of diverse genetic alterations and
mutations have been identified in UFs, the purpose of this study
was to determine the gene expression pattern of MSH?2 in UFs
and adjacent myometrium tissues and decipher the mechanism
underlying deregulation of MSH?2 expression.

Materials and Methods
Cell Line and Primary Cell Cultures

The immortalized human uterine fibroid cell line (HuLM),
which expresses both estrogen and progesterone receptors,
was a generous gift from Dr Darlene Dixon (National Institute
of Environmental Health Sciences, Research Triangle Park,
North Carolina).>’ The primary human UF cells were gener-
ated from UF tissue specimens. Isolation of the primary cell
population, from tissues, was performed as previously
described?®; briefly, a portion (~5 mm?>) of the fresh UF
tissue was washed in culture medium to remove blood,
chopped into small pieces under sterile conditions, transferred
into a 15-mL capped tube, and suspended in Hank balanced
salt solution containing 1x antibiotic—antimycotic (Life
Technologies, Grand Island, NY) and 300 U/mL collagenase
type 4 (Worthington Biochemical Corp, Lakewood, New Jer-
sey). The tissue suspension was then incubated at 37°C for at
least 12 hours to obtain individual cells and any clumps of
cells. Next, the suspension was passed through a 100-um
pore-sized sterile nylon filter and individual cells were plated
out and incubated at 37°C, allowing the cells to attach to the
100-mm sterile tissue culture-treated plate containing smooth
muscle cell basal medium (SmBM, catalog no. CC-3181,
Lonza, Walkersville, MD) containing 5% fetal bovine serum
(FBS) and supplemented with SmBM SingleQuots (catalog
no. CC-4149). The SmBM singlequots contained human epi-
dermal growth factor, insulin, human fibroblastic growth fac-
tor B, and gentamicin/amphotericin B.

Patients and Tumor Specimens

The study was approved by the institutional review board of
Georgia Regents University. Fibroid tissues were consistently
collected from peripheral parts of intramural fibroid lesions
(>5 cm in diameter) with care to avoid areas of apparent necro-
sis, bleeding, or degeneration. Adjacent myometrium was col-
lected at least 2 cm away from the closest fibroid lesion. Patient
records were reviewed for the demographic characteristics.
Tissue samples were collected from the patients with no hor-
monal treatment for 3 months. All tissues used in this study
were collected from African American women.

Cell Treatment

Human fibroid primary cells were cultured in media in the
presence or absence of EZH2 inhibitor 3-deazaneplanocin A
(DZNep; Cayman, Ann Arbor, MI) for 3 days as we have
described previously.

Cell Viral Infection

Immortalized human uterine fibroid cells (HuLM) were cul-
tured in 60-mm dishes; at 30% to 40% confluence, cells were
transduced with Ad-EZH?2 (adenovirus expressing EZH2 under
CMVS5 promoter; Vector Biolabs, Malvern, Pennsylvania) and
Ad- Green Fluorescent Protein (GFP) at varying multiplicity
of infections (0-100 plaque-forming unit/cell), as we have
described previously.*>*° After 6 hours, transduction was
stopped by changing the media to smooth muscle growth
medium (SMGM-2; Lonza #CC3182) supplemented with
growth factors and 5% FBS. Protein lysates were prepared on
day 5 of transduction for measurement of EZH2 and
H3K27me3 levels. RNA was isolated on day 3 of transduction,
for measurement of MSH?2 and p27 expression.

RNA Extraction, Complementary DNA Synthesis,
and SYBR Green Real-Time Polymerase Chain Reaction

Human UFs and adjacent myometrial tissue (MyoF) samples
were pulverized to a fine powder in liquid nitrogen using the
Cellcrusher tissue pulverizer (Cell Crusher Limited, Cork, Ire-
land). RNA was isolated from pulverized UFs and MyoF tis-
sues from patients, as well as from HuLM and fibroid primary
cells, using TRIzol reagent (Life Technologies) and reverse
transcribed into the first-strand complementary DNA (cDNA)
using Superscript III cDNA transcription kit (Invitrogen) using
standard techniques.*' All assays were carried out in 96-well
format. Each sample was run in triplicate. Real-time fluores-
cence detection of polymerase chain reaction (PCR) products
was performed using the following thermocycling conditions: 1
cycle of 95°C for 2 minutes, 40 cycles of 95°C for 5 seconds,
and 60°C for 30 seconds. Sequences of the primers are shown
in Table 1. 18S was used as an endogenous control for gene
expression. For data analysis, the comparative method (AACt)
was used to calculate relative quantities of the nucleic acid
sequence.
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Table I. Primer Sequences and Assays.

Gene Forward/Reverse Primer Sequences Assay Species Note

MSH2 Forward AAGAAGTGCTATCTGGAAAGAG q-PCR Human

MSH2 Reverse ACATTTCAGTAAAGGGCATTTG q-PCR Human

p27 Forward GGACTGCGGGACGATCCT q-PCR Human

p27 Reverse TGACAAGCCACGCAGTAGATTT q-PCR Human

18S Forward CGAACGTCTGCCCTATCAACTT q-PCR Human

18S Reverse ACCCGTGGTCACCATGGTA q-PCR Human

MSH2 Forward ATCCTCAGAGCCAAGAAGAG ChlP Human Distal region
MSH2 Reverse CTGCCTGTTAGCCACATTATC ChIP Human Distal region
MSH2 Forward GATGTTACTCCCATGCTTCC ChlP Human Proximal region
MSH2 Reverse GAGCTCCTTTCTGTGTTTACT ChIP Human Proximal region
Abbreviations: ChIP, chromatin immunoprecipitation; q-PCR, quantitative PCR.

Table 2. List of Antibodies Used for WB and ChIP Assay Analysis.

Antigen Catalog No Assay Concentration Dilution Isotype Supplier
H3K27me3 39155 WB | pg/ul 1:2000 Rabbit IgG Active Motif
EZH2 39933 WB | pg/pl 1:2000 Rabbit 1gG Active Motif
MSH2 ab52266 WB | pg/ul 1;2000 Mouse IgG Abcam
B-actin A5441 WB -4 pg/pl 1:20000 Mouse IgG Sigma
Histone H3 abl791 WB | pg/uL 1:10000 Rabbit IgG Abcam
H3K27me3 39155 ChIP | pg/ul 1:100 Rabbit IgG Active Motif
Negative control ab171870 ChIP | pg/uL 1:100 Rabbit IgG Abcam

Abbreviations: ChIP, chromatin immunoprecipitation; IgG, immunoglobulin G; WB, Western blot.

Nuclear and Cytoplasmic Extraction

Nuclear—cytoplasmic fractionation was conducted using the
NE-PER Nuclear and Cytoplasmic Extraction Reagents kit
(Thermo Fisher Scientific, Waltham, Massachusetts) according
to the manufacturer’s instructions.

Western Blot Analysis

Total proteins from fibroid primary cells treated with vehicle or
DZNep were extracted by lysing and by sonication in radio-
immunoprecipitation assay buffer containing protease and
phosphatase inhibitor cocktails. Protein concentrations were
determined using the Bradford protein assay kit (Bio-Rad, Her-
cules, California). Equal amounts of total proteins (20 pg) were
subjected to sodium dodecyl sulfate (SDS)—polyacrylamide gel
electrophoresis. Proteins were transferred to nitrocellulose
membrane for 90 minutes at 100 V. Membranes were blocked
for 1 hour at room temperature in Tris-buffered saline (TBS)
containing 5% nonfat powdered milk and probed with primary
antibody in TBS at dilution of 1:1000 to 20 000 overnight in
accordance with the manufacturer’s instruction and our expe-
rience (Table 2). In all cases, a secondary antibody labeled with
horseradish peroxidase (Santa Cruz, Dallas, Texas) was used at
a dilution of 1:5000 for 1 hour at room temperature, and immu-
noreactive bands were detected using SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific) and
recorded on photosensitive film. The relative intensities of
immunoreactive bands were detected by Western blot analysis

and quantified by densitometry using NIH ImageJ Software
and normalized with B-actin levels.

Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation (ChIP) assay was performed as
we have previously described.**** Primary cells from UFs were
grown in media, either in the presence or absence of DZNep for 3
days. Cells (1 x 107) were then incubated with 1% formalde-
hyde for 10 minutes to cross-link histones to DNA. After wash-
ing with cold phosphate-buffered saline, cell pellets were
resuspended in a cell lysis buffer (10 mmol/L Tris, pH 8.0, 10
mmol/L NaCl, 0.2% NP40). Nuclei were resuspended in nuclei
lysis buffer (50 mmol/L Tris pH 8.0, 10 mmol/L EDTA, 1%
SDS) and sonicated for 25 minutes. The soluble chromatin frac-
tion was collected, and 5 pL of antibody for H3K27me3 (Active
Motif, Carlsbad, CA) or normal rabbit immunoglobulin G was
added. After incubation, chromatin—antibody complexes were
collected using A/G magnetic beads (Millipore, Billerica, MA).
After washing, immunoprecipitated DNA was treated with pro-
teinase K at 62°C for 2 hours. DNA was extracted with a QIA-
quick PCR Purification kit (Qiagen, Valencia, CA) and analyzed
by SYBR green real-time PCR. Primer pairs used for ChIP
assays are shown in Table 1.

Statistical Analysis

Statistical analysis of the data was performed using a single-
factor analysis of variance and the standard 2-sample Student



Yang et al

1317

3 -
2.5 A

1.5 A

il NI H.Hlﬂl

Owm
B F

Relative MSH2 expression

B Pl P2 P3 P4

P5 P6 P7 P8 P9

P10

MFMFMFMTFMF

MFMFMFMTFMF

— e weml - -"—.".W

1.5
Om
£ 1 B F
©
T
(<o}
§o.5H|
: | | ]
Pl P2 P3 P4 P5 P6 P7T P8 P9 P10

Figure |. The expression levels of DNA mismatch repair gene MSH2 in human fibroid and adjacent myometrial tissues. A, The RNA expression
of MSH2 was determined in fibroid tumors as compared to matched adjacent myometrial samples by real-time polymerase chain reaction (n =
8). 18S was used as an endogenous control. B, The protein lysates were prepared from fibroids (F; n = 10) and matched myometrium tissues
(M). The protein expression of MSH2 was determined by Western blot analysis. MSH2 protein bands were quantified and normalized to B-actin,
and relative values were used to generate data graphs (bottom panel). Each short horizontal line indicates a pair of M and F from same patient.

t test for normally distributed continuous variables. Statistical
significance was determined using a 2-tailed distribution
assumption and set at P < .05.

Results

The Expression Levels of MSH2 in Fibroid
as Compared to Matched Myometrial Tissues

Since MSH2 has been shown to be involved in the development
of varied types of cancer, we initially measured expression
levels of MSH?2 by quantitative PCR in 8 patients using fibroids
and adjacent myometrial samples. As shown in Figure 1A,
expression levels of MSH?2 were deregulated in fibroid tissues
as compared to adjacent myometrial tissues. The RNA expres-
sion of MSH2 was upregulated in 62.5% (5 of 8) of UF lesions
as compared to matched adjacent myometrial tissues. In addi-
tion, 37.5% (3 of 8) of UF lesions exhibit reduced expression as
compared to myometrium samples.

Next, we performed Western blot analysis to determine the
expression levels of MSH2 in UFs as compared to adjacent

MyoF myometrial tissues (n = 10). As shown in Figure 1B,
protein levels of MSH?2 were upregulated in 90% of UF lesions
(9 of 10 patients) as compared to matched adjacent myometrial
tissues.

Inhibition of EZH2 Increased the Expression
of MSH2 in Human Primary Fibroid Cells

EZH2 has been shown to regulate several DNA repair genes.
In this regard, we determine the mechanism underlying the
deregulation of MSH2 expression in human fibroid lesions.
We first treated human primary fibroid cells (PFCs) with EZH2
inhibitor (DZNep). As shown in Figure 2A, DZNep treatment
decreased expression levels of H3K27me3 in a dose-dependent
manner, suggesting that the expression of the epigenetic mark
H3K27me3 is highly dependent on EZH2 activity. To deter-
mine whether MSH?2 expression was regulated by EZH2, we
measured the expression levels of MSH?2 in the PFCs treated
with DZNep. As shown in Figure 2B, MSH?2 protein expression
is significantly upregulated in PFCs treated with DZNep in a
dose-dependent manner. Accordingly, MSH2 RNA expression

32-34
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Figure 2. Inhibition of EZH2 increases the expression of MSH2 in a dose-dependent manner in human fibroid cells. A, Inhibition of EZH2 by 3-
deazaneplanocin A (DZNep) decreased levels of H3K27me3 by Western blot analysis. Primary fibroid cells (PFCs) were plated in 60-mm dish.
Cells were treated with varying concentrations of EZH2 inhibitor DZNep for 3 days. Dimethyl sulfoxide (DMSO) was used as a vehicle control.
B, The protein lysates were prepared from PFCs treated with vehicle or | umol/L DZNep for 3 days. The protein levels of MSH2 were
determined by Western blot analysis. In addition, cells were treated with varying concentrations of EZH2 inhibitor DZNep for 3 days. Cells
were collected and subjected to RNA extraction and complementary DNA (cDNA) synthesis. Quantitative polymerase chain reaction was
performed to measure the expression levels of MSH2 (C), SUZI2 (D), EED (E), and P27 (F). 18S was used as an endogenous control.

was also upregulated in the PFCs treated with DZNep (Figure Overexpression of EZH2 Enhances HulLM

2C). Since PRC2 complex also contains SUZ12 and EED, we g Proliferation

also measured the expression levels of these genes. As shown ) ) )

in Figure 2D and E, treatment with DZNep slightly upregulated To determine the effect of EZH2 on cell proliferation, 3-(4,5-

EED, but not SUZ12. It has been reported that EZH2 is asso- dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT)
assay was performed. As shown in Figure 3, although there is

no significant difference in the rate of cell proliferation
between EZH2 and GFP control group after infection for 3
days, overexpression of EZH?2 significantly enhanced the

ciated with cell proliferation,'® therefore, we determined the
cell cycle regulatory gene p27. As shown in Figure 2F, inhibi-
tion of EZH2 significantly upregulated p27 expression in a
dose-dependent manner.



Yang et al

1319

*

1.4 -

1.2 4
E GFP
S 11 B EZH2
® 0.8 -
® ]
g 0.6 -
S o
2
o 04+
2]
o]
< 0.2 - H I

0
3 days 6 days
Infection

Figure 3. Overexpression of EZH2 increases HuLM cell proliferation.
HuLM cells were plated in 96-well dish. Cellular confluence was
approximately 30%. Equal amounts of virus (20 plaque-forming unit
[pfu]/cell) containing GFP or EZH2 gene were added to the medium,
respectively. Eight hours later, the viral supernatant was removed and
fresh medium was added. After 3 days and 6 days of infection, MTT
assay was performed to determine absorbance at 570 nm. *P < .05
compared with the control.

HuLM cell proliferation by 44.4% 4+ 2.7% as compared to
GFP control after 6 days of infection (P < .05).

Overexpression of EZH2 Upregulated H3K27me3
Levels in HuLM Cells Associated
With Downregulation of MSH2

We next determined whether an overexpression of EZH?2
would result in upregulation of H3K27me3 in human fibroid
cells. As shown in Figure 4A, overexpression of EZH?2 mark-
edly elevated the level of epigenetic mark H3K27me3 in
HulLM cells. The expression of EZH2 was primarily in the
nucleus (Figure 4B), suggesting that ectopic induction of EZH2
may directly affect gene expression. Quantitative RNA expres-
sion analysis exhibited significant downregulation of MSH?2 in
EZH?2-overexpressed HuLM cells as compared to the GFP con-
trol, P <.05 (Figure 4C). Additionally, overexpression of EZH?2
significantly downregulated cell cycle regulatory gene p27 in
HuLM cells as compared to the control group, P < .05 (Figure
4D). To further determine the EZH2-mediated downregulation
of MSH?2 expression and localization at protein level, we pre-
pared protein lysates from total cells, nucleus, and cytoplasm of
HulLM cells infected with Ad-EZH?2 and Ad-GFP, respec-
tively, and measure the MSH2 protein levels by Western blot
analysis. As shown in Figure 4E, MSH2 protein levels were
markedly downregulated in the HuLM cells infected with Ad-
EZH?2 virus as compared to Ad-GFP virus (Figure 4E, top
panel). The major decrease in EZH2 protein expression comes
from reduced levels of EZH2 protein in the nucleus (Figure 4E,
middle panel), although slight decrease in the MSH?2 expression
in the cytoplasm from the cells infected with Ad-EZH2 can be
seen (Figure 4E. low panel).

MSH?2 is an Epigenetic Target of EZH2

To determine whether MSH?2 is directly regulated by EZH2, the
enrichment of the bivalent mark of H3K27me3 in the promoter
regions of MSH?2 was examined by ChIP assay in human
fibroid primary cells. The promoter mapping in upper regula-
tory region of the MSH2 gene has been previously described**
and also in Figure 5A. Following DZNep treatment at 0.25
pmol/L, the enrichment of H3K27me3 in the distal promoter
region of MSH2 was unaffected, as shown in Figure 5B. Fol-
lowing DZNep treatment at 1 pmol/L, enrichment of
H3K27me3 in the distal promoter region of MSH?2 was signif-
icantly decreased in response to DZNep treatment (Figure 5B,
P <.05). Enrichment of H3K27me3 in the proximal promoter
region of MSH?2 was also investigated, as shown in Figure 5C.
Decreased enrichment of H3K27me3 in the proximal promoter
region of MSH?2 was detected after treatment with 0.25 pmol/L
DZNep as compared to the vehicle control, although a signif-
icant difference was not reached. At 1 umol/L DZNep treat-
ment, no binding of H3K27me3 in the proximal promoter
region of MSH was observed as shown in Figure 5C (P <
.05). These data suggest that disruption of PRC2 by DZNep
upregulates expression of MSH2 through lowering or even
eliminating the level of epigenetic mark H3K27me3 presence
at both the distal and proximal MSH2 promoter regions.

Discussion

Deficient DNA MMR results in a strong mutator phenotype,
known as microsatellite instability.*> Accumulating evidence
shows that MSH2 aberrations are involved in many biological
events associated with a mutator phenotype and cancer sus-
ceptibility.*®* Yoo et al>* reported that deficiency of MSH2
is associated with clear cell renal carcinoma. Pritchard et al
demonstrated that mutations in MSH2/MSH6 complex or
MSHB6 structural rearrangements are frequently encountered
in advanced prostate cancer.”> Somatic rather than germline
mutation of MMR genes can be found in colon and endome-
trial cancers.’®>’ Immunohistochemical staining of MMR
proteins including MSH2, MLH1, MSH6, and PMS2 demon-
strates loss of MMR proteins in some uterine sarcomas and
carcinosarcomas.”®

A growing amount of evidence consistently supports the
concept that PcG proteins play a role in cell cycle progres-
sion.'”? For instance, overexpression of EZH2 enhances pro-
liferation of B-cell lymphoma cell line.®® Furthermore, EZH2
is highly expressed in a wide range of cancers, including breast,
prostate, bladder, colon, lung, pancreatic cancers, sarcoma, and
lymphomas.®!** Overexpression of EZH? is frequently corre-
lated with advanced stages of human cancer and with poor
prognosis.?”® In this study, we reported that overexpression
of EZH? increased the HuULM cell proliferation associated with
decreased expression of cell cycle regulatory gene p27, sug-
gesting that EZH?2 is capable of altering fibroid cell phenotype.
Our study is consistent with previous findings showing similar
impact of EZH2 on cell proliferation of other types of
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Figure 4. Overexpression of EZH2 using adenoviral vector decreases MSH2 expression in HuLM cells. A, EZH2 was overexpressed in HuLM
cells infected with adenovirus containing EZH2 as compared to cells infected with adenovirus containing GFP. Levels of epigenetic mark
H3K27me3 were also increased in HuLM cells infected with virus containing EZH2. B, EZH2 was found in both cytoplasm and nucleus; however,
higher expression of EZH2 was observed in the nucleus as compared to the cytoplasm. C, MSH2 RNA expression was downregulated in HuLM
cells overexpressed with EZH2 as compared to GFP control. D, Cell cycle regulatory gene p27 is downregulated in EZH2-overexpressed cells as
compared to GFP control cells. *P < .05 compared with the control. Total cell lysates (E), nucleus (F), and cytoplasm (G) from HuLM cells
infected with Ad-EZH2 or Ad-GFP were analyzed by Western blot using Anti-MSH2 antibody. Western blot with anti—-actin antibody was used
as the loading control. MSH2 protein bands were quantified and normalized to B-actin, and relative values were used to generate data graphs
(right panels).

tumors.®®®” For example, deactivation of EZH2 by DZNep The mechanism by which EZH2 promotes tumor cell pro-

28,62

treatment resulted in decreased proliferation of cholangiocar-
cinoma and non-small cell lung cancer cells and induced G1-
phase cell cycle arrest.°*®” Additionally, disruption of EZH2
by DZNep inhibits cell proliferation, tumorigenicity, and tumor
progression in prostate cancer.®® Specific inhibition of EZH2
by short hairpin RNA efficiently inhibits the growth of numer-
ous cancer cell types.®®"°

liferation has been investigated in several types of tumors.
EZH?2 increases cell proliferation through cell cycle regulatory
genes.”” For instance, G1 cell cycle arrest, induced by inhibi-
tion of EZH2, in non-small cell lung cancer cells is associated
with p27 accumulation,®” which is consistent with our finding
(Figure 4D); we showed that overexpression of EZH?2 in fibroid
cells led to increased cell proliferation, which was associated



Yang et al

1321

A ’—b MSH2 promoter
o < < n (=] -~ [<2]
o o o < [=} + [=2]
& © a' ? N %

Distal region Proximal region
B - Distal region c 2 14- Proximal region
3 1.4 - a ‘
2 =)
£ = 1.2 1
I N b
- 1 4 Jv_ ] 14
5 @
E 0.8 E 0.8
(%)
= 0.6
§ 0.6 - :,'E,
9 0.4 - o 041
g >
£ 02 * g 021 *
g o . g 0
0 0.25 1 0 0.25 1
DZNep (uM) DZNep (uM)

Figure 5. DZNep treatment restores expression levels of MSH2 through epigenetic mark H3K27me3. A, Location of regions analyzed by
chromatin immunoprecipitation (ChlP)/polymerase chain reaction (PCR) along human MSH2 promoter. The position of the transcriptional start
site is designated as + 1. Short horizontal lines indicate regions analyzed by ChIP/PCR. B, ChIP/quantitative PCR (q-PCR) was performed with
anti-H3K27me3 antibody in the distal promoter region of MSH2 in human fibroid primary cells in the presence or absence of DZNep. C, ChlP/q-
PCR was performed with anti-H3K27me3 antibody in the proximal promoter region of MSH2 in human fibroid primary cells in the presence or

absence of DZNep. *P < .05 compared with the control.

with decreased expression of p27. In addition, EZH2-
dependence suppression of a cellular senescence phenotype
in melanoma cells occurs through the inhibition of p21 expres-
sion.”! EZH2 depletion inhibited the proliferation and arrested
G1/S phase of nasopharyngeal carcinoma cells with associated
increase in the expression of p16.”% Recent studies also demon-
strate that several microRNAs regulate many types of cancer
cell proliferation or phenotype by targeting EZH2.”>7® These
studies strongly suggest that the aberrant expression of poly-
comb protein EZH2 is involved in abnormal cell proliferation
and the pathogenesis of tumor initiation and progression.
Independent clonal origin of multiple UFs was determined
by microsatellite analysis,””"’® suggesting that dysfunctional
DNA MMR system may result in lower DNA repair capacity
leading to UF development. In this study, we found that RNA
expression levels of MSH2 were deregulated in a subset of
fibroid tumors as compared to adjacent myometrial tissues.
Notably, protein levels of MSH2 were upregulated in 90%
(9/10) of fibroid tissues as compared to matched adjacent
myometrial tissues. These findings are in accordance with
other studies showing increased expression of MSH?2 in cancers
such as gastric cancer.””"*® The increased expression of MSH2
in fibroid tumors as compared to adjacent myometrium sam-
ples may be due to several possible mechanisms. It is possible
that increased expression of MSH2 could be a cellular adaption
for DNA lesion repair. Another explanation may be that the
increased expression of MSH2 could represent a possible
response to the rapidly growing number of replication errors

in the fibroid tissue with an increased rate of cell divisions.””%°

Moreover, MSH2 levels can be reduced by ubiquitin-
proteasome pathway.®' Since PRC has been shown to regulate
several DNA repair genes, we performed experiment to deter-
mine whether EZH2 regulates MSH2 expression. We first
treated PFCs with EZH2 inhibitor (DZNep) and determine
whether inhibition of EZH2 alters MSH2 expression. As shown
in Figure 2, DZNep treatment showed a robust increase in the
expression of MSH2 in a dose-dependent manner associated
with decreased levels of H3K27me3. In addition, overexpres-
sion of EZH2 decreased the MSH2 protein levels mainly in the
nucleus (Figure 4). Previous studies®® have shown that DZNep
treatment in cancer cells resulted in dramatic decreases in the
protein levels of 3 PRC2 components including SUZ12, EZH2,
and EED. In this study, we determined the RNA levels of
SUZ12 and EED following treatment with DZNep. Although
expression level of EED is slightly increased in response to
DZNep treatment, there is no difference in SUZI2 RNA levels
between DZNep- and vehicle-treated cells. Our data are in line
with a previous observation that DZNep treatment does not
decrease RNA levels of PRC2 components but rather may
deplete the protein levels of PRC2 components through the
protein degradation pathway.®*

It is well recognized that polycomb group proteins (PcG),
which alter chromatin structure such that epigenetic silencing
of genes take place, bind to specific regions of gene promo-
ters and direct posttranslational modifications at certain his-
tone sites, thereby silencing gene expression.®® The genome-
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wide mapping of PcG target genes revealed more than 2000
sites in the mouse embryonic stem cell genome. These loci
are associated with increased levels of H3K27me3 repressive
marks, suggesting that polycomb repression affects numerous
genes encoding key developmental regulators and signaling
proteins.®** In humans, many genes regulated by canonical or
noncanonical EZH2 activity have been identified.® %’
Among them, EZH2-mediated double-strand breaks have
been discovered, which are related to dysfunctional DNA
damage repair system.®® Overexpression of EZH2 in breast
epithelial cells results in a decrease in messenger RNA and
protein levels of the RAD51 paralog genes.®® In addition,
EZH?2 overexpression led to a significant decrease in the
number of RADS5I1 repair nuclear foci after induction of
double-strand breaks.>* Studies by Chang et al identify a
mechanism by which EZH2-mediated downregulation of
DNA damage-repair leads to accumulation of recurrent RAF'1
gene amplification in breast tumor-imitating cells (BTICs),
which in turn activates downstream signaling to promote
BTIC expansion in aggressive breast cancer.’* In our study, we
first demonstrated that MSH2, an MMR gene, is a novel target of
EZH?2 in fibroid cells. We demonstrated that overexpression of
EZH? by viral transduction decreased the expression of MSH?2
expression. EZH?2 expression was found to be mainly located in
the nucleus. Disruption of EZH2 by DZNep treatment increased
MSH? expression in fibroid cells. Moreover, we found that EZH2
is involved in the downregulation of DNA MMR gene MSH?2
through H3K27me3 in fibroids. Enrichment of H3K27me3 in
both the distal and proximal promoter regions of MSH?2 is mark-
edly decreased in fibroid primary cells following treatment with
EZH2 inhibitor, which is concurrently associated with increased
expression of MSH2. The decreased binding levels of H3K27me3
in the promoter region of MSH2 in response to DZNep treatment
suggests the important role of canonical EZH?2 activity in regulat-
ing DNA MMR gene MSH2 in human UFs. Although through
gain and loss function of EZH2 study, we demonstrated that
EZH?2 regulated MSH2 RNA expression leading to altering its
protein levels; no clear correlation between RNA and protein
expression was observed in fibroid tissues and myometrium, sug-
gesting that translational regulation or protein stability pathway
may be involved in regulation of MSH2 protein levels.

In conclusion, our studies provide the first evidence show-
ing that expression of DNA MMR gene MSH? is deregulated in
fibroid tumors as compared with matched adjacent myometrial
tissues. Importantly, polycomb protein EZH2 regulates MSH?2
through epigenetic mark H3K27me3 in the promoter regions.
Further research aimed at better understanding of the role of
MSH2 and other MMR proteins in UF development is war-
ranted. MSH2 could be considered as a potential marker for
early detection of UFs. This in turn could lead to novel medical
treatments for women impacted by symptomatic UFs.
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