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Epigenetics and Uterine Fibroids

Ryo Maekawa and Norihiro Sugino

Abstract

The pathogenesis of uterine fibroids, the most common benign tumor in women,
remains unclear. Environmental factors such as obesity, hypertension, and early
menarche place women at greater risk for uterine fibroids. Epigenetic processes
such as DNA methylation, histone modification, and microRNA expression play
key roles in regulating gene expression and have been shown to be affected by
environmental and other factors. Thus, uterine fibroids may be associated with
epigenetic abnormalities caused by unfavorable environmental factors.

Several reports have investigated the epigenetic profiles of uterine fibroid and
normal myometrium. The profiles of DNA methylation in the myometrium with
and without fibroids were quite similar while those in fibroids were distinct. In
uterine fibroids, the biological relevance of the aberrantly methylated and
expressed genes was cancer process. Some of these genes include IRS1, which is
related to tumor transformation, and others such as GSTMS5, KLF11, DLECI1,
and KRT19, which have tumor-suppressive roles. Some microRNAs including
miR-21, mir-200, and let-7 were found to be dysregulated in uterine fibroids and
associated with the growth and the accumulation of extracellular matrix of uter-
ine fibroids via aberrant expression of the target genes. Many estrogen receptor
(ER) alpha-target genes, which were associated with apoptosis and collagen pro-
duction, had aberrant DNA methylation in the promoter, which contributes to an
abnormal response to estrogen. Moreover, some recent reports have demon-
strated that several microRNAs which are dysregulated in uterine fibroids aber-
rantly mediate the actions of estrogen and progesterone.

Epigenetic abnormalities and their related transcriptional aberration have
been associated with tumorigenic or tumor-suppressive roles, which may trigger
the transformation of a single cell into a tumor stem cell that will eventually
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develop into a monoclonal uterine fibroid tumor. After menarche, the epigeneti-
cally dysregulated responses to estrogen and progesterone contribute to the
growth of uterine fibroids.
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5.1 Introduction

Uterine fibroids are the most common uterine tumors in reproductive-age women
with a prevalence of about 25% [1] and frequently cause serious gynecological
problems such as pelvic pain, menorrhagia, dysmenorrhea, infertility, and recurrent
pregnancy loss [1, 2]. In addition, uterine fibroids are the most common indication
for hysterectomy.

Risk factors for uterine fibroids include African descent, high body mass index,
meat consumption, early menarche, and hypertension. Several studies have sug-
gested an association between an increased risk of uterine fibroids and infection of
the uterus and pelvic inflammatory diseases such as chlamydia infection [3]. On the
other hand, factors that lower the risk include use of hormonal contraception, smok-
ing, giving birth, and consumption of green vegetables [1]. These findings suggest
that not only genetic but also environmental factors are involved in the development
of uterine fibroids. Uterine fibroids often show multifocal tumorigenesis with vari-
ous sizes from the corresponding myometrium. Therefore, smooth muscle cells of
normal myometrium in a uterus with uterine fibroids may have already acquired the
potential to develop into uterine fibroids in the future. Uterine fibroids develop only
after menarche, and their growth depends on estrogen and progesterone [4], sug-
gesting that they are caused by aberrant responses to these ovarian steroids.

Epigenetics refers to heritable changes in gene activity without changes in DNA
sequences [5]. It has become clear that epigenetic regulation including DNA meth-
ylation, histone modification, and noncoding RNAs play key roles in gene expres-
sion. Epigenetic status has been shown to be affected by environmental and other
factors [6-8]. Environmental exposure during development can alter susceptibility
to adult diseases later in life [9], suggesting that environmental factors are associ-
ated with the pathogenesis of uterine fibroids by inducing epigenetic changes.

5.2  Epigenetics

5.2.1 DNA Methylation

DNA methylation mainly occurs at the 5-position of cytosine in a CpG dinucleotide
forming 5-methylcytosine, and when it occurs in the gene promoter regions causes
gene silencing [5]. DNA methylation is specific to each cell type and has been used
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to characterize abnormal cells [5]. DNA methylation is involved in genomic imprint-
ing, X-chromosomal inactivation (XCI), aging, and mutagenesis [5]. Maintaining a
specific DNA methylation profile in a cell is necessary for cellular integrity, and
alterations in DNA methylation may have serious health consequences. Silencing
caused by aberrant DNA methylation is well known in various cancers, especially
in tumor suppressor genes [5].

DNA methylation at the CpG dinucleotides is a postreplication event catalyzed
by DNA methyltransferases (DNMTs) [5, 10] that add a methyl group to the cyto-
sine ring to form methylcytosine. This established normal methylation patterns dur-
ing embryogenesis and reproduces these patterns during replication of adult cells
[5, 10]. DNA methylation appears to be established by a complex interplay of DNA
methyltransferases [5, 10]. DNMT1 has a role in maintaining DNA methylation
patterns during DNA replication, while DNMT3A and DNMT3B act as de novo
methyltransferases in establishing methylation patterns.

5.2.2 Histone Modifications

Histone modifications affect chromatin structures and are critical for the interaction
of transcriptional factors with response elements in the promoters [11]. Histone
modifications such as acetylation of histones H3 and H4 or trimethylation of lysine
4 on histone H3 (H3K4me3) activate transcription by loosening the chromatin
structure and allowing the recruitment of transcriptional factors to their response
elements [12]. On the other hand, histone modifications such as trimethylation of
lysines 9 and 27 on histone H3 (H3K9me and H3K27me3) inactivate transcription
by condensing the chromatin [12]. Histone proteins are modified in several ways at
their N-terminus, such as by acetylation, methylation, phosphorylation, ubiquity-
lation, and sumoylation [12]. The enzymes involved in these modifications include
histone acetyltransferases (HATs) and deacetylases (HDACs), lysine methyltrans-
ferases and demethylases, arginine methyltransferases and demethylases and phos-
phatases, and lysine ubiquitinases and deubiquitinases [12, 13]. A few reports have
shown histone modification enzymes were dysregulated in uterine fibroids [14, 15],
but so far there is no evidence that they are directly associated with the pathogenesis
or development of uterine fibroids. The possibility that further studies may find such
an association can’t be ruled out.

5.2.3 Noncoding RNAs

Noncoding RNAs (ncRNAs) have an important role in modulating gene and protein
expression. They are classified into short ncRNAs, such as microRNAs, and long
ncRNAs (IncRNAs). MicroRNAs, which have lengths of 21-23 nt, participate in
transcriptional and posttranscriptional regulation of gene expression [16].
MicroRNAs function by binding to complementary sequences within mRNA mol-
ecules, usually, but not exclusively, resulting in gene silencing via translational
repression or target degradation [16]. They have been implicated in multiple
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biological events including numerous diseases [16]. IncRNAs are transcripts of
greater than 200 nucleotides that may function as guides, scaffolds, and decoys and
thus have the potential to regulate gene expression and spatial localization within
the cell [17]. They are involved in several cellular processes, including chromosome
dosage compensation, imprinting, epigenetic regulation, cell cycle control, nuclear
and cytoplasmic trafficking, transcription, translation, splicing, and cell differentia-
tion [17]. Recent studies have shown that IncRNAs act as both tumor suppressor
genes and oncogenes [18, 19] and have implicated their aberrant expression in car-
cinogenesis [17] .

5.3  Aberrant DNA Methylation in Uterine Fibroids
5.3.1 Aberrant Expression of DNA Methyltransferases (DNMTs)

The expressions of DNMT1, DNMT3A, and DNMT3B in human uterine fibroids
have been found to differ from their expressions in the adjacent myometrium [20,
21]. In samples from African-American, Caucasian, and Hispanic women, the
mRNA expressions of DNMT3a and DNMT3b were lower in uterine fibroids than
in the myometrium, while the expression of DNMT1 in uterine fibroids was higher
than in the myometrium [20]. On the other hand, we reported that, in Japanese
women, DNMT1 and DNMT3a mRNA expression levels were higher in uterine
fibroids than in the myometrium, whereas there was no significant difference in
DNMT3b mRNA expression between uterine fibroids and the myometrium [21].
The increased DNMT1 expression that was found in both studies may reflect an
elevated proliferative activity of uterine fibroid cells because DNMT1 is responsible
for copying methylation patterns following DNA synthesis [5, 10]. However, the
two studies differed in their findings on the relative expressions of DNMT3a and
DNMT3b. The reason for the discrepancies is unclear but may be due to race-
dependent differences.

5.3.2 Genome-Wide DNA Methylation Profiles of Uterine
Fibroids

We previously examined the genome-wide DNA methylation patterns among uter-
ine fibroids and myometrium [22]. In a hierarchical clustering and principal compo-
nent analysis, the uterine fibroids clustered separately from the myometrium
(Fig. 5.1a, b) [22]. However, a principal component analysis of the mRNA expres-
sion patterns could not separate the uterine fibroids from the myometrium (Fig. 5.1c,
d) [22]. These findings indicate that the DNA methylation profile of uterine fibroids
is much more distinct than the mRNA expression profile. Therefore, DNA methyla-
tion analyses appear to be well-suited for screening and detecting the frequently
dysregulated genes in uterine fibroid cases that are involved in pathogenesis and
development.



5 Epigenetics and Uterine Fibroids 73

a
DNA methylation
Low High .
DNA methylation
o
£
c
< 8 8
£5 k211
o » A 4
oo
c2. M
//" M2 Compi
c3
c1  |M3
L3
A
Xaxis = 1, Y axis = 2
¢ d
mRNA expression .
Low High mRNA expression
N
Nr-®m=mnNqg™® Py
.Q.Q.Qgg‘gg‘g"g M3e |E
. 33835506500 —— L3A
g w[ [
(&
-
O + — —
o3 c2m i
Comp 1
M2 @
csm
cim
L2 A
Xaxis=1,Y axis =2

Fig.5.1 DNA methylation profiling and mRNA expression profiling of fibroids and myometrium
with and without fibroids. Fibroids (L1, L2, and L3), myometrium with fibroids (M1, M2, and
M3), and myometrium without fibroids (C1, C2, and C3) were compared using hierarchical clus-
tering analyses and principal component analyses. (a) Hierarchical clustering analyses according
to DNA methylation profiles. The heat map in the hierarchical clustering analysis indicates DNA
methylation levels from unmethylated (blue) to completely methylated (yellow). Distances of
DNA methylation pattern (Euclidean distances) were calculated by MultiExperiment Viewer. (b)
Principal component analyses according to DNA methylation profiles. Horizontal and vertical axes
show principal components 1 and 2, respectively. The principal components were analyzed with
MultiExperiment Viewer. (¢) Hierarchical clustering analyses according to mRNA expression pro-
files. The heat map in hierarchical clustering analysis indicates mRNA expression levels from low
(blue) to high (yellow). Distances of mRNA expression pattern (Euclidean distances) are shown on
the left side. (d) Principal component analyses according to mRNA expression profiles. Horizontal
and vertical axes show principal components 1 and 2, respectively
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Uterine fibroids often show multifocal tumorigenesis with tumors of various
sizes from the myometrium, suggesting the possibility that the adjacent myome-
trium, which looks normal, has the potential to develop into uterine fibroids in the
future, i.e., already has aberrant DNA methylation. However, the DNA methylation
profiles of the myometrium adjacent to the uterine fibroids and the normal uterine
myometrium were quite similar [22]. This result suggests two possibilities. One
possibility is that adjacent myometrium with a uterine fibroid nodule does not
acquire the potential in DNA methylation levels to develop into uterine fibroid. The
other possibility is that cells with aberrant DNA methylation are present in the adja-
cent myometrium but are too few to detect. In other words, aberrant DNA methyla-
tion may occur only in a limited number of cells. In a flow cytometry analysis of
myometrial and fibroid tissues, side populations of cells were found to act as tissue
stem cells and have the potential to differentiate and proliferate [23, 24]. In addition,
each fibroid nodule was found to have monoclonal cell features [25], indicating that
each fibroid nodule is derived from just one affected cell as the origin of the tumor.
Taken together, these findings suggest that tumor stem cells with aberrant DNA
methylation are produced in the myometrium and, after menarche, develop into
fibroid nodules by exposure to estrogen and progesterone concomitant with the
aberrant response to these steroids.

Uterine fibroids are classified as intramural, submucosal, and subserosal based
on their location and, in more than half the cases, are multifocal fibroids. However,
the DNA methylation profiles were not specific to tumors of each location, solitary
and multifocal tumors (see Chap. 6 for details) [26].

5.3.3 Aberrantly Methylated Genes in Uterine Fibroids

Several genome-wide studies including our own have demonstrated differences
between the DNA methylation profiles of uterine fibroids and the myometrium [14,
21, 22, 27]. Using an Infinium HumanMethylation450k BeadChip (Illumina, San
Diego, USA) and samples from Japanese women, we found that 478 genes were
hypomethylated, and 1014 genes were hypermethylated in uterine fibroids compared
to the myometrium [22]. Subsequent analyses showed that the mRNA expressions of
120 of these genes were altered [22]. According to the pathway analyses, the most
specific pathway was cancer process in both hypermethylated-downregulated and
hypomethylated-upregulated genes [22]. Three of the hypomethylated-upregulated
genes related to cancer process were COL4A1 and COL4A2, which are reported to
be upregulated in uterine fibroids [28, 29] and insulin receptor substrate 1 (IRS1).
COL4AT1 and COL4A2 are related to collagen metabolism and extracellular matrix
formation, and when disrupted, they may contribute to the increase of fibroid volume
by altering collagen deposition and extracellular matrix patterning [1]. IRS1 was
initially characterized as a cytosolic adaptor protein involved in insulin receptor
(INSR) and insulin-like growth factor 1 receptor (IGF1R) signaling. More recently,
it has been shown to be involved in proliferation and transformation of cancer cells
[30, 31]. In terms of hypermethylated-downregulated genes, the cancer process cate-
gory included glutathione S-transferase mu 5 (GSTMS), which is an antioxidant
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enzyme that protects cells against reactive oxygen species. Downregulation of
GSTMS is known to be involved in cancer development [32].

Using an Infinium HumanMethylation27k BeadChip (Illumina) and samples
from African-American women, Navarro et al. identified 55 genes in which pro-
moter methylation and mRNA expression differed between uterine fibroids and the
myometrium [27]. Pathway analysis of these genes identified cancer process as the
most specific pathway in uterine fibroids. Three of these 55 genes (Kruppel-like
transcription factor 11 (KLF11), deleted in lung and esophageal cancer 1 (DLEC1)
and Keratin19 (KRT19)), were hypermethylated-downregulated in uterine fibroids
and are known to be tumor suppressor genes.

These results indicated that aberrant DNA methylation has an important role in
transformation, proliferation, and collagen deposition of uterine fibroids. A number
of differences were found between our study of Japanese women and Navarro
et al.’s study of African-American women [22, 27]. These discrepancies may be due
to differences in microarray platforms and race.

5.3.4 Aberrantly Enriched DNA Hypomethylation in X
Chromosome in Uterine Fibroids

We previously reported a greater level of DNA hypomethylation on the X chromo-
some in uterine fibroids than in the adjacent normal myometrium [14, 22]. In
women, breast cancers, ovarian cancers, and cervical cancers have been reported to
have aberrant DNA hypomethylation on the X chromosome due to loss of the inac-
tive X chromosome or aberrant replication of the active X chromosome [33]. Our
analysis of the X chromosome genotypes demonstrated that these events do not
occur in uterine fibroids [22], which suggested that X-inactivation machineries are
disturbed in uterine fibroids. Therefore, we examined the mechanism of enriched
DNA hypomethylation in the X chromosome in uterine fibroids [34].
Hypomethylation was not enriched in the imprinted genes, suggesting that dysfunc-
tion of polycomb repressive complexes was not involved. Analysis of the expression
of X chromosome inactivation (XCI)-related genes revealed that the expressions of
XIST and SATB1 were downregulated in 36% and 46% of uterine fibroids, respec-
tively. XIST is an IncRNA and initiates X chromosome inactivation [17]. SATB1 is
involved in tethering the inactive X chromosome to the repressive core compart-
ment for gene silencing [34]. This raises the possibility that the aberration of XCI-
related genes such as XIST or SATBI1 is involved in aberrant hypomethylation on
the X chromosome in a certain population of the patients with uterine fibroids,
although the mechanism is unknown.

5.3.5 Estrogen Receptor Alpha and Its Target Genes
The growth of uterine fibroids depends on estrogen [4]. The biological effect of

estrogen is mediated by estrogen receptor (ER), which is a transcription factor.
We previously reported that ER-alpha was upregulated in uterine fibroids by
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Table 5.1 Estrogen receptor alpha-target genes with aberrant DNA methylation in the promoter
and aberrant mRNA expression

mRNA

Gene symbol Gene name expression®
Hypomethylated ERa target genes
COL4A1 Collagen, type IV, alpha 1 1
COLG6A3 Collagen, type VI, alpha 3 1
RPL39 Ribosomal protein L.39 0
ZMAT3 Zinc finger, matrin-type 3 1
OXTR Oxytocin receptor )
Hypermethylated ERa target genes
BCAN Brevican 1
KIF5C Kinesin family member 5C 1
NPTX2 Neuronal pentraxin II 0
TFAP2C Transcription factor AP-2 gamma 1
SCIN Scinderin 1
THBS2 Thrombospondin 2 0
OCIAD2 OCIA domain containing 2 l
CRHBP Corticotropin-releasing hormone binding protein 1
NUAKI1 NUAK family, SNF1-like kinase, 1 )
CCDC68 Coiled-coil domain containing 68 !
NR5A2 Nuclear receptor subfamily 5, group A, member 2 !
ELTD1 EGEF, latrophilin, and seven transmembrane domain )

containing 1
FAM162B Family with sequence similarity 162, member B !
IGF2BP3 Insulin-like growth factor 2 mRNA binding protein 3 1
DAPK1 Death-associated protein kinase 1 !
GSTMS5 Glutathione S-transferase mu 5 !
EZR Ezrin 1

“Microarray mRNA expression statuses of leiomyoma relative to adjacent myometrium are shown

aberrant DNA hypomethylation [35, 36]. On the target genes of ER-alpha, the
DNA methylation status of the gene promoter region affects the response to estro-
gen [36]. These findings raise the possibility that aberrant DNA methylation of the
promoter of ER-alpha-target genes causes the aberrant responses to estrogen in
uterine fibroids. Thus, we investigated the ER-alpha-target genes with aberrant
DNA methylation and mRNA expression. Of 120 genes that were aberrantly
methylated and expressed in uterine fibroids compared to the adjacent myome-
trium, 22 genes had the consensus sequences of ER response element (ERE) in the
promoter region (Table 5.1) [22]. In addition to COL4A1 and GSTMS, death-
associated protein kinase 1 (DAPK1) and novel kinase family 1 (NUAK1) were
included in the genes that were hypermethylated and transcriptionally downregu-
lated. DAPKI is a tumor suppressor gene and has been shown to be associated
with apoptosis [37-39]. NUAKI is known to possess tumor-suppressive roles
through the control of cellular senescence [40, 41]. As a result of aberrant response
to estrogen, these genes might be overexpressed and involved in the growth of
uterine fibroids.
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5.4 Noncoding RNAs and Uterine Fibroids

A number of genome-wide studies using microarray or deep sequencing have ana-
lyzed the expression statuses of miRNAs in uterine fibroids (Table 5.2) [42-47] and
their target genes (Table 5.3) [42, 44, 45, 48-52]. Since each miRNA is predicted to
have a broad range of target genes, even an alteration of a single miRNA could have
a significant impact on the outcome of diverse biological functions regulated by the
products of these genes (Table 5.3) [42, 44, 45, 48-52] . One genome-wide study
reported that 13% of aberrantly expressed mRNAs in uterine fibroids were associ-
ated with dysregulated microRNAs [42]. Furthermore, several studies demonstrated
that dysregulated microRNAs were inversely correlated with their targets at the pro-
tein level (Table 5.2) [42, 44, 45, 48-52].

5.4.1 Aberrantly Expressed MicroRNAs in Uterine Fibroids

Mir-21 has been frequently reported to be upregulated in uterine fibroids (Table 5.2)
[43, 4547, 52]. Since miR-21 has been shown to be overexpressed in the vast
majority of tumors including malignant tumors, it is thought that miR-21 is a key
regulator of cell proliferation, survival, and tumorigenesis and acts as an anti-
apoptotic factor [53-57]. The oncogenic role of miR-21 in breast cancer is thought
to be partially mediated through Bcl-2 [53, 57], which is regulated by progesterone

Table 5.2 MicroRNAs dysregulated in uterine fibroids

Expression Number of Highly dysregulated

Authors status dysregulated miRNAs miRNAs

Wang (2007) [45] Upregulated 24 let-7 family, miR-21,
miR-23b, miR-27a, and
miR-30a

Downregulated 21 miR-29b, miR-32,
miR-144, miR-197, and
miR-212

Marsh (2008) [46] Upregulated 19 miR-21, miR-125b,
miR-34a, and miR-323

Downregulated 27 miR-139

Pan (2008) [47] Upregulated Not shown miR-20a, miR-21, and

miR-26a
Downregulated Not shown -

Georgieva (2012) [43] Upregulated >50 miR-21, miR-200a/b,
miR-363, miR-490, and
miR-137

Downregulated miR-217 and miR-4792

Chuang (2012) [49, Downregulated — miR-200 family and

50] miR-93

Fitzgerald (2012) [52] Upregulated - miR-21

Qiang (2014) [51] Downregulated — miR-29b



R. Maekawa and N. Sugino

78

[+¥] (¥102) onD

DUAIYIY

[s¥]1 (L00T) Suem
[6¥] (2102) Suenyd
[og] (z107) Suenyd
[8¥] (#102) Suenyd
[2¥] (0102) [1peAeZ

[zy] (0102) ITPRARZ
[zv] (0102) ITPRARZ
[z¥] (0102) peARZ
Jzyl

(0102) 11peARZ pue
+[S+] (L00T) Suem
o[2r] (01027) 11peaez,

%[S¥] (L00T) Suem
uu:eh@.wowm

pauLIjuo))

sme)s

BRIIRAI]
pawIguo))

pauLIjuo))

pauIguo))

paIoIpAId
pajIpaid
PaIoIpAId

pauLIyuo))

paoIpaId
smyelg

uonerndaxdn
uorssaIdxa
SEFALA |

uonerndaxdn
uonendaxdn

uonerndaxdn
uonengaxdn

uonerndaxdn
uonendaxdn
uone[n3IUMO

uonensarumo
uonen3aIumo

uorssaadxa
EVALA

VNI
FUEYIIRETIVE]

Jo ssep)

VNI
VN
urajoxd
I0/pue YN
VN

VN
uro)oIg
ure)oIg

urdjoIg
VN

uorssaadxa
Jo ssep)

CINVAv

SEXRALA |

IVLTI0D

PUE [V#10D ‘1VZI0D ‘IVII0D
[-IVd Pue ‘4OD ‘8711 ‘¢d

8711 PU® ‘VADHA

‘SN'T9d ‘TdNLL ‘TddZ ‘194927
Td9dLD Pue [g1dAD

414N PUe ‘NOf ‘INXLV
‘1ATCOSL ‘VITAHd ‘9SSV'T
‘TAFLID TID9 ‘TddlD AVIN
eyde-40,

404

qL9T PU® .TVOINH

oIS PUB G 1A¥d “01MdVIN
SEdINILL “BdVdd 1DV 1d
[SERALA |

pajengaxdn
SpI0IqIy SULIIN
ur uoIssaadxyy

paje[nSarumo(q
pajenSarumo(q

pajemSarumo(
paje[n3arumo(q

pajenIarumo(q
pare[nSarumoq
parensardn

poyengardn
poyengardn

SPIOIQIJ JULIdIN
ur uorssaxdxyy

0[21ua3427uU]

(SYN¥PUD SYNY
gurpoduou Suo

q6g-yw
go-ymu

200-yru
BO0C-Yru

900¢/e00C- Y
TBO6 -
[-P61-gru

Rl

Tc-yru
SYNYJ 0101

SYNRYOU[ puB SN YOOI Jo souas 1031e], €°G djqeL



5 Epigenetics and Uterine Fibroids 79

and plays a key role in regulating apoptosis in uterine fibroids [1]. These facts sug-
gest that the upregulation of miR-21 concomitant with altered expression of their
target gene such as Bcl-2 contribute to the growth of uterine fibroids, although the
mechanism in uterine fibroids is unknown.

The expressions of let-7 family microRNAs were found to be significantly higher
in uterine fibroids (Table 5.2), and high mobility group A2 (HMGA?2) genes were
identified as their target genes (Table 5.3) [42, 45]. HMGAZ2, which is associated
with 12q15 anomalies, is frequently dysregulated in uterine fibroids (see Chap. 6 for
details) [25] and is strongly associated with the pathogenesis and development of
uterine fibroids [58]. The expression of let-7 was found to be higher in small uterine
fibroids than in large uterine fibroids, and the expression of HMGA?2 protein was
found to be lower in small uterine fibroids than in large uterine fibroids [45]. The
latter finding is consistent with a previous report that overexpression of HMGA?2 was
associated with large tumor size [59]. These facts suggest that let-7 family microR-
NAs are associated with the size of uterine fibroids via downregulation of HMGA?2.

Mir-200 family microRNAs have been shown to be downregulated in uterine
fibroids [42, 48, 50]. The predicted target genes of miR-200a/c (e.g., RAS, WNT,
and TGF-beta) have regulatory functions in cell cycle control, angiogenesis, matrix
remodeling, and cancer-related signaling. Loss of miR-200 family microRNAs is
associated with aggressive tumor phenotypes in ovarian cancer [60]. In fact, trans-
fection of miR-200c in cultured uterine fibroid cells was associated with a reduction
of cell viability and proliferation [42, 50]. Therefore, the decreased expression of
miR-200a/c may significantly increase uterine fibroid growth [42, 50]. Loss of miR-
200 family microRNAs is also associated with epithelial and mesenchymal transi-
tion (EMT) [60]. Zavadil et al. overexpressed miR-200a in cultured uterine fibroid
cells. Overexpression of miR-200a in cultured uterine fibroid cells suppressed
CYP1B1 and CTBP2, which are associated with EMT, and caused the fibroblastoid
morphology to revert to a more pronounced epithelial phenotype (Table 5.3) [42].
Transfection of miR-200c repressed the mRNA and/or protein levels of other EMT-
associated genes (ZEB1, ZEB2, TIMP2, FBLNS, and VEGF), increased the expres-
sion of E-cadherin, and reduced the expression of vimentin (Table 5.3) [50].
Overexpression of miR-200c repressed the expression IL8, an inflammatory media-
tor, through a mechanism involving suppression of IKBKB and alteration of NFkB
activity (Table 5.3) [48]. Downregulation of miR-93 also has been associated with
the increase of inflammatory mediators (IL8 and F3, CTGF, and PAI-1) in uterine
fibroids (Table 5.3) [49]. These findings suggest that decreases of miR-200c and
miR-93 in uterine fibroids are involved in the development of uterine fibroids.

Recently, Qiang et al. reported that downregulation of miR-29b is essential for
pathogenesis of uterine fibroids [51]. Using subrenal uterine fibroid xenograft mod-
els, they found that restoring miR-29b inhibited the accumulation of extracellular
matrix (ECM) and the development of solid tumors. In fact, they detected many
collagen genes that were predicted targets of miR-29b in uterine fibroid cells
(Table 5.3) [45]. Other reports showed that downregulation of miR-29b caused
upregulation of collagen genes in uterine fibroids [51]. These facts indicate that
downregulation of miR-29b is involved in the growth of uterine fibroids.
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5.4.2 Steroid Hormone and MicroRNAs in Uterine Fibroids

Uterine fibroids grow in response to estrogen and progesterone, and the actions are
mediated by their receptors. Recently, several microRNAs were found to be associ-
ated with the actions of these hormones. Pan et al. found that estradiol and medroxy-
progesterone acetate regulated the expression of miR-21 in myometrial and uterine
fibroid cells [47]. Qiang et al. reported 17p-estradiol and progesterone downregu-
lated miR-29b with upregulation of several collagens in uterine fibroid xenografts
[51]. These facts suggest that ovarian steroid actions on the target genes are medi-
ated in part through the regulation of miRNAs in uterine fibroids. Such a regulatory
mechanism may control the expression of target genes which are necessary for the
growth of uterine fibroids and the response to ovarian steroids.

5.4.3 Chromosomal Abnormality and Deletion of MicroRNAs

The impact of specific genomic alterations on dysregulated microRNAs in uterine
fibroids was previously investigated using comparative genomic hybridization [42].
Chromosomal regions of 1p36.33-p36.23 and 13q26.1-q27.1 are regions of deletion
overlapping among uterine fibroids [25, 61]. Members of the cancer-inhibitory
miRNA family mir-200a/b are located in the region of loss at 1p36, while the 13q26-
27 region harbors miR-15b and miR-16-2. Loss of the miR-15 and miR-16 cluster
is associated with aggressive tumor growth [62]. These findings indicated that alter-
ation of these genomic regions harboring cancer-related miRNAs may be related to
the tumorigenesis of uterine fibroids.

5.4.4 Racial Differences in MicroRNA Expression in Uterine
Fibroids

Although several previous reports using genome-wide approaches revealed a frac-
tion of microRNAs were commonly dysregulated in uterine fibroids [42, 43, 45—
47], the levels of the expression varied among races [45, 47, 50]. Wang et al.
reported that uterine fibroids from African-Americans more strongly expressed
let-7 than those from Caucasian [45]. The expression profiles from other racial
groups (Asian and Hispanic) appear to be in between those of black and white
women [45]. Chuang et al. reported that the levels of miR-200c were lower in
uterine fibroids from African-Americans than those from Caucasians [50]. Pan
et al. indicated several microRNAs including miR-21 were more strongly
expressed in Caucasians than in African-Americans [47]. Uterine fibroids tend to
develop more frequently, grow more rapidly, and are more symptomatic in
African-Americans than in other racial groups. These facts suggest that regulatory
roles of microRNAs are responsible for the difference of incidence, size, and
growth rate between races.
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Fig. 5.2 Hypothesis of the pathogenesis and development of uterine fibroids

5.4.5 LongNoncoding RNAs and Uterine Fibroids

Long noncoding RNAs regulate gene expression in a variety of biological processes
[63]. In a study of the global expression of IncRNAs in uterine fibroids, 252 IncRNAs
were dysregulated in small fibroids and 816 were dysregulated in large fibroids
compared to the myometrium [44]. This suggests that the degree of dysregulation is
positively correlated with tumor size. In addition, the expressions of many IncRNAs
were correlated with the mRNA expressions of the neighboring genes. For example,
in vitro knockdown of the IncRNA intergenic10, which is often upregulated in uter-
ine fibroids, decreased expression of the neighboring gene (ADAM12) and inhib-
ited the proliferation of fibroid cells. These results suggest that not only microRNAs
but also IncRNAs such as Intergenic10 contribute to the growth of uterine fibroids
via their cis mRNAs.

Conclusion

We propose the following hypothesis for the pathogenesis of uterine fibroids
(Fig. 5.2). Tissue stem cells in the myometrium transform to tumor cells by aber-
rant DNA methylation, histone modification, and microRNA expressions induced
by factors such as environmental exposures. Aberrant DNA methylation and its
related transcriptional aberration in cancer-related genes such as IRS1 may rep-
resent a critical initial mechanism that triggers transformation of a single tissue
stem cell to a tumor cell, which will eventually develop into a monoclonal fibroid
tumor. Downregulation of genes associated with tumor repression such as
GSTMS, KLF11, DLECI, and KRT19 by dysregulated DNA methylation may
also contribute to the transformation. Aberrant DNA methylation in uterine
fibroids has been implicated in the increase of ER-alpha expression. Dysregulated
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ncRNAs, e.g., miR-21 and genes of the miR-200 and let-7 families, also may
have important roles in tumorigenesis of uterine fibroids. Genomic alteration
such as chromosomal deletion is also involved in the aberrant expression of
microRNAs including miR-200 family genes and miR-15/16. After menarche,
the tumor cells aberrantly respond to estrogen and gradually proliferate and dif-
ferentiate to form uterine fibroid nodules. Aberrant DNA methylation of the pro-
moters of ER-alpha-target genes, e.g., COL4Al, COL6A3, DAPKI, and
NUAKI1, is responsible for the aberrant response to estrogen. In addition, the
responses to estrogen and progesterone could be modified by dysregulated
microRNAs such as miR-21 and miR-29b. Some epigenetic factors such as
microRNAs and IncRNAs may affect the size of uterine fibroids. Moreover, there
are differences in epigenetic statuses including DNA methylation and microR-
NAs between races. These findings suggest that epigenetic status can explain not
only the pathogenesis but also diverse characteristics of uterine fibroids.

Taken together, these facts suggest that aberrant epigenetic modifications con-
tribute to the pathogenesis of uterine fibroids and may lead to the development of
new strategies for treatment.
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