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Abstract

Leiomyomas are benign uterine tumors considered to arise from transformation of myometrial cells.
What initiates the conversion of myometrial cells into leiomyoma is unknown, however cytogenetic
analysis often shows occurrence of nonrandom chromosomal abnormalities that may account for
their establishment. It is clear that ovarian steroids are essential for leiomyoma growth, and local
expression of many autocrine/paracrine mediators serving as key regulators of cell-cycle progression,
cellular hypertrophy, extracellular matrix accumulation, and apoptosis appear to play central roles
in this capacity. However, the stability of the expression of these genes represents the hallmarks of
leiomyoma establishment, growth, and regression. With the emergence of microRNA (miRNA) as
a key regulator of gene expression stability, in this review we present evidence for the expression
and potential regulatory functions on miRNAs in leiomyoma with particular emphasis on the
expression of their selective target genes whose products influence various cellular activities critical
to pathogenesis of leiomyomas.
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Leiomyomas are benign uterine tumors that develop during the reproductive years and are
suppressed after menopause. Clinical observations and epidemiologic studies have estimated
that the lifelong risk of developing leiomyomas is ~70%, with a higher risk among African
Americans compared with that of other ethnic groups (for review, see refs. 1,2). Despite limited
potential of becoming malignant, the presence of symptomatic leiomyomas account for more
than one third of all the hysterectomies performed annually in the United States alone.1

Leiomyomas are thought to develop from cellular transformation of myometrial cells; however,
the identity of the factor(s) and molecular mechanism of their actions that contribute toward
this process are unknown. Evidence exists supporting the potential involvement of genomic
instability, affecting several genes including estrogen and progesterone receptors, with an
increased risk of leiomyoma development.3-6 Several genomic and proteomic studies have
also provided evidence for altered molecular environment of leiomyomas compared with that
of myometrium as a possible causative marker of their growth and regression.7-11 Included
among these factors are several oncogenic and tumor suppressor genes that may participate in
transformation of myometrial cells into leiomyomas. Moreover, local expression of a large
number of autocrine/paracrine mediators, including growth factors, cytokines, chemokines,
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angiogenic and inflammatory response mediators, proteases, extracellular matrix (ECM), and
their receptors may account for leiomyoma growth. Although the biological significance of
many of these genes in the pathophysiology of leiomyoma remains to be established, they are
known to regulate events such as cell growth and differentiation, apoptosis, and ECM turnover
that are critical to leiomyoma growth and regression. However, the stability of the expression
of these genes to allow for their optimal and timely expression is fundamental for
implementation of their specific biological functions in normal cellular activities, and their
instability is directly linked to establishment and progression of various disorders.

Gene expression at the transcriptional and translational levels serves as a critical step in
determining the optimal and timely availability of gene products, and the outcome of their
associated cellular activities. In this capacity, the recent discovery of microRNAs (miRNAS)
and their functional analysis has revealed their importance as key regulators of gene expression
stability.12-17 As a member of the non—protein-coding small RNA family, miRNAs are
transcribed from genes scattered at multiple locations in all chromosomes except the Y
chromosome.14 Interestingly, ~50% of the miRNA genes are found in clusters throughout the
genome, indicating their potential co-transcription and coordinated expression as polycistronic
primary transcripts.18,19 After transcription from their respective genes and several processing
steps, resulting in the generation of 70- to 90-nucleotide (nt) precursor miRNAs (pre-miR-
NAS), they are transported into the cytoplasm and cleaved by Dicer into ~19- to 24-nt mature
miRNAs.20-23 The mature miRNAs through complementary interactions with the 3’
untranslated region (3' UTR) of target genes regulate their expression at transcriptional and
translational levels.20-23 The specificity of the interaction of miRNAs with target genes is
primarily dictated by the “seed” region located at residues 2 to 8 at their 5’ ends.20-23 Well
over 1500 miRNAs have been identified or predicted in mammalians, including in humans.
As a result of redundancy within the seed region of miRNAs, the predictive algorithms have
suggested that up to a third of all genes may contain putative single or multiple binding sites.
19 Although the biological significance of many miRNAs remains to be elucidated, recent
functional studies have implicated their expression with developmental processes, cell-cycle
progression and apoptosis, as well as inflammation and immune regulation.14,19,20,22,23
Altered expression of some miRNAs has also been associated with several disorders, including
cellular transformation and tumorigenesis in multiple cancers.13,14,19 Interestingly, > 50%
of miRNA genes are located at chromosomal fragile sites often altered in several human
cancers.14 Recent identification of the expression of a large number of miRNAS in leiomyomas
also implies their key regulatory functions in many cellular activities central to establishment
and later growth and regression of leiomyomas. Here we will provide an overview of the
expression and possible role for some of these miRNAs in regulating the expression of genes
important to cellular activities associated with pathogenesis of leiomyomas.

MiRNA EXPRESSION PROFILE IN LEIOMYOMAS

Based on current information in the database (http://microna.sanger.ac.uk/;
http://www.targetscan.org/; http://pictar.bio.nyu.edu/), many putative miRNAs have been
identified and/or predicted in the genome of different species, including in mammalians. In
humans, around 580 distinct miRNA sequences have been identified and more than 1000 have
been predicted19,24 that may regulate up to one third of protein-coding and possibly non—
protein-coding genes.24 Use of microarray technology has allowed profiling of the expression
of a large number of miRNAs in various cells and tissues under normal and disease conditions
(see other articles in this issue of the journal).25-27

Using this approach, three recent studies, including our own, have reported the expression
profile of a few hundred miRNAs in leiomyomas and matched myometrium, as well as their
isolated smooth muscle cells.28-30 The study by Wang and colleagues identified 45 miRNAs
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whose expression was significantly altered in leiomyomas, with let-7 family, miR-21,
miR-23b, miR-29b, and miR-197 representing the most unregulated miRNAs in leiomyoma
compared with myometrium.30 Marsh and colleagues also reported an altered expression of
46 miRNAs with 19 overexpressed and 27 underexpressed in leiomyomas compared with
myometrium, including miR-21, miR-34a, miR-125b, miR-139, and miR-323.28 Based on
global normalization, we identified 91 miRNAS, with a progressive decline either in the level
of their expression and/or numbers in leiomyomas compared with that in myometrium.29 We
also identified a further decline in the number and level of expression of these miRNASs in
isolated myometrial smooth muscle cells (MSMCs) and leiomyoma smooth muscle cells
(LSMCs) compared with that of their original tissues.29 Based on the level of expression and
predicted target genes important to leiomyomas, we selected miR-20a, miR-21, miR-23a,
miR-23b, miR-26a, miR-18a, miR-206, miR-181a, and miR-142-5p and validated their
expression in these tissues and cells.29 Collectively, the result of these studies revealed that a
selective number of miRNAS are aberrantly expressed in leiomyomas compared with
myometrium.28-30

To gain more of the identity and possible function of these miRNAs, we performed a
comparative analysis of the miRNAs reported as differentially expressed in leiomyomas in
these studies.28-30 The analysis revealed 27 miRNAs as commonly expressed at least in two
of these studies (Table 1). Based on the predictive algorithm data sets (see
http://microrna.sanger.ac.uk; http://www.targetscan.org/; http://pictar.bio.nyu.edu/), most of
the genes targeted by these miRNAs are functionally associated with cell-cycle regulation,
differentiation, mobility, and apoptosis, as well as inflammatory response and ECM turnover
(Fig. 1). In addition, four of these miRNASs are also predicted to target estrogen and
progesterone receptor genes. Although the expression and regulation of some of the genes has
been identified in leiomyomas, whether they are regulated by these specific miRNAs and/or
other miRNAs in leiomyoma and myometrial cells remains to be established. The task of
dissecting the regulatory function of each miRNA on its predicted target gene(s) is rather
complex, because of the specificity of the miRNA seed region, in that a single miRNA can
potentially target the expression of hundreds of genes, or a single gene could be the potential
target of many different miRNAs.17,31,32 In addition, the extent of target gene regulation
depends on the degree of complementary sequence homology of genes with their corresponding
miRNAs.12,32

Several miRNAs including the let-7 family have been predicted to target the expression of
genes with oncogenic and tumor suppressor activities, such as high mobility group (HMG)
genes.33 Wang et al demonstrated that let-7b targets the expression of high mobility group A2
(HMGAZ2) in LSMCs.30 Our preliminary results also indicate that the expression of
transforming growth factor p (TGF-p) receptor type Il is the target of miR-21 in LSMCs.34
TGF-B is a key profibrotic cytokine that mediates its biological activities by binding to TGF-
B receptor (TGF-BR) types | to 111, of which types | and Il are transmembrane proteins with a
cytoplasmic serine/threonine kinase domain.35-37 TGF-f and TGF- receptors as well as their
intracellular signaling pathways are overexpressed in leiomyoma compared with that in
myometrium. The consequence of a lower expression of miR-21 in leiomyoma and LSMCs
compared with that in myometrium might represent a loss of one of the regulatory mechanisms
resulting in unregulated expression of TGF- receptor and increased TGF- activities. The
biological functions attributed to TGF-Bs include cellular hypertrophy, ECM turnover, and
angiogenesis, key processes that are central to various fibrotic disorders, including
leiomyomas.35-40 Because a large number of genes are predicted targets of let-7 and miR-21,
their altered expression in leiomyomas compared with that in myometrium could have a
significant regulatory implication on the outcome of leiomyoma growth and regression.
However, it is not yet established whether altered expression or mechanisms regulating their
target genes differentiate leiomyomas from myometrium. We are currently investigating the
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mechanism(s) by which miR-21 alters the expression of TGF-f type |1 receptor and other
predicted target genes in leiomyoma and myometrium.

MiRNA AND CELLULAR TRANSFORMATION

Cellular transformation of MSMCs or myometrial connective tissue fibroblasts is considered
to result in the establishment of leiomyomas; however, transformation of leiomyomas into
leiomyosarcoma is very rare. Factors and molecular mechanisms implementing their actions
that account for such cellular transformation are currently unknown, although genetic and
epigenetic alterations are considered to initiate malignant transformation in most human
cancers. Accumulated evidence supports key roles for several oncogenes in cellular
transformation processes, and significant progress has been made toward understanding their
mechanisms of action.41 Recent reports have provided evidence linking several oncogene and
tumor suppressor gene networks with regulatory function of miRNAs. Among a selective
number of miRNAs that emerged to serve in this capacity are let-7 family, miR-17-92 cluster,
miR-372-373, miR-155/BIC, and miR-15-16,18,42-44 which is frequently deleted in several
patients with chronic lymphocytic leukemia.18,41 The ability of these miRNAS to serve as
oncogenic or tumor suppressors is due to their regulatory function on genes whose products
influence cell-cycle progression and apoptotic signaling.13,43,44

Interestingly, the expression of several miRNAs, including miR-17-5p, miR-155, miR-15,
miR-16, and let-7 family, was altered ina LSMC culture spontaneously transformed (T-LSMC)
in our laboratory and in SK-LMS-1, a leiomyosarcoma cell line, compared with that in MSMC
and LSMC. We also identified an altered expression of miR-20a, miR-21, miR-23a, miR-23b,
miR-26a, miR-18a, miR-206, miR-181a, and miR-142-5p in these cells.29 These miRNAs are
predicted to target the expression of genes involved in cell-cycle regulation and may also target
the ovarian steroid receptor genes. These results raise the possibility that these miRNAs, some
with the ability to initiate cellular transformation by targeting protooncogenes and tumor
suppresser genes (Fig. 1), effect myometrial cell transformation into leiomyomas and possibly
into cancerous phenotype, although its occurrence is very rare. Evidence suggests that genomic
instability, affecting several genes including estrogen and progesterone receptors, is associated
with an increased risk of leiomyoma development. As such, it would be of interest to correlate
these genomic sites with sites harboring miRNAs genes that are also reported to be subject to
frequent deletion in other disorders.14 Such association may further assist identifying possible
mechanisms for aberrant expression and contributions of miRNAS to pathogenesis of
leiomyomas.

MiRNA AND STEM CELL REGULATION

Adult stem cells have been identified in almost all the tissues examined and appear to possess
a long-term replicative potential with the capacities of self-renewal and multilineage
differentiation. The adult stem cells are considered to participate in various normal tissue
organizations under highly regulated processes, and alterations in their microenvironment may
contribute to events leading to tumorigenesis.45 This is due to a high degree of similarity
between somatic stem cells and cancer cells, including their fundamental ability for self-
renewal and differentiation.45-47 A recent study has also identified the presence of adult stem
cells in human myometrium.48 Given these common attributes, miRNAs through differential
regulation of specific genes, including protooncogenes and tumor suppressor genes, could
functionally play a critical role in myometrial stem cell transformation into leiomyoma. Several
studies have identified several miRNAs in association with specific stem cell types, or their
differentiation process into adipocyte, cardiac, neural, and hematopoietic lineages.49
Noticeable among them are miR-181, miR-124, miR-128, miR-23, and the miR-15a-miR-16
clusters.45-47,49 Although the expression and possible regulatory functions of these miRNAs
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has been ascribed to stem cell biology and their differentiation, it is yet to be established whether
they have any role in the expression of genes that facilitate myometrial stem cells to undergo
transformation into leiomyoma (Fig. 1).

ROLE OF ETHNICITY AND miRNA EXPRESSION

It is estimated that the lifelong risk of developing leiomyomas is ~70%, with a higher risk
among African Americans compared with that of other ethnic groups. Several studies have
associated an increased risk of developing leiomyomas, including among African Americans,
with genomic instability affecting the expression of several genes.3,4,6,11 Comparative
assessment of gene expression also indicates an influence of ethnicity on overall gene
expression profile in leiomyomas.10,11,50 Using tissue microarray, an immunohistochemistry
study has reported an altered intensity of immunostaining of several proteins in leiomyomas
among African Americans compared with that of other ethnic groups.51 In a recent genomic
and proteomic study, we also identified an altered expression of several genes and proteins in
leiomyomas of African Americans compared with that of whites.11 It has also been suggested
that the levels rather than the ethnic-specific expression of these genes and proteins account
for the difference between leiomyomas and possibly myometrium in African Americans
compared with that in whites. Although posttranscriptional and translational regulations may
account for these differences, regulatory function of miRNAs could also influence their
differential expression in leiomyomas, including their ethnic-dependent expression.

The study by Wang and colleagues provided support for the potential role of miRNASs in gene
expression regulation in leiomyomas based on ethnicity.30 The results identified an altered
expression of several miRNAs, including miR-23a/b, let-7s, miR-145, miR-197, miR-411, and
miR-412, in leiomyomas from African Americans compared with those from whites.
Leiomyomas from other ethnic groups (Asian and Hispanic) exhibited miRNA expression in
between that of African American and white women.30 We also found an altered expression
of miR-23a and miR-23b in leiomyomas from African American compared with that in whites
and showed their regulation by ovarian steroids.29 The biological implication of ethnic-
dependent expression of these and other miRNAs and their target genes requires detailed
investigation. However, these miRNAs are predicted to target the expression of many genes
involved in several cellular activities such as cell-cycle regulation, inflammatory reaction,
apoptosis, and ECM turnover that are critical in pathogenesis of leiomyomas.

The study by Wang and colleagues also found a size-dependent expression of miRNAs in
leiomyomas.30 A few studies have also indicated differences in gene expression profile of
leiomyomas based on size and location of tissue biopsies collected for analysis. Interestingly,
larger leiomyomas are observed to be more symptomatic and occur more frequently among
African Americans compared with that in other ethnic groups. Despite their growth in size,
larger leiomyomas often undergo degeneration, specifically at the center. As such, analysis of
genes and/or miRNAs expression in leiomyomas based on location (periphery vs. center) must
be considered to avoid misleading information associating growth in size of leiomyomas with
their expression profiles. However, validating and verifying the expression of genes targeted
by the miRNAs commonly identified in leiomyomas would allow for better understanding of
their regulatory function based on ethnicity and molecular mechanisms that promote
leiomyoma growth and degenerative processes.

REGULATORY FUNCTION OF OVARIAN STEROIDS ON miRNA EXPRESSION

It is quite clear that ovarian steroids and their receptors play central roles in leiomyoma growth
because of their establishment and rapid growth during hyperestrogenic states and regression
with menopause. Local estrogen biosynthesis has also been suggested to play a role in

promoting leiomyoma growth.1 However, evidence exists indicating limited difference in the
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level of estrogen and progesterone receptors between myometrium and leiomyomas and the
low level of local estrogen biosynthesis in leiomyoma implies a limited biological significance
compared with ovarian-derived estrogens.1 Clinical studies have also produced conflicting
results regarding the effect of progesterone or synthetic progestins on leiomyoma growth.1
However, under in vitro conditions, ovarian steroids influence the expression of several genes
with growth-promoting activities in leiomyoma and myometrial primary cell cultures.1

Because of the growth dependency of leiomyomas on ovarian steroids, creating a
hypoestrogenic state by gonadotropin-releasing hormone agonist (GnRHa) therapy often
results in leiomyoma regression.1 GnRHa therapy causes a reduction in uterine/leiomyomas
steroid receptors content, volume, arteriole size, and blood flow. Daily administration of
antiprogesterone (mifepristone; RU-486) also induces a significant decrease in leiomyomas/
uterine volume.1 RU-486 causes a significant reduction in leiomyoma progesterone receptor
content without affecting the estrogen receptor levels.1 Clinical studies have also found that
selective progesterone receptor modulators, asoprisnil (J867) and CDB-2914, have beneficial
effects on leiomyoma regression, further supporting the role of progesterone and its receptor
in leiomyoma growth.1,52,53 Under in vitro conditions, RU-486, ZK98299, and CDB-2914
also altered the rate of DNA synthesis and growth factors and proteases expression in MSMC
and LSMC primary cultures.54-56 Although both MSMCs and LSMCs equally express
progesterone receptors Aand B, J867 and CDB-2914 have been reported not to have any effects
on the expression of these genes in MSMCs.55

Considerable evidence exists implicating menstrual cycle-dependent expression of a large
number of genes in myometrium and leiomyomas and their regulation by ovarian steroids in
myometrial and leiomyoma cells under in vitro conditions.7,10,38,57-59 Recent studies,
including our own, also suggest a regulatory function for ovarian steroids in the expression of
miRNASs.29,30 Wang et al identified differential expression of a group of miRNAs in
leiomyomas and myometrium during the proliferative compared with the secretory phase of
the menstrual cycle and during inactive cycles supporting possible involvement of ovarian
steroids in their expression.30 Because the miRNAs expression profiling in our study used
leiomyomas and myometrium from the early to mid secretory phase of the menstrual cycle, a
progesterone-dominated period, we used primary culture of MSMCs and LSMCs and provided
direct evidence for the influence of ovarian steroids on the expression of a selective number
of miRNAs.29 We found that 17 estradiol (E2) and medroxyprogesterone acetate (MPA)
differentially regulated the expression of these miRNAs in a cell-dependent manner.29 For
instance, treatment of these cells with E, inhibited whereas MPA enhanced the expression of
miR-21 and miR-26a in MSMCs and LSMCs, respectively. The expression of these miRNAs
was also the target of regulatory actions of estrogen antagonist ICI-182780 and progesterone
antagonist RU-486, respectively. These treatments either alone or after co-treatments with their
respective sex steroids induced both an inhibitory and enhancing effect on the expression of
these miRNAs in MSMCs and LSMCs.29 These results indicate complex but important
regulatory functions for the ovarian steroids in the expression of miRNAs. However, detailed
analysis is required to correlate the expression of these miRNAs and their target genes to
determine if both are subject to regulation by the ovarian steroids. Such a regulatory activity
may result in differential expression of miRNAs in leiomyoma and myometrium, a mechanism
that could serve in regulating the expression of many of the target genes influencing leiomyoma
growth or regression as seen with their selective estrogen and progesterone receptor
modulators.

POSSIBLE FUNCTION OF miRNAs IN LEIOMYOMA

Among the miRNAs identified as differentially expressed in leiomyomas and myometrium are
let-7 family, miR-21, miR-23b, miR-29b, miR-197, miR-34a, miR-125b, and miR-26a (Table
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1).28-30 Based on the predictive algorithm data sets (see http://microrna.sanger.ac.uk;
http://www.targetscan.org/; http://pictar.bio.nyu.edu/) and evidence obtained in other cell
types, most of these miRNA target genes are functionally associated with cell-cycle
progression, cell differentiation, mobility and apoptosis, cell-cell communication,
transformation and tumorigenesis, as well as inflammatory response and ECM turnover (Fig.
2).16,27,42,48

mMiRNAs as Regulator of Cell Growth and Apoptosis

A combination of mitotic activities, alterations in cellular hypertrophy, and ECM accumulation
plays a major role in leiomyoma growth.7,38,58-61 The rate of mitotic index, which reflects
cellular proliferation, is estimated to be as high as 40 mitotic figures/100 high-power fields in
leiomyomas during the luteal phase and significantly higher in tumors from younger (ages 30
to 34 years) than from older (ages 45 to 49 years or 50 to 54 years) women.62,63 During the
proliferative phase, leiomyomas and myometrium have similar mitotic index, which increases
in women who received progestin therapy compared with that in untreated or estrogen/
progestin treated groups. However, the mitotic index in leiomyomas was relatively low to
account for their rapid growth and conversely a rapid decrease in their size with GnRHa and
RU-486 therapies. GhnRHa and RU-486 therapies often cause leiomyoma regression, possibly
by enhancing cellular apoptosis,64,65 ECM degradation, and reduced cellular hypertrophy.
Leiomyomas can undergo extensive growth with mitotic index less than1062,63 implying the
importance of other cellular activities for growth in size of leiomyoma. Alterations in cellular
hypertrophy and ECM accumulation are known to play a major role in progression of various
fibrotic disorders.66

Evidence suggests that overexpression of miR-20a and miR-21 is inversely associated with
apoptosis and malignant cellular transformation in several cancer cells.27,67-70 Analysis of
many cancer-derived cell lines for sequence variations in 15 miRNAs for tumor-associated
mutations has implicated miR-26a in these processes.14,68 In contrast, elevated expression of
miR-181 has been associated with cellular differentiation and establishment of muscle
phenotype, 71 and miR-206 expression has been identified in estrogen receptor o (ERa)-
negative MB-MDA-231 cells, but not ERa-positive MCF-7 cells72 (see the article by Adams
et al in this issue of the journal). Because leiomyomas express low levels of miR-21 and
miR-206 compared with that in myometrium, their differential expression may result in
reprogramming of the expression of their specific target genes that influence growth of
leiomyomas.

Among the genes predicted as the target of miR-26a are HMGAL1 and HMGAZ2, expressed at
very high levels in various tumors, including leiomyomas, and considered to serve in cellular
events leading into tumorigenesis.30,73 In thyroid carcinomas, the expression of miR-26a was
inversely correlated with HMGAL1 and HMGAZ2 expression, which are highly elevated in these
tumors. Overexpression of miR-26a in thyroid cancer cells suppressed HMGA1 and HMGA2
expression and consequently inhibited their proliferation.74 HMGAZ is also predicted as one
of the genes targeted by the let-7 family, and overexpression of let-7b in leiomyoma cells
resulted in suppression of HMGAZ2 expression.30 Furthermore, increased expression of
miR-26a has been considered to promote myogenesis as overexpression of miR-26a in murine
myocytes increased creatine kinase activity, an enzyme that markedly increases during
myogenesis, and upregulated myoD and myogenin mRNA expression levels.75

Human cytochrome P450 (CYP) 1B1, an enzyme involved in estrogen metabolism, has been
identified as one of the genes targeted by miR-27b, which is located on human chromosome
9g22.1 and clusters with miR-23b and miR-24-1. A low level of miR-27b expression in MCF-7
cells has been inversely associated with CYP1B1 expression and overexpression of miR-27b
resulting in inhibition of CYP1B1 expression.76 Leiomyomas expressed lower levels of
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miR-27b, miR-23b, and miR-24 compared with that in myometrium suggesting their potential
function in regulating estrogen metabolism and promoting leiomyoma cell growth.
Additionally, miR-27a facilitates cancer cell proliferation through suppression of Myt-1, which
blocks cell-cycle progression at G,-M phases.77 Marsh et al reported an upregulation of
miR-27a,30 suggesting possible regulation of genes involved in leiomyoma cell proliferation.
However, we detected a lower level of miR-27a expression in leiomyomas compared with that
in myometrium,29 which could be due to the menstrual cycle—dependent expression. If
miR-27a expression is differentially regulated during the menstrual cycle, the result could
influence the expression of genes targeting cell-cycle progression in leiomyoma, which
undergoes different growth pattern during the menstrual cycle.

Several members of the let-7 family have also been reported to promote terminal differentiation
and reentry into the cell cycle.78 These events are essential components of tissue turnover that
occur during fibrosis, and aberrant expression of let-7 in leiomyomas may result in altered
expression of genes with similar functional activities. Hypertrophy is also critical in leiomyoma
growth in size and tissue turnover,11,79 and several miRNAs such as miR-21 and miR-18b
have been found to function in that capacity.80 Inhibition of miR-21 and miR-18b expression,
which were differentially expressed in rat cardiomyocytes, resulted in the induction of
hypertrophy, including increased cell size and expression of hypertrophic markers, such as -
actinin and a-actin.80 Blocking the expression of these miRNAs with short double-stranded
RNAs further indicated that miR-21 acts as a negative regulator of hypertrophy.80
Furthermore, antisense-mediated depletion of overexpressed miR-21 also resulted in
prevention of neointimal lesion formation.81 Under in vitro conditions, a similar approach
resulted in decreased cell proliferation and increased cell apoptosis of vascular smooth muscle
cells obtained from these lesions compared with that of normal differentiated cells.81 In
addition, the muscle-specific miR-1 was downregulated after aortic constriction-induced
hypertrophy in a mouse model. Overexpression of miR-1 in cardiac myocytes inhibited the
expression of predicted growth-related target genes, including Ras GTPase-activating protein,
cyclin-dependent kinase 9, fibronectin, and Ras homo-log enriched in brain (Rheb), in addition
to protein synthesis and cell size.82 Other miRNAs that displayed a greater change during
cellular hypertrophy were miR-199a, miR-199a*, miR-199b, miR-21, and miR-214.82 In
summary, these results suggest that miRNAS, by targeting the expression of genes functionally
associated with cell-cycle progression, differentiation, apoptosis, and hypertrophy, could have
far-reaching influence on leiomyoma growth and regression.

miRNAs and Tissue Remodeling

Tissue remodeling is critical to the progression of fibrotic disorders and modulation of ECM,
adhesion molecules, and proteases expression, and phenotypic changes toward a
myofibroblastic phenotype are essential components of this process.39,83-85 We and others
have identified the expression of several genes in this category in leiomyoma and myometrium
and their isolated smooth muscle cells, including fibronectin, collagens, decorin, versican,
fibromodulin, several members of the integrin family, as well as proteolytic enzymes and their
physiologic inhibitors.7,8,10,50,86,87 Of particular interest are elevated expression of decorin,
vimentin, fibulin, thrombostatin, and fibromodulin in leiomyoma because of their ability to
bind TGF-p and control TGF-p autocrine/paracrine actions, a mechanism considered to
regulate TGF-p availability and the outcome of tissue fibrosis.36,37,40,83,88 Leiomyoma is
believed to derive from transformation of myometrial connective tissue fibroblast and/or
smooth muscle cells, and the expression of vimentin in leiomyoma/LSMC imply that these
cells have adopted a myofibroblastic characteristic. Although granulation tissue
myofibroblasts are derived from local fibroblasts, other cell types including smooth muscle
cells have the potential of acquiring a myofibroblastic phenotype.84,85 Various cytokines,
including granulocyte monocyte colony stimulating factor (GM-CSF), interleukin (IL) 11, and
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TGF-p participate in transformation of fibroblasts into myofibroblastic phentotype.84,85
Despite the importance of tissue turnover in pathophysiology of tissue fibrosis, little is known
about the extent of ECM expression, regulation, and differences that may contribute to the
fibrotic characteristic of leiomyoma.

The mechanism of how miRNAs function in regulating the expression of genes related to tissue
turnover has not been investigated, although many genes in this category are predicted targets
of their regulatory functions. As indicated, miR-21 appears to be involved in cellular processes
that are important to neointimal lesion formation.81 Because leiomyomas display many
features of fibrotic tissue disorders, a lower expression of miR-21 in LSMCs and leiomyoma
vascular smooth muscle cells may function in a fashion observed in neointimal lesions.81 Our
preliminary observation that miR-21 targets the expression of TGF-p receptor is of further
interest as unregulated expression of various components of the TGF-B system is associated
with altered expression of several ECM, proteases, and other ECM-related genes.8,11,38,79,
86,87,89 It has been reported that miRNAs may be involved in the mechanism of TGF-
mediated collagen regulation involving miR-192, which is increased by TGF-f.90
Downregulation of two related miRNAs, miR-206 and miR-1, has also been reported to inhibit
the expression of connexin 43 (Cx43) during myoblast differentiation.91 Several connexins
including Cx43 are expressed in leiomyomas, and their expression, including the expression
of miR-206, are under the regulatory function of ovarian steroids.8,11,29,62,79 In addition,
the expression of several muscle-specific mMiRNAs, such as miR-1, miR-206, and miR-133a,
is also altered in response to stresses in adult skeletal muscle, with a significant increase in
miR-206 and downregulation of miR-1 and miR-133a.92

The miR-17-92 cluster contains miR-17-5p, miR-17-3p, miR-18a, miR-19a, miR-20a,
miR-19b, and miR-92-1, and miR-18 and miR-19 have been found to target the expression of
connective tissue growth factor (CTGF) and thrombospondin-1 (TSP-1), respectively.93 The
biological significance of mMiRNA-mediated CTGF regulation is due to the ability of CTGF in
mediating the profibrotic actions of TGF- in tissue fibrosis.40,94,95 However, we have
reported that the expression of CTGF and TGF-§ is inversely correlated in leiomyomas,
although TGF-B induced CTGF expression in LSMCs under in vitro condition.94 Interestingly,
miR-18 and miR-19 are equally expressed in leiomyoma and myometrium, but their potential
influence on the expression of CTGF and other target genes may result in regulation of various
cellular functions critical to tissue turnover in leiomyoma.

CTGF is a member of the cystine-rich secreted family (CCN), which includes cysteine-rich,
angiogenic inducer 61 (CYR61)—known to modulate cell migration, angiogenesis, and ECM
production.95 CYRG61 is a predicted target of miR-221 and miR-222, which are downregulated
in myometrium compared with that in leiomyoma. A lower expression of CYR61 in
leiomyomas compared with that in myometrium96 could also be due to overexpression of these
miRNAs. TSP-1 is known to play an important role in a variety of biologic processes, including
cell-cell and cell-matrix interactions, antiangiogenic activity, and activation of latent TGF-p.
97 Similar to CTGF, TSP-1 is expressed at significantly lower levels in leiomyoma compared
with that in myomterium.11 Notably, TSP-1 and CTGF have been found as targets of miR-17-
92 regulatory functions. miR-17-5p and miR-20a have also been associated with
downregulation of transcription factor, E2F1, with miR-20a acting as an activator of c-myc,
98 which acts as transcriptional regulator of several ECM-related genes.

miRNAs and Angiogenesis

Angiogenesis is considered to play a key role in pathogenesis of leiomyoma. Angiogenesis is
regulated by a balance between the expression of many factors with enhancing and inhibitory
activities in several cellular events that regulate vascular growth. Leiomyomas express several
factors with angiogenic properties including vascular endothelial growth factor (VEGF),
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fibroblast growth factor (FGF), hypoxia-induced factor (HIF), endothelin, and adrenomedullin.
65 In addition, factors with antiangiogenic properties, such as TSP-1, are also expressed in
leiomyoma. The expression of many of these proangiogenic and antiangiogenic factors is
regulated by ovarian steroids as well as many locally expressed gene products.99 Because the
stability and balance of the expression of these angiogenic and antiangiogenic factors are
important in leiomyoma growth, miRNAs could play key regulatory functions in the outcome
of angiogenesis in leiomyoma.

Among the miRNAs functionally identified to regulate the expression of angiogenic factors
are let-7 family, miR-27b, miR-221, miR-222, miR-26a, miR-291, miR-15, and miR-16.98,
100 Drosha and Dicer, which regulate miRNAs biosynthesis, have also been shown to play a
critical role in endothelial sprouting and network formation by targeting the expression of
miRNAs such as let-7 family, miR-21, miR-221, miR-222, miR-26a, miR-27b, and miR-29a.
101 Inhibition of let-7f and miR-27b significantly reduced sprout formation in vitro, and Dicer
knockdown through small interference RNA (siRNA) treatment significantly blocked
angiogenesis in vivo in part through upregulation of TSP-1 expression involving Akt pathway.
101 Overexpression of miR-221 and miR-222 in endothelial cells also resulted in inhibition
of angiogenesis by blocking tube formation and migration by decreasing c-kit, specific receptor
for stem cell factor.102 miR-221 and miR-222 indirectly reduced the expression of endothelial
nitric oxide synthase (eNOS), which is angiogenic and a contributor to other endothelial cell
functions.101 Leiomyomas express miR-221 and miR-222, but their expression is lower
compared with that in matched myometrium, suggesting a promotion of angiogenesis possibly
involving many of the above mediators. Leiomyomas also express lower levels of miR-15b
and miR-16. Among the predicted targets of miR-15b and miR-16 is VEGF, a key
proangiogenic mediator.103

Hypoxia, which promotes angiogenesis, has been shown to reduce miR-15b and miR-16
expression.103 Given the importance of hypoxia in angiogenesis, a hypoxic condition resulting
in reduction of these miRNAs may contribute toward angiogenesis and leiomyoma growth.
Another miRNA, miR-378, which has been considered to serve as a regulator of angiogenic
mediators, is also downregulated in leiomyoma. Mice injected with miR-378-transfected cells
formed much larger tumors, with larger blood vessels, compared with that in vector-transfected
cells, implying a role for miR-378 in blood vessel formation.104 Leiomyomas also express
several antiangiogenic genes,105 whose expression could be subjected to regulatory functions
of miRNAs. Currently, there is no direct evidence implicating the regulatory function of
miRNAs in the expression of angiogenic and antiangiogenic genes in leiomyoma. However,
the results generated in other systems have opened the field of miRNAs research and their
possible involvement in angiogenesis in leiomyoma. As such, several miRNAs candidates
through differential regulation of angiogenic and antiangiogenic genes may influence
leiomyoma growth and regression.

miRNAs and Inflammation

Inflammatory response and the regulating molecules are essential for normal tissue
homeostasis; however, its unregulated progression could result in several disorders, including
tissue fibrosis. We have proposed that a local inflammatory response mediated through
individual and combined actions of several inflammatory and profibrotic mediators results in
initiation and progression of fibrosis in leiomyoma.8,38 We and others identified the
expression of several genes with proinflammatory and profibrotic activities in leiomyomas,
supporting their functions in leiomyomas (for review, see Refs. 8,38,58). Among the
inflammatory and profibrotic mediators with such characteristics are several cytokines and
chemokines such as interleukin family, IL-4, IL-6, IL-8, 1L-13, IL-15, IL-17, TGF-Bs, tumor
necrosis factor (TNF)-o, GM-CSF, and monocyte chemoattractant protein-1 (MCP-1).8,38,
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58 These cytokines are classified as type 1/type 2 related subsets, and their predominance
toward the type 2 direction is considered to result in inflammatory/immune responses leading
to progression of tissue fibrosis.8,38,58 In addition, elevated expression of some of these
mediators leads to unregulated cellular apoptosis, angiogenesis, and cell survival, possibly
through the activation of fms-related tyrosine kinase 1 (Flt-1), Fas, Fas ligand, cyclin D1,
cyclin-dependent kinase inhibitor (CDKN) 1A, 1B, 2B, 1C, tumor protein 53 (p53), platelet-
derived growth factor (PDGF), VEGF, tissue factor, eicosanoids, intercellular adhesion
molecule 1, fibronectin, urokinase-type plasminogen activator, and matrix metalloproteinases.
7,8,38 The expression of many of these genes has been documented in myometrium with
altered expression in leiomyomas.7,11,38,79,94 The individual and combined actions of many
of these factors also participate in other cellular activities that collectively result in progression
of inflammation and fibrotic disorders, depending on their optimal and timely expression and
regulation.

Gene expression stability is a key to the outcome of inflammatory response and its resolution.
Several miRNAs, specifically, let7, miR-17-5p, miR-20a, miR-106a, miR-125b, miR-146, and
miR-155, have been identified to influence the expression of inflammatory and immune
response mediators.106-108 Among the proinflammatory genes identified as targets of these
miRNAs are several of the above genes that are expressed in leiomyomas.8,11,38,58,79 The
expression of these miRNAs has been identified in myometrium and leiomyomas as well as
in their isolated smooth muscle cells.28-30 The expression of several of these miRNASs, more
specifically miR-125b and miR-155, is required for proper development of inflammatory- and
immune-related cells.109-114 The exposure of macrophages to proinflammatory cytokines,
such as TNF-a, resulted in altered expression of miR-125b and miR-155, and over-expression
of miR-155 in macrophages or in mice resulted in increased TNF-a production after endotoxin
exposure.114 Macrophages, T cells, and mast cells are present, and their populations are higher
in leiomyomas compared with that in myometrium.38,58 These observations imply that
miR-125 and miR-155, and possibly other miRNAs, may potentially regulate the expression
of inflammatory- and immune-related genes in leiomyomas. However, it is unclear if
inflammation causes the expression of specific miRNASs or if unregulated expression of
miRNAs results in activation of inflammation-associated genes during an inflammatory
response.

Other miRNAs, including overexpression of miR-17-5p, miR-20a, and miR-106a, have been
reported to inhibit the differentiation and maturation of monocytes.115 These miRNAs are
predicted to regulate several genes including TGF-p and TGF-B receptors family, a major
cytokine with anti-inflammatory activities that differentially regulates proteases, ECM, and
adhesion molecules expression resulting in progression of tissue fibrosis.66 In addition,
miR-181a expression is increased in mature T cells116 and found to regulate the expression
of antiapoptotic proteins, such as BCL2.117 We identified the expression of miR-181a in
myometrium and leiomyomas and showed that its expression is differentially regulated by the
ovarian steroids in their isolated smooth muscle cells.29 These results suggest that miRNAs
and their differential expression may serve to promote inflammatory response and through
regulation of profibrotic genes enhance the fibrotic nature of leiomyomas.

CONCLUSIONS

During the past two decades, specifically with the advancement in gene expression profiling,
the expression of a large number of genes has been identified in leiomyoma and myometrium.
Although the biological significance of a vast number of these genes remains to be elucidated,
these investigations provided evidence for the complexity of the leiomyoma microenvironment
and differences in genes as compared to the myometrium. As such, the stability of the
expression of these genes is fundamental for implementation of their specific biological
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functions resulting in normal cellular activities in myometrium or abnormalities associated
with leiomyomas. It is reasonable to assume that one or a group of these gene products,
including several oncogenes, are responsible for cellular transformation of myometrial cells
into leiomyoma. Additionally, the product of many other genes, including a large number of
growth factors, cytokines, chemokines, angiogenic and inflammatory response mediators,
proteases, ECM, and their receptors are known to regulate events such as cell growth and
differentiation, apoptosis, and ECM turnover that are critical to leiomyoma growth and
regression. The menstrual cycle regulation and ethnic-dependent expression of some of these
genes may also influence the stability of the expression of these genes.

Gene expression regulation at transcriptional and translational levels is critical in determining
the optimal and timely availability of gene products for implementing their biological
functions. Since their discovery a few years ago, it has become clear that miRNAs play an
importance regulatory function in gene expression stability, and their expression in
leiomyomas and myometrium implies such functions. Accumulated evidence indicates the
potential involvement of genomic instability as a possible mechanism of leiomyoma
establishment and growth. Because miRNAs are transcribed from genes scattered at multiple
locations in all chromosomes with the exception of the Y chromosome and many miRNA genes
are found in clusters, such genomic instability leiomyomas could affect miRNA genes. As
such, correlating these unstable genomic sites with regions harboring miRNAs genes, which
are also subject to frequent deletion in other disorders, may allow for identification of a possible
mechanism for aberrant expression and contributions of miRNAs to pathogenesis of
leiomyomas.

With respect to biological implication of expression of miRNAs in leiomyoma, at the present
time we could only present a speculative assessment of their roles in several cellular activities
that are important in leiomyoma pathogenesis. As such, detailed functional assessment of genes
targeted by the differentially expressed miRNAs regulating cell-cycle progression, cellular
hypertrophy, ECM accumulation, and apoptosis, which are key to leiomyoma growth, is
needed. It is also necessary to investigate the menstrual cycle—dependent and ethnic-dependent
expression of these miRNAs. This is because leiomyomas occur more frequently, grow more
rapidly, and are more symptomatic in African Americans compared with that in other ethnic
groups, and various hormonal therapies have been used for medical management of leiomyoma
growth without detailed information about their local actions. We showed that miRNASs are a
target of regulatory function of ovarian steroids, but how these hormonal therapies regulate the
expression of MiRNASs remains to be investigated. Because one miRNA may target many genes
and one gene may be targeted by many miRNAs, achieving the task of identification of target
genes of miRNAs would be difficult, but the results provide promising information useful for
therapeutic management of leiomyoma through specific gene expression targeting.
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Figure 1.

Schematic presentation of proposed influence of miRNA expression and regulatory functions
on myometrial and leiomyoma gene expression. The products of these genes are involved in
regulating various cellular activities, including inflammatory response, apoptosis,
angiogenesis, cell growth, differentiation, and tissue turnover, processes that result in
leiomyoma growth and fibrotic characteristic. Additionally, aberrant expression of some of
these miRNAs and altered expression of oncogenes/tumor suppressor genes may also result in
myometrial cellular transformation into leiomyomas and later into leiomyosarcoma, although
the latter rarely occur. However, it is yet to be determined if altered expression of miRNAs
results in unregulated processes that lead to leiomyoma establishment and growth or if activities
such as inflammation, or myometrial cellular transformation into leiomyomas results in altered
expression of miRNASs and thus the expression of their target genes.
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Tissue fibrosis

Leiomyoma Growth

Proposed summary of the influence of gene instability, transformation, ovarian steroids, and
ethnicity on miRNA expression and pathogenesis of leiomyoma. Genetic alterations, cellular
transformation of myometrial cells, ovarian steroids, and ethnic differences may effect the
expression of MiRNAs and their aberrant expression alter the stability of their target genes.
The product of some of these genes may in turn regulate the expression of miRNAs, which
through a feedback mechanism influence various cellular activities including tissue turnover,
cell-cycle progression, hypertrophy, angiogenesis, and inflammation resulting in tissue
fibrosis, a characteristic of leiomyoma during growth.

Semin Reprod Med. Author manuscript; available in PMC 2009 July 15.




Luo and Chegini Page 22

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Table 1

Commonly Identified miRNAs in Leiomyomas
miRNAs Chromosome Locus Predicted Target Genes Function
let7a-1/7d 9922.32 HMGAZ2, TSC1, IRS Apoptosis, cell-cycle progression
let7b 22913.1 HMGA2 Apoptosis, cell-cycle progression
let7c 21g21.1 HMGA2 Apoptosis, cell-cycle progression
let7e 19g13.41 HMGA2 Apoptosis, cell-cycle progression
miR100/125b 11g24.1 NF-xB, TNF-a Inflammation
miR125a 19g13.41 lin-28 Neuronal differentiation
miR143/145 5032 ERKS5, MAPK7 Tumor suppressor
miR144 17911.2 Caspase-3 Apoptosis, tumor suppressor
miR149 2937.3 CASP2, Bcl2L2 Apoptosis
miR150 19g13.33 CASP10, PRKCA Apoptosis
miR16-1 13q14.2 BCL2 Apoptosis, tumor suppressor
miR195/324 17p13.1 FGF2 Mitogenic and angiogenic
miR197 1p13.3 BRCA1 Tumor suppressor
miR199a*-2 1g24.3 ITGB8 Cell-extracellular matrix interactions
miR203 14932.33 MYB Oncogene
miR21 17923.2 PTEN, TPM1 Apoptosis, hypertrophy
miR215 1g41 ESR1 Transcription factor
miR23a/23b 19p13.12 TGIF Transcription factor
miR24-1 9922.32 BCL2L11, TCF7 Apoptosis
miR26a-1 3p22.3 HMGA2 Apoptosis, cell-cycle progression
miR27a 19p13.12 TSC1, RXR, RAR, IGF1 Tumor suppressor
miR29b 7932.3 TRAF4, COL1A2 Inflammation, extracellular matrix
miR29¢c 1g32.2 TRAF4, COL1A2 Inflammation, extracellular matrix
miR30a 6913 PLAGL2, RAR Oncogene
miR34a 1p36.32 CDK4, CDKS6, E2F3 Apoptosis, tumor suppressor
miR376b 14g32.31 TNFRSF25, CAPN3 Apoptosis
miR99a 21g21.1 HOXAL, FGFR3 Development, differentiation

Note: The list consists of 27 miRNAs commonly identified in at least two of three studies by Marsh et al,28 Pan et al,29 and Wang et al.30
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