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Abstract: Uterine fibroids (UFs) are the most common benign tumors of the female genital tract.
Their prevalence usually is estimated at 30-40%, but may reach up to 70-80% in predisposed groups
of women. UFs may cause various clinical issues which might constitute the major reason of the
overall deterioration of the quality of life. The mechanisms leading to UFs formation and growth still
remain poorly understood. The transformation of smooth muscle cells of the uterus into abnormal,
immortal cells, capable of clonal division, is thought to be a starting point of all pathways leading
to UF formation. Micro-ribonucleic acids (miRNAs) are non-coding single-stranded RNAs about
22 nucleotides in length, that regulate gene expression. One of recent advances in this field is the
comprehension of the role of miRNAs in tumorigenesis. Alterations in the levels of miRNAs are related
to the formation and growth of several tumors which show a distinct miRNA signature. The aim of
this review is to summarize the current data about the role of miRNAs in the pathophysiology of UFs.
We also discuss future directions in the miRNA research area with an emphasis on novel diagnostic
opportunities or patient-tailored therapies. In our opinion data concerning the regulation of miRNA
and its gene targets in the UFs are still insufficient in comparison with gynecological malignancies.
The potential translational use of miRNA and derived technologies in the clinical care is at the early
phase and needs far more evidence. However, it is one of the main areas of interest for the future as
the use of miRNAs in the diagnostics and treatment of UFs is a new and exciting opportunity.

Keywords: uterine fibroid; uterine leiomyoma; biology; pathophysiology; microRNA; miRNA;
non-coding RNA; diagnosis; treatment

Int. ]. Mol. Sci. 2020, 21, 3016; d0i:10.3390/ijms21083016 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0001-5780-5983
https://orcid.org/0000-0001-9556-6813
http://www.mdpi.com/1422-0067/21/8/3016?type=check_update&version=1
http://dx.doi.org/10.3390/ijms21083016
http://www.mdpi.com/journal/ijms

Int. ]. Mol. Sci. 2020, 21, 3016 2 of 26

1. Introduction

1.1. Uterine Fibroids—Quverview

Uterine fibroids (UFs) are benign lesions and also the most common neoplasms of the female
genital tract worldwide [1,2]. According to various data their prevalence may reach up to 70-80%
in predisposed groups of women, but the frequency of the detection depends on selected diagnostic
methods [3,4]. The risk factors for the UF’s development include some modifiable and non-modifiable
factors [3,5]. According to recent data, the most important ones are: race, age, premenopausal state,
hypertension, positive family history, time since last birth and food additives [3].

UFs may cause various clinical issues which might constitute the major reason of the overall
deterioration of the quality of life (QoL). Women with UFs report different levels of QoL impairment,
from no impact to complete discomfort [6], including sexual life, work performance and relations with
partners and family [7]. Heavy menstrual bleeding (HMB), pelvic pressure and pain, dyspareunia,
voiding and gastrointestinal problems are among the most frequent clinical symptoms in women
with UFs [1,7]. Lesions that cause such symptoms may require a pharmacological or surgical
intervention [8,9]. The approximate annual economic burden of UFs on United States healthcare system
is extremely high [10]. The highest overall treatment costs are generated in case of patients undergoing
hysterectomy due to symptomatic tumors, so the main recommended solution is to reduce the number
of such procedures. The lack of understanding about the etiology of UFs contributes to the intensive
research of new medical therapies [11]. Nowadays we can observe switch to minimally invasive
management which is becoming more common and is available in most health care systems [12].

1.2. Uterine Fibroids—Quverview of Etiology and Pathophysiology

Even with such widespread occurrence of these tumors, the exact mechanisms controlling their
development and growth still remain unclear [13-16]. It is obvious that they are monoclonal tumors
arising from the myometrium. UFs develop both from smooth muscle cells and fibroblast components
placed in a substantial amount of excessive extracellular matrix (ECM) [15,17].

Multiple studies published to date have identified an important role of estrogen and progesterone
in the pathogenesis of those tumors [11,15,18]. Available data suggested that progesterone plays more
important role than estrogen in the development and growth of UFs [15,19]. Clinical studies revealed
that the proliferation markers in UFs had the highest expression in tissue over the second phase of
the cycle [18,19]. UFs contain more sex steroid receptors than normal uterine muscle cells. The main
mechanism of action of progesterone is based on the overexpression of cytokine-related genes and the
increase of selected growth factor (e.g., transforming growth factor 3—TGF-f3) concentrations directly
in the tumor, which resembles a sort of a self-stimulating process [20—-22].

1.3. Uterine Fibroids—Introduction into Genetics

Development of the whole female genital tract is controlled by the complex interactions of multiple
pathways that include gene expression, transcription and epigenetics related to the post-transcriptional
regulation and multiple protein translation. In order to achieve and maintain pregnancy, a precise
interplay between hormonal signaling in both endometrial and myometrial components must be
precisely regulated. Genetic defects are known to be the key points in tumor formation and a great
amount of data has recently accumulated in this field. UF’s cells contain multiple gene alterations
that differentiate them from normal uterine muscle cells [23]. As in many other cases, a possible
functional role of promoter deoxyribonucleic acid (DNA) methylation-mediated gene silencing has
been proposed in the pathogenesis of those tumors [24]. However, most of the recent research has
highlighted different key pathways and gene expression changes. Mékinen et al. (2011) were among the
first who demonstrated that the mutations in mediator complex subunit 12 gene (MED12) were found
in the majority of UFs and this finding turned out to be one of the most important changes causing
tumor development [25]. These changes may lead to the modification of the transduction of the main
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signal pathways, e.g., beta-catenin and TGF-f3 [19,21,26]. Moreover, it has been recently found that
MED12 mutations disrupted mediator kinase activity, implicating altered cyclin function in UFs [27].
Those mutations also dysregulate the canonical wingless-related integration site (Wnt) pathway and
the mammalian target of rapamycin (mTOR) signaling pathway which might be associated with
autophagy disturbances in UFs [28]. All of these processes may lead to the clonal expansion and tumor
growth with abnormal cells remaining sensitive to steroid stimulation. However, the understanding
of how genetic modifiers impact multiple UFs development and the related disease severity is still
incomplete and require further research [29].

1.4. miRNA and Its Biogenesis

Ribonucleic acids (RNAs) are usually classified according to their nucleotide length. Epigenetic
events are important gene action modifiers and causes of various human diseases and one of the main
mechanisms of such actions is related to various expression of micro-ribonucleic acids (miRNAs).
As a result of their potent epigenetic actions, the miRNAs may play a role as diagnostic and therapeutic
targets [30]. MiRNAs are non-coding single-stranded RNAs, approximately 22 base pairs long.
Among many described functions they are important gene expression regulators [29,31]. Non-coding
RNAs, specifically, miRNAs have been demonstrated to play a major role in epigenetic control of gene
expression in various organs including the uterus. MiRNAs are transcribed from genes scattered in all
chromosomes except the Y chromosome [32].

Half of identified miRNAs are intragenic and processed mostly from introns protein coding
genes [33,34]. The main pathway in miRNA biogenesis is the canonical pathway. In this pathway, it all
begins in the cell nucleus where the miRNA gene is transcribed by RNA polymerase II/IIl into primary
miRNA—a hairpin loop. In the next step, primary miRNA is cleaved to precursor miRNA, a shorter
hairpin loop by a complex containing a ribonuclease III (Drosha) and specific cofactor DiGeorge
Syndrome critical region 8 (DGCRS). All other processes take part outside the nucleus as this precursor
miRNA molecule is transported to cytoplasm with the use of exportin 5. Precursor miRNA is later
processed by endoribonuclease Dicer and the RNA-binding protein (TRBP), into a duplex. Finally,
this duplex is separated and forms the mature, single stranded and functional miRNA molecule. 5p or
3p strands of the mature miRNA duplex are incorporated into the Argonaute proteins (AGO) to
form a RNA-induced silencing complex (RISC). This complex will be responsible for the translational
inhibition either by translational repression or mRNA degradation [33]. Mature miRNAs regulate
target gene expression at both transcriptional and translational levels [35,36]. The biogenesis of miRNA
is presented in Figure 1.
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Figure 1. Biogenesis of miRNA.
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The non-canonical pathways use different combinations of the proteins involved in the canonical
pathway [33]. Importantly, one messenger RNA (mRNA) may be modulated by various miRNAs,
resulting in an incredibly complicated regulatory network [29]. What is also of great importance is that
various miRNAs might be encoded in a single primary transcript and most of them will be somehow
related in function [33,37].

1.5. miRNA in Uterine Fibroids—Introduction

Currently available knowledge along with genetic and biochemical evidence supports the
essential role of miRNAs in cancer development [30]. One of recent advances in this field is the
comprehension of the role of miRNAs in tumorigenesis. An alteration in the level of miRNAs
is involved in the formation and growth of several tumors which express a distinct miRNA
signature [29,30]. Moreover, abnormal miRNA expression is associated with various female diseases
including benign and malignant conditions, as well as fertility disorders [38]. All these findings suggest
miRNA-dependent post-transcriptional regulation that appears to play an important role in female
reproductive system [29,39,40]. Examples of the abnormal expression of miRNAs were documented
in endometriosis and UFs [40]. In addition, numerous genes targeted by the identified miRNAs
appeared to be associated with several cancer pathways [41]. In the female genital tract, the vast
majority of conducted studies was related to miRNAs role in endometrial cancer. In this malignancy
miRNAs were suggested to affect major molecular pathways related to cell proliferation and apoptosis
in endometrium. Abnormalities in the function of these miRNA-controlled pathways could cause both
benign and malignant conditions such as above-mentioned endometriosis or endometrial cancer [40].
As proposed by Nothnick et al. (2016) [40] miRNAs regulate the actions triggered by female steroids
e.g., cell proliferation, apoptosis, ECM formation, matrix metalloproteinases (MMPs) activity or
autophagy [40].

The aim of this review is to summarize the current data about the role of miRNAs in the
pathophysiology of UFs. In this paper, we also discuss future directions in the miRNA research area
like diagnostic opportunities or patient-tailored therapies.

2. Methodology

The authors conducted a comprehensive search of peer-reviewed literature published in PubMed
of the National Library of Medicine and Google Scholar. The main aim of the searches was to update the
information on the biological functions of miRNA and their role in pathophysiology in the context of UF
formation and growth. Databases were extensively searched for all original and review articles, as well
as book chapters related to UFs and miRNA published in English until March 2020. The following
keywords (alone or in combination) were used: uterine fibroid, uterine leiomyoma, microRNA and
miRNA. The most relevant articles were reviewed and included as appropriate in this review.

3. Discussion

3.1. miRNA in Uterine Fibroids—Quverview

The discovery of non-coding RNAs has changed the way scientists look into the human genome.
Notlong ago the existence of miRNAs was obscure and the researchers mainly focused on protein-coding
genes [30]. Interestingly, miRNA genes reside between genes, within introns and in a few cases they
even reside within exons. Therefore, miRNA may be transcribed either alone or in succession with
an mRNA [39]. According to current data, miRNAs play an essential role in the development and
differentiation of all tissues including those affected by steroid hormones [42,43].

There is a constant unmet need for the new techniques that would improve the diagnosis and
increase the efficacy of therapies in pre- and postmenopausal women with UFs [2,9]. After many years
without a real breaking of diagnostic barriers, more attention is now paid to the pathogenesis of UFs,
and we are starting to gain better understanding of the molecular genesis of those lesions [44]. Different
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miRNAs and their abnormal expression were demonstrated in various diseases of the endometrium
and myometrium [38,40,45]. Concerning another frequent female genital tract disease, endometriosis,
some studies showed that miRNA expression is different between the eutopic and ectopic endometrium
and also it is different in women with and without endometriosis [46,47]. According to Laudariski et al.
(2015), 136 different miRNAs proved to be important in the pathophysiology of this condition in 45
miRNA-based potential pathways [48].

The implication of the menstruation cycle-dependent expression of a large number of genes in
healthy myometrium and UF regulation by sex steroids are of great importance. As suggested by Luo
and Chegini in 2008 it is still necessary to correlate the expression of the most important miRNAs and
their target genes to determine if they are subject to control by those steroids. Such findings would
facilitate the performance of new studies concerning the regulatory activity of mechanisms to be used
in influencing UF growth or regression [35]. Recent research showed that steroid hormone receptors
regulated miRNAs, and, in turn, miRNAs regulated the expression and function of those receptors [42].
Moreover, current data indicate that the expression profile of miRNAs in UF cells differs from the one
found in the normal myometrium [49].

3.2. miRNA in Uterine Fibroids—Genetic Implications

The first miRNAs, lin-4 and let-7, were both discovered in Caenorhabditis elegans [50]. The first
transcriptome-miRNA analysis of uterine tissues was conducted in 2007 by Wang et al. [51]. According
to the recent studies, results of various UFs may harbor recurrent different gene mutations. Since these
mutations are frequently exclusive, apparently multiple other molecular pathways must be involved
in these cases. Genetic sequencing and integrative data studies revealed molecularly distinct subtypes
of UFs [52,53]. The broad spectrum of chromosomal abnormalities and gene mutations (especially
MED12, HMGA1 and HMGA?2) have been implicated in UF development and growth [54]. Currently
available literature described the key importance of MED12 mutation and high mobility group AT-hook
2 gene (HMGA2) alterations as mutually exclusive driver alterations in UFs [52]. According to a study
by Je et al. (2012) specific MED12 exon mutations are consistently associated with UFs and various
tumors [55]. The inactivation of MED12 gene results in the upregulation of TGF-f3 which may trigger
the whole cascade of pathways in UFs [15]. As mentioned before, an increased TGF-3 expression in
UFs is involved in collagen formation and excessive ECM formation making it one of the major issues
in UF biology [21].

HMGA?2 mutation involves a (12;14) chromosomal rearrangement and was observed less frequently
than the presence of MED12 mutation. However, it can be found in almost one fifth of clonally abnormal
UFs [29,56]. It is already known that HMGA? is a target of miRNA let-7 family. Exogenous let-7
miRNAs directly repress the dominant transcript of HMGA2 and HMGAZ2a [56]. One of the regions
of the HMGA gene has 7 complementary sites to hsa-let-7 [57]. In 2018, Mello et al. [57] reported
the co-occurrence of HMGA2 overexpression and MED12 mutation in UFs. These authors have
found that the expression of microRNAs predicted to regulate HMGA2. Various miRNAs, such as
hsa-let-7a, hsa-miR-26a, hsa-miR-26b, hsa-miR-93 and hsa-miR-106b, were found to be downregulated
and negatively correlated with HMGA2. These authors have concluded that their finding may explain
HMGA? overexpression in UFs and could be an important direction of future research [57].

Zavadil et al. (2010) [58] conducted a vast and important study in which they compared global
miRNA expression patterns with the expression of their predicted target genes in UFs. These researchers
have found that the levels of the most dysregulated miRNAs showed an inverse correlation with the
expression levels of predicted target genes in UFs. They have also identified 2674 different mRNAs
mRNAs that were significantly dysregulated, with 249 downregulated mRNAs being the targets of 5
upregulated miRNAs (let-7s, miR-21, miR-23b, miR-27a and miR-30a) and 97 upregulated mRNAs being
the targets of 5 downregulated miRNAs (miR-29b, miR-32, miR-144, miR-197 and miR-212) [58].
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3.3. miRNA and Cell Regulation, Inflammation and Angiogenesis—Potential Pathways in Uterine Fibroids

As described in the previous paragraph the dysregulated genes e.g., MED12 and HMGA?2 are
involved in numerous cellular and molecular functions [58,59]. The expression profiles of miRNAs in
UFs and matched myometrium, as well as their isolated smooth muscle cells support the hypothesis
that selected miRNAs may target UF-derived genes and are in fact a part of the more complex regulatory
networks. Post-transcriptional miRNA-targeted mechanisms are also likely to be involved in the
regulation of genes with a complex endocrine, paracrine or autocrine influence by sex steroids, growth
factors and cytokines [60]. Various authors assessed miRNA using expression profiling, although only
few miRNAs with specific targets were confirmed [58,61,62]. Several tumorigenic pathways seem to be
regulated by the most highly dysregulated miRNAs in UFs. A complete list of the biological functions
of predicted target genes of miRNAs in UFs was proposed by Zavadil et al. (2010) [58] and covered the
following actions:

e mitogen-activated protein kinases (MAPK) signaling,

e gapjunction,

e  actin skeleton regulation,

e cytokine interaction,

e  receptor interaction,

e ECM interaction with different receptors,

e  cell cycle regulation,

e calcium signaling regulation,

e Janus kinase (JAK) signaling,

e signal transducer and activator of transcription protein (STAT) regulation,
e muscle hypertrophy,

e  peroxisome proliferator-activated receptors (PPAR) regulation,

e nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) activation,
e TGF signaling,

e adherens junction,

e  Wnt/wingless signaling,

e cell adhesion,

e insulin signaling regulation,

e focal adhesion [58].

Main biological processes in UFs regulated by miRNAs are presented in Figure 2.

The above-mentioned various control and signal regulations are common in UFs. However,
they are also found in many female genital tract malignant tumors allowing them to grow without
any host organism control or present an unlimited replicative potential and the ability to invade or
metastasize [63].

According to the recently accumulated data, miRNAs are commonly predicted to target genes
responsible for ovarian steroid receptors, TGF-f3 and its receptors and several inflammation-derived
genes [29,35,64]. The regulatory functions of miRNAs in inflammation are critical for the initiation and
termination of these processes [65,66]. Several miRNAs, e.g., let-7, miR-146 and miR-155, were identified
to influence the expression of immune response mediators. Inflammation that resulted in the activation
of NF-kB-derived pathway has led to the induction of miR-146, which, in turn, inhibited the expression
of tumor necrosis factor o (TNF-«x) receptor-associated factors [65]. Cytokines, which are critical in
inflammation have an established influence on UF growth. Some of them, like interleukin (IL) §,
are overexpressed in UFs and exhibit connections with different miRNAs (e.g., miR-93 or miR-106b) [66].
The increased expression of these cytokines might also be associated with HMB due to their activation
of coagulation cascades, specifically in women with UFs [35].
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Figure 2. Main molecular events in uterine fibroids (UFs) that involve the regulation by different
miRNAs. (extracellular matrix—ECM).

Benign and malignant tumors are dependent on angiogenesis for their growth and survival [67].
Hypoxia promotes angiogenesis and according to Hua et al. (2006) [68] it also reduces miR-15b and
miR-16 expression. Angiogenesis, being regulated among others by miR-221 and miR-222 may indirectly
reduce the expression of endothelial nitric oxide synthase (eNOS), a strong angiogenic inducer [68].
According to Mehrad et al. (2007) miR-18a, miR-19a, miR-19b and others to the lesser extent were
found to target the expression of connective tissue growth factor (CTGF) and thrombospondin-1 which
presents pro-antiangiogenic properties, as well as a dynamic role within the ECM [69].

The above mentioned pathways are important, but not the only ones that may modulate cell
regulation, inflammation and angiogenesis of UFs. As the research is ongoing we will for sure receive
new interesting data in upcoming years.

miRNA and Tumor Senescence

Numerous studies that were conducted to investigate whether cellular senescence is a molecular
basis for inactive UFs have demonstrated the trend towards the senescence of UFs which were more
pronounced in smaller lesions and in older women. The “older” UFs present high levels of let-7c,
let-7d and let-7f-2 and a low Ki-67 antigen index [70]. Laser et al. (2010) [70] have suggested that
UFs may enter one of two different growth patterns. In the first one the tumor gains additional
genetic alterations that promote its growth leading to symptom occurrence and the presence of clinical
disease. The second path is the senescence, triggered by molecular and environmental stress factors,
with the following influence of several different miRNAs. Apparently, further research targeted into
the molecular and environmental factors which cause UF senescence is necessary [70].

3.4. Different miRNA Families—A Detailed Description

3.4.1. The let-7 Family

According to currently available data most members of the let-7 family are dysregulated in
UFs [29,56]. The finding that let-7 has the effect of the negative regulation of some key target oncogenes
like HMGA?2 provides useful information to aid in the understanding of UF pathogenesis [51,71,72].
Interestingly, let-7 miRNA expression was found to be significantly higher in small UFs, i.e., in masses
smaller than 3 cm in maximum diameter [51].

Zavadil et al. (2010) [58] examined the expression of several predicted let-7 target genes in the
ectopically induced presence or absence of let-7 miRNAs in UF cell lines. The authors found that 65
target genes of let-7 mRNAs including 45 downregulated that were significantly dysregulated in UFs.
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Of these selected genes 6 of 11 were found to be repressed by let-7 miRNAs in UF cells. These authors
have concluded that a subset of the predicted target genes may be significantly repressed under
experimental conditions, which in turn might be useful information for future studies and treatment
implementation [58].

3.4.2. The miR-15 and miR-16 Families

These families include the related miR-15a and miR-15b sequences, and others e.g., miR-16-1,
miR-16-2. However, it is the miR-15b which seems the most important in this. Recent studies have
shown that miR-15b may play a dual role in tumor environment, it may be both the accelerator and
blocker [73].

According to a study by Zavadil et al. (2010) [58] miR-15 and miR-16 may be associated with
different patterns of tumorigenesis of UFs. A detailed analysis of the upregulated targets of the lost
miR-15 and miR-16 identified their role in important pathways like MAPK, mTOR, JAK, STAT and
others [58]. Available data also showed that the dysregulation in miR-15b expression levels in UF
tissue may modulate cell metabolism and drug resistance [49]. As described previously, miRNAs are
also important in angiogenesis, as hypoxia promotes this process and reduces miR-15b and miR-16
expression [68]. A study by Kim et al. (2018) concerning variations in different miRNA expression
profiles of UFs demonstrated the upregulated expression level of miR-15b in comparison with healthy
myometrium [49]. Another study by Guan et al. (2016) [74] demonstrated that miR-15b negatively
regulated the expression of reversion-inducing cysteine-rich protein with Kazal motifs (RECK) in UFs.
These authors have concluded that increased miR-15b and decreased RECK expression may contribute
to the development of UFs and this pathway might be a new potential target in therapy [74].

3.4.3. The miR-21 Family

The miR-21 was one of the first mammalian miRNAs identified. This miRNA has been implicated
in an increase in cell proliferation resulting in tumorigenesis and also in tumor fibrosis promotion [75].
It is well-known that abnormal fibrosis and ECM accumulation occur in UFs [17,21] and the abnormal
expression of this miRNA was also observed in UFs [29,51]. According to a study by Kang et al.
(2012) [76], miR-21 is induced in TGF-f3-dependent vascular smooth muscle cells which in turn may
regulate the expression of genes involved in the contraction of smooth muscles [76]. In 2012 Fitzgerald
et al. [77] found that UF cells expressed both elevated miR-21 and a similar pattern of programmed cell
death protein 4 (PDCD-4) compared to normal myometrium cells. The knockdown of this miRNA
increased PDCD-4 levels, while elevated miR-21 levels in UFs were related with the decreased PDCD-4
levels. In this regard UFs would differ from other tumors where the loss of PDCD-4 is associated with
tumor progression [77].

According to available data, miR-21 promotes excessive ECM formation by stopping the Smad?
protein which is directly connected with TGF-f3 pathway [78]. The expression of TGF-3 receptor
type Il is the target of miR-21 in UFs, so it may mediate its biological activities by binding to TGF-f
receptors [29]. In a recent study by Cardozo et al. (2018) [79], the overexpression of miR-21a-5p in
an immortalized UF was achieved through vector infection. An increased expression of miR-21 resulted
in the increased protein expression of TGF-33 in UFs and myometrial cells. Numerous important
changes were observed in these experiments, e.g., in the expression of fibronectin and collagen genes,
changes in genes related to MMP-2, MMP-9 and others. Finally, the miR-21 upregulation resulted in
the increased proliferation of UF cells. These findings emphasize the functional role of this family in
UFs formation and growth and could provide the basis for further research [79].

3.4.4. The miR-29 Family

The importance of the miR-29 family is one of the best known in UFs [17,80]. The members of this
family directly target more than 15 ECM-related genes [81]. As found by Marsh etel. (2016) [80], miR-29a
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levels were decreased in UFs in comparison with normal myometrium. The same group of authors
also found that the overexpression of miRNA-29a decreased the production of ECM compounds [80].

The behavior of miR-29b is relatively similar, as its expression was lower in UF tissue than in
the myometrium [51,80]. The results presented recently by Xu et al. (2018) indicated that miRNAs
from this family may directly or indirectly regulate many functional genes in protease kinase B (Akt)
pathway which, in turn, promotes the survival and growth in response to extracellular signals [82].
Qiang et al. (2014) [83] have demonstrated that the restoration of miR-29b inhibited excessive ECM
accumulation and UF growth. The authors found that the knockdown of miR-29b in myometrial grafts
was essential but not sufficient to cause tumorigenesis on its own. Importantly, this study confirmed
previous observations that estrogens and progesterone may downregulate miRNA-29b and, as a result,
upregulate collagen expression [83].

Another member of the family, miR-29c resembles the previous ones, in that it is expressed at
lower levels in UFs in comparison with the myometrium [80,84]. Chuang and Khorram (2016) [84]
found that miR-29c expression was suppressed in UFs, resulting in an increase of the expression of its
targets—genes responsible for collagens. This study has also found that this miRNA suppression was
mediated through specificity protein 1, NF-kB signaling and epigenetic modulation [84]. Marsh et
al. (2016) also reported the decreased protein expression of collagen subtypes I, I and III which was
caused by the overexpression of miRNA-29c in UF cells [80]. Moreover, also Chuang and Khorram
(2019) [85] recently found that the overexpression of miR-29c in UFs inhibited the expression of
cyclin-dependent kinase 2 (CDK2) protein and mRNA, whereas the knockdown of this miRNA had the
opposite effect [85]. Apparently, this particular family of miRNAs, due to its vast actions controlling
UFs growth deserves future extensive research.

3.4.5. The miR-93 and miR-106 Families

These miRNA families will be described together as the data concerning their function in UFs show
some overlapping. The first one, miR-93, is a functional RNA and as other miRNAs it is incorporated
into RNA-induced silencing complex and has the potential to translational inhibition. Liang et al.
(2016) [86] demonstrated that miR-93 suppressed the apoptosis of gastric cancer cells. The second one,
miR-106b is a member of the miR-106b-25 cluster and its role was demonstrated in different cancer
types, including breast cancer, gastric cancer and hepatocellular cancer [86]. The role of this type
of miRNA has been proven in the repression of multiple members of the Kruppel-like factors [87].
Different studies found that UF expressed significantly lower levels of miR-93 and that miR106b was
not differentially expressed in the compared tissues [66]. Chuang et al. (2012) [66] concluded that
the differential expression of miR-93 and miR-106b and their regulatory functions in inflammation
and tissue changes under the influence of tissue factor 3 (F3) IL-8, CTGF and plasminogen activator
inhibitor-1 (PAI-1) may be of importance in UF’s biology [66].

3.4.6. The miR-146 Family

Before the discovery of the miRNA-146 family several authors suggested that the pathogenesis of
single and multiple UFs might differ. According to a case-control study by Pakiz et al. (2010) women
with solitary UFs were mostly healthy, whereas women with multiple UFs had different genotype and
were characterized by a positive family history, lower age at menarche, lower parity, younger age at
first sexual intercourse and more frequently they were tobacco smokers [88]. Yang et al. (2019) [89]
demonstrated that different miRNAs, including miR-146b-5p, were dysregulated in women with UFs
and played important roles in the development of both solitary and multiple tumors. According to the
above-mentioned study long non-coding RNAs (IncRNAs) could influence the expression of miRNAs
in the studied group. These authors have concluded that Inc-AL445665.1-4 might be involved in the
development of multiple UFs by interacting with miR-146b-5p and that both could be the new potential
targets for therapy [89].
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3.4.7. The miR-150 Family

This family of miRNAs was described in gastric cancer where it was thought to promote cell
proliferation and was also found to be overexpressed in osteosarcoma [90]. In a study by a Korean group,
miR-150 was found to have an influence on the inhibition of UF growth. In this study the Akt/p27Kipl
pathway was targeted by this miRNA [84]. These authors have found that after transfecting the cells the
expression levels of Akt decreased, whereas p27Kip1 significantly increased. Hence, there is a strong
evidence that miR-150 may affect cell cycle regulation in UFs by interaction with the Akt-signaling
pathway [91]. Since PI3K/Akt/mTOR is an important intracellular signaling pathway in both normal
cell cycle regulation and in UFs development the future research could be directed towards unraveling
more details of the described interactions [21].

3.4.8. The miR-181 and miR-182 Families

The results of the studies published to date indicate that the miR-181 family members are highly
homologous across different species. The first member of this family, miR-181a is recognized as
a senescence-associated miRNA and is modulated by reactive oxygen species (ROS) and highly
expressed in senescent processes [82]. Recent studies showed that miR-181a-targeted genes were
related to replicative senescence, cell cycle progression and telomere maintenance [92,93]. It is not the
only interesting pathway of this miRNA. According to Wu et al. (2018) [94], miR-181a was a potent
negative regulator for Akt pathway which may cause cellular senescence observed in monolayer and
spheroid cultures. It also exerted its effect on the insulin-like growth factor binding proteins (IGFBP)
which might be of some importance in UFs [94].

The second member of this miRNA family has slightly different properties, but it cooperates with
miR-181. miR-182 may exert its effects on various pathways, as it is one of miRNAs that are induced in
cells responding to stress. Moreover, this miRNA may fine-tune cell cycle in response to damage in
selected genes. Previous studies demonstrated that this type of miRNA negatively regulated BRCA1
expression in different cells [95]. Some recent research also revealed that miR-182 overexpression
induced cell cycle arrest via the inhibition of Akt and forkhead box O 3a (FOXO3a) signaling [96].

3.4.9. The miR-197 Family

According to currently available data miR-197 has a confirmed role in human malignancies
where it targets key tumorigenic and suppressive genes [97]. Wu et al. (2015) [98] were the first to
confirm that miR-197 was downregulated in human UFs. In the same study miR-197 was found to
inhibit cell proliferation, induce apoptosis and block cells migration in vitro [98]. Another interesting
finding of this study was an observation that levonorgestrel could induce miR-197 expression in UF
tissue. This overexpression was suggested to play an important role in cell proliferation and apoptosis
modulation [98]. According to the in vitro study of Ling et al. (2015) [99] the downregulation of
miR-197 increased cell growth rate and induced cell cycle arrest in the G0/G1 phase. Conversely,
the upregulation of this miRNA was related to the completely opposite effect. It was also found
that miR-197 inhibited cell proliferation by targeting IGFBP5, which was overexpressed in these
lesions [99]. In another study by Ling et al. (2015) [100], a different gene expression followed by
miR-197 overexpression was found. These authors have found 17 dominantly dysregulated genes that
included genes responsible for tumorigenesis e.g., DRT7 and HOXD12 [100]. Kim et al. (2018) [49] have
found recently that miR-197 was able to regulate cell proliferation and suppress tumor development.
Moreover, its expression was downregulated in UF cells compared to normal myometrium [49].

3.4.10. The miR-200 Family

The miR-200 family consists of 5 members. The majority of miR-200s were first found to be
involved in cancer pathways as different studies demonstrated their strong suppressive effects on cell
transformation, cancer cell proliferation, invasion or metastasis [101]. Zavadil et al. [58] found that
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miR-200a and miR-200b were significantly downregulated in the majority of UFs [58]. In particular,
miR-200c was differentially expressed in UFs and in matched myometrium. In general, UF tumors
expressed relatively low levels of miR-200c when compared to the healthy surrounding uterine
tissue [102,103]. Interestingly, lower levels of miR-200c were found in tumors in Afro-American
women compared to Caucasian women [102]. Available evidence suggests that the miR-200 family
may mainly function as tumor suppressors, e.g., it activates the NF-«B pathway by phosphorylating
its inhibitor [104]. These miRNAs may be induced by ROS and drive UFs into senescence pathway.
They may also regulate numerous functional genes in the Akt pathway, similarly to miR-29b [82].
According to available data miR-200c presents an anti-inflammatory effect in UF cells, as it reduces
mRNA and protein levels of pro-inflammatory IL-8 mediator [103]. The same study has found that
the knockdown of miR-200c caused the opposite effect with an increase in IL-8 mRNA. This effect
was mediated through the targeting inhibitor of NF-kB subunit beta (IKBKB) [103]. The role of
inflammation in UF pathophysiology is widely accepted [14]. The inflammatory pathways activation
is likely to be due to causes other than the reduced expression of IL-8, as some existing studies did
not confirm its significant function in the pathophysiology of UFs [14,20]. Interestingly, miRNA-200c
was also studied in leiomyosarcoma (LMS), where its progressive decline of expression altered the
transcriptional regulation of genes controlling the NF-«B pathway, inflammation and cell cycle [105].
miR-200c inhibited the expression of CDK2 mRNA in UFs which is similar action to the one described
for miR-29c [85]. Apparently, the miR-200 family deserves to be the focus of future studies on new
therapies controlling UFs growth and possibly on the differential diagnosis between UFs and LMSs.

3.4.11. Other miRNAs

The above-mentioned miRNAs are known to have a role in the development and growth of the
UFs, but they are not the only ones which are differentially expressed in these benign uterine tumors.
However, they are those with the best evidence published to date. Currently, there are hundreds of
miRNAs that might be related to UFs biology and the data vary depending on authors and centers.
In 2012, Georgieva et al. [106] found that even over 50 miRNAs were differentially expressed in UFs
when compared to normal myometrium. According to their findings miR-137, miR-217, miR-363,
miR-490 and miR-4792 were the ones that might have an effect on the biology of UFs [106]. On the other
hand, the available data indicate that selected miRNAs such as: miR-18a, miR-20a, miR-23a, miR-23D,
miR-26a, miR-34a, miR-125b, miR-139, miR-142-5p, miR-181a, miR-206 and miR-323 are may be important
in UFs biology as they were aberrantly expressed in UFs compared to the normal myometrium [35,107].
In another study by Yoon et al. (2010) [108], miR-542-3p was the most significantly upregulated
miRNA in UFs. Interestingly, it was also discovered that this miRNA targeted surviving protein,
which suppresses cell growth [108].

In a very recent study by Lazzarini et al. (2019) [109], 30 out of 2646 miRNAs presented a significant
dysregulation between myometrial progenitor cells and UF progenitor cells [109]. However, only 15
were not close to cut-off values. The Authors separated those miRNAs into downregulating (7 of
2646) and upregulating ones (8 of 2646). Downregulation of miRNAs will involve both ECM and cell
junction pathways. The upregulated in the PI3K/Akt signaling pathway, tumorigenesis, cell cycle
and cytoskeleton regulation [109]. The role of selected miRNAs in biological pathways of UFs are
presented in Table 1.
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Table 1. The role of selected miRNAs expression in pathophysiology of UFs.

miRNA

. Molecular Effects Overall Clinical Effect
Family

High expression in <3 cm UFs . .
let-7 - - Tumorigenesis
HMGAZ2 negative regulation

R-15 Angiogenesis regulation Drug resistance,
miR-
Cell metabolism regulation affecting RECK, MAPK, mTOR, JAK and STAT UF development and growth
. Angiogenesis regulation
miR-16 - - - UF development and growth
Cell metabolism regulation affecting MAPK, mTOR, JAK and STAT
Cell proliferation regulation
R21 Elevated levels elated with the decreased of PDCD-4 levels Muscle contraction regulation
miR-
Promotion of excessive ECM formation by stopping the Smad?7 UF growth
Regulation of protein expression of TGF-f33
Protease kinase B (Akt) genes regulation
miR-29 ECM accumulation regulation Survival and growth of UF
Expression of cyclin-dependent kinase 2 protein and mRNA regulation
. Regulatory functions in inflammation and tissue changes under the
miR-93 and . R . L g
iR-106 influence of tissue factor 3, interleukin-8, connective tissue growth factor and Survival and growth of UF
plasminogen activator inhibitor-1
miR-146 Interactions with long non-coding RNAs Role in the develop.ment of both solitary
and multiple tumors
Akt/p27Kip1 path lati
miR-150 /p27Kip1 pathway regulation UF growth
Cell cycle regulation
. Senescence-associated miRNAs
mzR-1'81 Akt pathway regulation
and miR- - - - UF growth and senescence
182 Cell cycle progression and telomere maintenance regulation
Cell cycle in response to damage in selected genes regulation
Cell proliferation inhibition, apoptosis induction, cell migration block
miR-197 Targeting insulin-like growth factor binding protein 5 UF development and growth
Tumor development suppression
Tumor suppressors
. Inflammation regulation, e.g., in NF-kB pathway
miR-200 Symptoms and UF development and growth

Akt pathway regulation

Dysregulated in leiomyosarcoma

extracellular matrix—ECM; high mobility group proteins—HMGA; Janus kinase—JAK; mitogen-activated protein
kinase—MAPK; mammalian target of rapamycin—mTOR; nuclear factor kappa B—NF-«B; programmed cell death
protein 4—PDCD-4; reversion-inducing cysteine-rich protein with Kazal motifs—RECK; ribonucleic acid—RNA;
signal transducer and activator of transcription protein—STAT; transforming growth factor beta 3—TGF-f3;
uterine fibroid—UEF.

3.5. miRNA and Fibrosis—New Research Targets in UFs

Tissue remodeling is a major process in the progression of fibrotic disorders and the modulation
of ECM, adhesion molecules and protease expression are its components. Several studies suggested
that miRNAs play an important role in the regulation of ECM accumulation in UFs [17,51]. The TGF-3
signaling pathway is one of the most known in fibrogenesis and most of its parts are known to be
targeted by one or more miRNAs. In their study on pulmonary fibrosis Kang et al. (2017) [110] found
that the regulation of TGF-f3 signaling molecules by miRNAs appeared to influence the pathogenesis
of this illness. They found that TGF-3 induced miRNAs such as miR-21 or miR-424 that targeted the
negative regulators of the TGF-f signaling [110]. Xiao et al. (2015) [111] found that miR-424 expression
was increased by TGF- and it enhanced the activity of the Smad-dependent signaling pathway.
The authors reported that miR-424 might be involved in myofibroblast differentiation as well [111].

The next miRNA that might be in this field of interest is miR-101. Its overexpression in fibroblasts
inhibited TGF-f-induced protein and mRNA expression of alpha smooth muscle actin («-SMA) and
different collagens. In the study by Huang et al. (2017) [112] miR-101 reduced TGF-f-induced contractile
activity and stress fiber formation. The authors demonstrated that miR-101 was an anti-fibrotic miRNA
that suppressed the TGF-3-induced activation of fibroblasts by the inhibition of Smad2/3 signaling
and target TGF-3 receptor I (TGF-BRI) [112]. Another miRNA that may be involved in UF biology
is miR-18a-5p. In another interesting study Zhang et al. (2017) [113] found that TGF-BRII was
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a target of miR-18a-5p. The authors concluded that miR-18a-5p might negatively regulate the TGF-3
signaling-mediated epithelial-mesenchymal transition pathway in primary mesenchyme cells by
targeting TGF-BRII gene expression [113]. Another miRNA related to TGF-f3 signaling pathway is
miR-26a. According to Liang et al. (2014) [114] the overexpression of this miRNA inhibited the nuclear
translocation of active Smads which may cause collagen deposition. These data demonstrated that
TGEF-f3 modulated the expression of anti-fibrotic miR-26a to maintain the pro-fibrotic functions of the
TGF-p signaling pathway [114]. New findings indicate that miR-27b decreased collagen synthesis
and inhibited the expression of x-SMA. This observation may suggest that this miRINA suppresses
TGF--induced fibroblast activation. Additionally, according to this study, TGF-BRI and Smad2 may
be the targets of miR-27b [115].

There is also one interesting miRNA which combines both functions—miR-9-5p. Current data
suggest that some kind of autoregulation occurs between TGF-3 and this miRNA. TGF-$3 may trigger
both pro-fibrotic and anti-fibrotic signals. The specific anti-fibrotic signal of miR-9-5p is induced by
TGF-p and may in turn limit fibrogenesis. The overexpression of miR-9-5p in fibroblasts changes
myofibroblast metabolism by inhibiting the Smad-dependent TGF-§ signaling pathway. Different
groups of Smads are modulated in lung fibroblasts with the increased levels of miR-9-5p. TGF-RII
was found to be the target of miR-9-5p [110,116]. This molecule is another member of various miRNAs
that may be related with fibrosis and TGF-f-derived pathway. All of the above-mentioned miRNAs
might be of high importance in UFs development and growth.

In the future, different methods used to downregulate the important target genes of upregulated
microRNAs may prevent aggressive tumor growth through the repression of the target genes that
are responsible for cell signaling. Moreover, ECM formation may play a protective role in avoiding
aggressive behaviors of UFs. New studies are required to determine whether miRNAs could be
important regulators of single or multiple fibroids formation [58].

3.6. miRNAs and Uterine Fibroids—Clinical Implications and Future Directions in Diagnosis and Therapy

3.6.1. miRNAs and the Transformation of a Benign Uterine Fibroid into a Malignant Lesion

Molecular mechanisms that are important for UFs development are still not well understood,
although current knowledge on genetics and epigenetics of UFs and LMSs is growing rapidly [15,23].
Available data provide evidence linking several oncogenes and suppressor gene networks with the
regulatory function of miRNAs. Some authors hypothesized that the benign component of UF could be
a precursor lesion to LMS and some miRNAs were thought to be connected with the cellular changes
by targeting protooncogenes and tumor suppressor genes, and the transformation from benign UFs to
malignant LMSs [35]. However, an overwhelming amount of data strongly suggests that uterine LMSs
are isolated lesions and are not routinely found in association with UFs. A malignant transformation of
UFs is extremely rare. Most cases of uterine LMSs are thought to arise de novo. It is also believed that
only a small percentage of UFs, with selected histological features and genomic alterations, has the
potential for malignant progression [117].The repression of MAPK pathway genes by selected miRNAs
may constitute one of the protective mechanisms against fast growth and progression of UFs [58].
The ability of several types of miRNAs, like miR-20a, miR-23a, miR-23b, miR-26a and some others
mentioned above, to serve as oncogenic or tumor suppressors should be further studied [35].

3.6.2. Different miRNAs in the Differential Diagnosis of Uterine Fibroids and Leiomyosarcomas

Dvorska et al. (2019) [118] found it intriguing that there is no great interest in developing good
quality techniques that could differentiate benign UFs and malignant LMSs. The main reason could
be related to the very low incidence of these malignant lesions [118]. Nowadays, one of the biggest
concerns for surgeons operating on women with UFs is the potential intra-operative fragmentation of
LMS during laparoscopic surgery, which may cause intraabdominal spread of malignant cells [119].
The misdiagnosis of LMS with a benign UF may potentially result in a significant morbidity and
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mortality increase. Therefore, the accurate preoperative diagnosis of uterine masses has become the
most important selection criterion for therapy. However, after the Food and Drug Administration
communications the awareness in this area has raised substantially. Most women with symptomatic
UFs still would prefer minimally invasive procedures, but they would also wish to be certain that the
morcellated lesion is not a highly aggressive one [120].

According to available data, clinical manifestations are not useful in distinguishing between
such lesions, since both typically present with pain, abnormal uterine bleeding or a diagnosis of
a pelvic mass [121]. Imaging differentiation between UFs and LMSs is also challenging due to their
potential overlapping features. Magnetic resonance imaging and positron emission tomography have
been both so far insufficient [122]. Several biochemical markers may be somehow useful in clinical
proceedings. Lactase dehydrogenase (LDH) is one of the possible markers of LMS. The accuracy of
LDH elevation although insufficient, is still routinely tested in most cases [123]. Its LDH-D isoenzyme
is expressed in patients with uterine sarcomas and the overexpression of LDH-A and LDH-D may act
as a potential prognostic biomarker in women with those tumors [124]. In a very recent study, Shalaby
et al. (2020) [125] found that survivin is a new possible marker capable of distinguishing between UF
and LMS [125].

In this regard, the analysis of different miRNAs serum or urine expression as possible markers of
UFs is an attractive opportunity. The activity of miRNAs has been recently assessed in UFs, even if we
still do not know the mechanisms of actions of all of them. According to Ravid et al. (2016) [126] the
differential miRNA signatures of sarcomas (including LMS) provide novel data with the potential to
find diagnostic markers, or therapeutic targets in those lesions [126]. There are also atypical UFs which
should be included in this analysis as they might constitute a problem in differential diagnosis [127].

According to a study by Kowalewska et al. (2013) [128], miRNAs were downregulated in
malignant compared to benign tissues. In this study miR-1, let-7c, let-7f and miR-23b were of different
expression in endometrial sarcomas, and miR-1, let-7a, let-7b, let-7c, let-7d, let-7e, let-7g, let-7i, miR-133D,
miR-143, miR-214, miR-222 in mixed epithelial-mesenchymal tumors. As concluded by these Authors
the studied miRNAs might be valuable as possible molecular markers for the differential diagnosis of
benign and aggressive uterine tumors [128].

In 2019 Yokoi et al. [129] published data supporting the feasibility of serum circulating miRNAs as
potential UFs biomarkers. The authors studied 7 different miRNAs—miR-191-5p, miR-451a, miR-1246,
miR-4430, miR-4485-5p, miR-4635, miR-6511b-5p. They have selected 2 of them and reported that the
optimal model of miR-191-5p and miR-1246 presented an area under the receiver operating characteristic
curve (AUC) for identifying LMS of 0.97 with 95% confidence interval of 0.91-1.00. At the same
time, serum LDH had the AUC of only 0.64 and 95% confidence interval of 0.34-0.94 [129]. Earlier
in 2017, de Almeida et al. [130] also presented data on miRNAs expression in UFs in differential
diagnosis. They did not construct the model as mentioned above, but their data were also of importance.
In this study 13 miRNAs presented different expression profiles in UFs and in LMSs compared to
the myometrium. However, only 3 miRNAs (miR-1-3p, miR-7-5p, miR-140-5p) showed a significant
change in expression in UFs. In LMS a significant overexpression was found for miR-1-3p, miR-7-5p
and miR-202-3p [130].

The study by Schiavon et al. (2019) [131] found that expression profiling of miR-34a-5p, miR-144-3p
and miR-206 may be useful in distinguishing LMSs from benign uterine tumors. These authors have
also found that LMS relapse was related to miR-148a-3p overexpression and, in particular, aggressive
patterns were related to miR-124-3p and miR-183-5p [131].

Apparently these interesting findings warrant further research. In our opinion the future
diagnostics and differential diagnosis of UFs in women might include the use of molecular biology
methods to assess several miRNA patterns.
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3.6.3. Investigational Drugs that Target miRNAs in Different Pathological Conditions

In the recent few years, literature regarding the role of miRNAs as important regulators of gene
expression in various diseases has rapidly expanded. And the therapeutic potential of miRNAs has
gained increasing attention. Some miRNA-based drugs, especially targeted at malignancies have
been under observation in different clinical trials. In addition, the use of miRNA in the treatment
of the selected non-tumor conditions has been reported, e.g., use in various cardiac diseases [132].
As presented in our review, recent studies in the field of UFs pharmacology reported evidence that drug
response and efficacy can be modulated by miRNA-mediated mechanisms. Although symptomatic
UFs present multiple treatment challenges, the number of studies that aimed to search for deregulated
miRNA/mRNA networks in those tumors is relatively low [29,35,58].

Main strategies that can be used for targeting miRNAs in UFs involve either the inhibition
of selected miRNAs actions or the introduction of drugs capable of miRNA functions restoration.
The inhibition of miRNAs function has been intended primarily to target oncogenic miRNAs, while the
second approach may be regarded as a kind of replacement therapy. The aims of the latter are to
deliver and restore the level of suppressors, i.e., specific miRNAs typically downregulated in tumors
to restore physiological miRNAs functions [133]. Another hypothetical possibility of the potentially
useful miRNA reintroduction is the employment of viral construction containing essential miRNAs
coding genes. Although various strategies to reprogram with diverse factors like small molecules,
genetic and epigenetic regulators for UFs degeneration exist, there are limitations such as low efficacy,
immunogenic problems and unsafe delivery system. The important issues that need to be taken
into account when designing miRNA-based therapies include the best miRNA disease-specific target
identification, side-effects including toxicity and off-targets drug actions control and efficient and stable
drug delivery system [134].

Tiwari et al. (2018) [135] have recently summarized the biology and therapeutic potential of
the miRNAs, which are involved in angiogenesis control. Various miRNAs have been found to
regulate different stages of angiogenesis in benign tumors such as UFs. All known miRNAs active in
angiogenesis can be divided into two groups: angio-miRNAs that promote and angio-miRNAs that
inhibit angiogenesis by blocking positive regulators of new blood vessels formation [135]. Examples
of the first group include miR-126, miR-130, miR-210 and others. The anti-vascular miRNAs target
various signaling molecules that stimulate angiogenesis and as a results inhibit capillary and blood
vessel formation, the examples are miR-15b, miR-16 or miR-328 [136].

In summary, miRNAs rapidly became attractive candidates for the development of
novel therapeutic approaches in malignant and benign diseases. The knowledge of miRNA
pharmacoepigenomics may offer a new fantastic opportunity to develop more effective treatments by
providing novel insights into individual variability in drug disposition and response.

3.6.4. miRNA and Uterine Fibroids—Medical Treatment

An important way of thinking about new trends in UF therapy is to discover new drugs as
fertility-friendly viable options for non-invasive treatment and the effects that could last for years [137].
Few drugs are strictly directed against UFs, and the majority of the used medications are only used in
symptomatic women treatment. Progesterone receptor modulators, gonadotropin-releasing hormone
(GnRH) analogs (oral and subcutaneous) or aromatase inhibitors are currently used as non-invasive
medical therapies for symptomatic UFs [138]. A long-term, safe and effective treatment is not yet
available and several such attempts ended with serious complications [137,138].

The current research idea is to develop a new class of drugs like miRNA inhibitors or miRNA
mimics which will offer a new option in the non-invasive treatment and a fight against symptomatic
UFs in women [30]. For instance, in their review, Smolle et al. (2017) [139] highlighted the important
topic of future directions in miRNAs regulatory role in UFs. Potential usage of miRNA-inhibitors
or mimics in clinical practice may constitute promising therapeutic strategies in soft tissue sarcomas
that present poor response to chemotherapy [139]. Chuang et al. (2018) [85] concluded that as the
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downregulation of selected miRNAs in UFs target important cell cycle proteins, potential therapies
that could restore these pathways potentially hold the promise of inhibiting UF proliferation and
progression [85]. The miRNA expression modulating drugs are apparently difficult to develop and
use. The development of UFs and molecular pathways controlling these tumors are dependent on
estrogen and progesterone. The main mechanism of action of those hormones (mostly progesterone) in
tumorigenesis of UFs is its effect on the increase in the concentration of selected growth factors. Thus,
TGF-B has a tremendous effect on the way stem cells are divided and affects their conversion into
clonal cells that form UFs [21].

One such example is tranilast, an anti-allergic drug currently used for bronchial asthma and
keloid or hypertrophic scars. Tranilast inhibits UF cell proliferation rate and inhibits cell growth and
TGF-3-derived collagen biosynthesis [140,141]. Tranilast inhibits the release of inflammatory mediators
from mast cells and plays a role in epigenetic regulation [142]. Other studies indicated that it may be
used in UF therapy [141], as the effects of tranilast are also related to the miR-29 family. Tranilast has
a direct effect on UF cells through the altered expression of miR-29c and genes functionally involved in
cell cycle progression and fibrosis [142].

According to Kuokkanen et al. (2010) [143], only 12 miRNAs were significantly upregulated in
endometrial biopsies during the late proliferative in comparison with mid-secretory phases. The authors
concluded that the changes in miRNAs and cell cycle were related to different progesterone levels in
different parts of the phase [143]. It is also an interesting finding that some drugs may have a different
potential and actions during different phases, for example due to different receptor expression. However,
drugs that inhibit the menstrual cycle should have a stable action during therapy, and not depend on
hormones. Available literature includes data concerning miR-26a and miR-181a which are ones of few
miRNAs that directly target the progesterone receptor, and this mechanism could be studied in future
experiments [144].

At this point, again, the validity of the concept of the use of co-drugs in UFs should be emphasized.
Hopefully, the future research will bring the opportunity to use patient-tailored multivalent therapies
with the modulation of selected biochemical or genetic pathways [145]. In our opinion, much of the
current research on UFs should focus on which growth factors, cytokines or miRNAs are most frequently
associated with specific clinical conditions. For example, anti-proliferative agents are available for
UF medical treatment, whereas almost none of the available compounds were introduced specifically
as anti-fibrotic ones [17]. As emphasized by Islam et al. (2018) [17] the ECM of UFs plays a critical
role in the process of fibrosis and it should be considered as a crucial target for future developments.
The miRNA-derived compounds may possess some ability to regulate ECM components and their
receptors, as well as UF intracellular signaling pathways [17]. If a possible dependence of UF-specific
symptoms on specific molecules, such as growth factors, is confirmed, then optimally selected therapies
could be more effective. The synergistic use of different anti-UFs drugs is still under evaluation.

Much research is still needed to discover the complete miRNAs network regulating UF growth,
their relationship with ECM and angiogenesis. However, the preliminary results are encouraging and
support a strong hope that when it is accomplished, targeting miRNA may be considered as a potential
candidate for therapeutic intervention in women with symptomatic UFs.

3.6.5. Uterine Fibroid Location and miRNAs Expression

Kim et al. (2018) [49] presented interesting data on the influence on the occurrence or absence
of endometrial cavity distortion of the expression of different miRNAs [49]. In this study the miR-29
and miR-200 families were of great importance and were downregulated in UFs. The expression of
the progesterone receptor, estrogen receptor and MMPs was upregulated in UF cells in comparison
with healthy myometrium. Interestingly, the relative expression of estrogen receptor, MMPs and tissue
inhibitors of metalloproteinases (TIMPs) were upregulated in cavity distorting tumors. The authors
also found that the expression profile of selected miRNAs in UF cells varied with respect to the
occurrence or absence of endometrial cavity distortion. It is new information concerning this topic and
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the miRNA profile might be involved in the regulation of the biomechanical properties of UF lesions
and affect the complete structural and molecular uterine homeostasis [49].

It is still unknown if this is a reason why some UFs might cause infertility, miscarriages or various
symptoms, like abnormal bleeding. Subtle changes in the cellular microenvironment that involve
miRNAs and their role in chronic inflammation and altered ECM interactions may provide a better
explanation of those conditions [109].

3.6.6. Long Non-Coding RNAs

New sequencing methods facilitated the identification of a great number of long non-coding
RNAs (IncRNAs), which are built of about 200 nucleotides and represent sense or antisense regions of
protein-coding genes. Recent data suggested that similarly to miRNAs, various IncRNAs also had cell-
and tissue-specific pattern of expression and may play major regulatory functions in the expression of
protein-coding genes [146]. A specific type of IncRNA may upregulate gene transcription through the
mediator complex [147].

The role of IncRNAs in tissue fibrosis was studied by Wang et al. (2016) [148]. They found its
role in response to activated TGF-{3 signaling which resulted in the upregulation of different collagens
in fibroblasts [148]. The studied IncRNAs presented some regulatory functions through interactions
with specific miRNAs and mRNAs. According to a very recent study by Yang et al. (2019) [89]
Inc-AL445665.1-4 is an example of this kind of IncRNA and it is probably involved in the development
of multiple UFs by interacting with miR-146b-5p [89].

Different IncRNAs exert their function through multiple mechanisms and they were even called
the “new player” in the area of ECM modulation and remodeling. The data are still scarce in comparison
with miRNAs, but these RNAs might be a new diagnostic, prognostic or predictive biomarker of
UFs [149] or be the novel targets for therapy.

The summary of possible clinical implications of miRNA in UF management is presented in

Figure 3.
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Figure 3. miRNA in women with UFs—possible clinical implications. (unknown role—?)

4. Conclusions

The mechanisms leading to single or multiple UFs development in women are still not fully
understood, with various hormonal and genetic regulations thought to be involved. In the current
review we have tried to present the role of miRNAs and their different expression profiles in UFs
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biology. We have also discussed their potential role in UFs cellular signaling, their influence on
cell proliferation and ECM accumulation. Numerous questions still remain unanswered. Therefore,
more targeted research is needed to understand the complex mechanisms controlling the growth of UFs
in order to elucidate role of miRNAs in the tumors. The use of miRNA in the diagnostics and treatment
of UFs is another new and exciting opportunity. In light of current limitations in early diagnosis,
prevention and medical treatment, an improved understanding of the complex networks of miRNA
gene regulation may provide clues for the future development of biomarkers and targeted therapeutics.
One of the ideas is to use compounds that modulate UF-derived pathways. Even if miRNA modulating
drugs are still unavailable their future clinical utility should be considered. These drugs may provide
unique benefits for potential effectiveness alone or when used as co-drugs with others that are already
available on the market, e.g., GnRH analogs, aromatase inhibitors or steroid receptor modulators.
The idea is to provide therapies that are much more effective, safe and tailored to the patient individual
tumor type.

Data related to the regulation of miRNA and its gene targets in the UFs are still insufficient in
comparison to those available for malignant tumors. The translational use of miRNA and derived
technologies in the clinical care is still at its early phase, but nonetheless it may stimulate new
hypotheses about possible new drivers of UFs growth. This area certainly remains an exciting field for
the future research in the common female disorder with enormous influence on women'’s health status.
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Akt protease kinase B

AGO Argonaute protein

AUC receiver operating characteristic curve
CDK2 cyclin-dependent kinase 2

CTGF connective tissue growth factor

DGCR8  DiGeorge Syndrome critical region 8
DNA deoxyribonucleic acid

ECM extracellular matrix

eNOS endothelial nitric oxide synthase

F3 tissue factor 3

FOXO3a forkhead box O 3a

HMB heavy menstrual bleeding

HMGA  high mobility group AT-hook

IL interleukin

JAK Janus kinase

IncRNA  long non-coding RNA

LDH lactate dehydrogenase

MAPK  mitogen-activated protein kinases
MED12  mediator complex subunit 12
miRNA  microRNA

MMP matrix metalloproteinase

mRNA  messenger RNA

mTOR  mammalian target of rapamycin
NF-«kB  nuclear factor kappa-light-chain-enhancer of activated B cells
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PAI-1 plasminogen activator inhibitor-1

PDCD-4 programmed cell death protein 4

PI3K phosphoinositide 3-kinase

PPAR peroxisome proliferator-activated receptors

QoL quality of life

RCEK reversion-inducing cysteine-rich protein with Kazal motifs

RISC RNA-induced silencing complex

RNA ribonucleic acid

ROS reactive oxygen species

STAT signal transducer and activator of transcription protein

TGF-f  transforming growth factor beta

TGF-BR  transforming growth factor beta receptor

TNF-«  tumor necrosis factor alpha

UF uterine fibroid

Wnt wingless-related integration site

References

1. Stewart, E.A.; Laughlin-Tommaso, S.K.; Catherino, W.H.; Lalitkumar, S.; Gupta, D.; Vollenhoven, B. Uterine
fibroids. Nat Rev Dis Primers 2016, 2, 16043. [CrossRef] [PubMed]

2. Al-Hendy, A.; Myers, E.R; Stewart, E. Uterine fibroids: Burden and unmet medical need. Semin. Reprod.
Med. 2017, 35, 473-480. [CrossRef] [PubMed]

3. Stewart, E.A.; Cookson, C.L.; Gandolfo, R.A.; Schulze-Rath, R. Epidemiology of uterine fibroids: A systematic
review. BJOG 2017, 124, 1501-1512. [CrossRef] [PubMed]

4. Wise, L.A,; Laughlin-Tommaso, S.K. Epidemiology of uterine fibroids: From menarche to menopause. Clin.
Obstet. Gynecol. 2016, 59, 2-24. [CrossRef] [PubMed]

5. Rubisz, P; Ciebiera, M.; Hirnle, L.; Zgliczynska, M.; Lozinski, T.; Dziegiel, P.; Kobierzycki, C. The usefulness
of immunohistochemistry in the differential diagnosis of lesions originating from the myometrium. Int. J.
Mol. Sci. 2019, 20. [CrossRef] [PubMed]

6. Herve, F;Katty, A.;Isabelle, Q.; Celine, S. Impact of uterine fibroids on quality of life: A national cross-sectional
survey. Eur. J. Obstet. Gynecol. Reprod. Biol. 2018, 229, 32-37. [CrossRef] [PubMed]

7. Zimmermann, A.; Bernuit, D.; Gerlinger, C.; Schaefers, M.; Geppert, K. Prevalence, symptoms and
management of uterine fibroids: An international internet-based survey of 21,746 women. BMC Womens
Health 2012, 12, 6. [CrossRef]

8.  Donnez, J.; Dolmans, M.M. Uterine fibroid management: From the present to the future. Hum. Reprod.
Update 2016, 22, 665-686. [CrossRef]

9.  Ulin, M,; Ali, M.; Chaudhry, Z.T.; Al-Hendy, A.; Yang, Q. Uterine fibroids in menopause and perimenopause.
Menopause 2020, 27, 238-242. [CrossRef]

10. Cardozo, E.R;; Clark, A.D.; Banks, N.K.; Henne, M.B.; Stegmann, B.J.; Segars, ].H. The estimated annual cost
of uterine leiomyomata in the United States. Am. . Obstet. Gynecol. 2012, 206, 211.e1-211.€9. [CrossRef]

11.  McWilliams, M.M.; Chennathukuzhi, V.M. Recent advances in uterine fibroid etiology. Semin. Reprod. Med.
2017, 35, 181-189. [CrossRef] [PubMed]

12.  Bonafede, M.M.; Pohlman, S.K.; Miller, ].D.; Thiel, E.; Troeger, K.A.; Miller, C.E. Women with newly diagnosed
uterine fibroids: Treatment patterns and cost comparison for select treatment options. Popul. Health Manag.
2018, 21, S13-S20. [CrossRef] [PubMed]

13. Islam, M.S.; Greco, S.; Janjusevic, M.; Ciavattini, A.; Giannubilo, S.R.; D’Adderio, A.; Biagini, A.; Fiorini, R.;
Castellucci, M.; Ciarmela, P. Growth factors and pathogenesis. Best Pract. Res. Clin. Obstet. Gynaecol. 2016,
34, 25-36. [CrossRef] [PubMed]

14. Protic, O.; Toti, P; Islam, M.S.; Occhini, R.; Giannubilo, S.R.; Catherino, WH.; Cinti, S.; Petraglia, F;
Ciavattini, A.; Castellucci, M.; et al. Possible involvement of inflammatory/reparative processes in the
development of uterine fibroids. Cell Tissue Res. 2016, 364, 415-427. [CrossRef]

15. Bulun, S.E. Uterine fibroids. N. Engl. ]. Med. 2013, 369, 1344-1355. [CrossRef]


http://dx.doi.org/10.1038/nrdp.2016.43
http://www.ncbi.nlm.nih.gov/pubmed/27335259
http://dx.doi.org/10.1055/s-0037-1607264
http://www.ncbi.nlm.nih.gov/pubmed/29100234
http://dx.doi.org/10.1111/1471-0528.14640
http://www.ncbi.nlm.nih.gov/pubmed/28296146
http://dx.doi.org/10.1097/GRF.0000000000000164
http://www.ncbi.nlm.nih.gov/pubmed/26744813
http://dx.doi.org/10.3390/ijms20051136
http://www.ncbi.nlm.nih.gov/pubmed/30845657
http://dx.doi.org/10.1016/j.ejogrb.2018.07.032
http://www.ncbi.nlm.nih.gov/pubmed/30099225
http://dx.doi.org/10.1186/1472-6874-12-6
http://dx.doi.org/10.1093/humupd/dmw023
http://dx.doi.org/10.1097/GME.0000000000001438
http://dx.doi.org/10.1016/j.ajog.2011.12.002
http://dx.doi.org/10.1055/s-0037-1599090
http://www.ncbi.nlm.nih.gov/pubmed/28278535
http://dx.doi.org/10.1089/pop.2017.0151
http://www.ncbi.nlm.nih.gov/pubmed/29649369
http://dx.doi.org/10.1016/j.bpobgyn.2015.08.018
http://www.ncbi.nlm.nih.gov/pubmed/26527305
http://dx.doi.org/10.1007/s00441-015-2324-3
http://dx.doi.org/10.1056/NEJMra1209993

Int. ]. Mol. Sci. 2020, 21, 3016 20 of 26

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.
35.

36.

37.

Vitagliano, A.; Noventa, M.; Di Spiezio Sardo, A.; Saccone, G.; Gizzo, S.; Borgato, S.; Vitale, 5.G.; Lagana, A.S.;
Nardelli, G.B.; Litta, PS.; et al. Uterine fibroid size modifications during pregnancy and puerperium:
Evidence from the first systematic review of literature. Arch. Gynecol. Obstet. 2018, 297, 823-835. [CrossRef]
Islam, M.S,; Ciavattini, A.; Petraglia, F.; Castellucci, M.; Ciarmela, P. Extracellular matrix in uterine leiomyoma
pathogenesis: A potential target for future therapeutics. Hum. Reprod. Update 2018, 24, 59-85. [CrossRef]
Ishikawa, H.; Ishi, K.; Serna, V.A.; Kakazu, R.; Bulun, S.E.; Kurita, T. Progesterone is essential for maintenance
and growth of uterine leilomyoma. Endocrinology 2010, 151, 2433-2442. [CrossRef]

Chill, H.H.; Safrai, M.; Reuveni Salzman, A.; Shushan, A. The rising phoenix-progesterone as the main target
of the medical therapy for leiomyoma. Biomed. Res. Int. 2017, 2017, 4705164. [CrossRef]

Ciarmela, P.; Islam, M.S.; Reis, EM.; Gray, P.C.; Bloise, E.; Petraglia, F.; Vale, W.; Castellucci, M. Growth
factors and myometrium: Biological effects in uterine fibroid and possible clinical implications. Hum. Reprod.
Update 2011, 17, 772-790. [CrossRef]

Ciebiera, M.; Wlodarczyk, M.; Wrzosek, M.; Meczekalski, B.; Nowicka, G.; Lukaszuk, K.; Ciebiera, M.;
Slabuszewska-Jozwiak, A.; Jakiel, G. Role of transforming growth factor beta in uterine fibroid biology. Int. J.
Mol. Sci. 2017, 18. [CrossRef] [PubMed]

Ulin, M.; Al-Hendy, A ; Yang, Q. Targeting the transforming growth factor-beta pathway: A novel mechanism
of ulipristal acetate action against uterine fibroids. Fertil. Steril. 2019, 111, 683-684. [CrossRef] [PubMed]
Lagana, A.S.; Vergara, D.; Favilli, A.; La Rosa, V.L,; Tinelli, A.; Gerli, S.; Noventa, M.; Vitagliano, A.; Triolo, O.;
Rapisarda, A.M.C; et al. Epigenetic and genetic landscape of uterine leiomyomas: A current view over
a common gynecological disease. Arch. Gynecol. Obstet. 2017, 296, 855-867. [CrossRef] [PubMed]
Navarro, A.; Yin, P.; Monsivais, D.; Lin, S.M.; Du, P.; Wei, ].].; Bulun, S.E. Genome-wide DNA methylation
indicates silencing of tumor suppressor genes in uterine leiomyoma. PLoS ONE 2012, 7, e33284. [CrossRef]
[PubMed]

Makinen, N.; Mehine, M.; Tolvanen, ].; Kaasinen, E.; Li, Y.; Lehtonen, H.].; Gentile, M.; Yan, J.; Enge, M.;
Taipale, M.; et al. MED12, the mediator complex subunit 12 gene, is mutated at high frequency in uterine
leiomyomas. Science 2011, 334, 252-255. [CrossRef] [PubMed]

Al-Hendy, A.; Laknaur, A.; Diamond, M.P; Ismail, N.; Boyer, T.G.; Halder, S.K. Silencing MED12 gene reduces
proliferation of human leiomyoma cells mediated via Wnt/beta-catenin signaling pathway. Endocrinology
2017, 158, 592-603. [CrossRef]

Park, M.].; Shen, H.; Kim, N.H.; Gao, E; Failor, C.; Knudtson, J.E; McLaughlin, ].; Halder, S.K.; Heikkinen, T.A.;
Vahteristo, P; et al. Mediator kinase disruption in MED12-mutant uterine fibroids from Hispanic women of
South Texas. J. Clin. Endocrinol. Metab. 2018, 103, 4283-4292. [CrossRef]

El Andaloussi, A.; Al-Hendy, A.; Ismail, N.; Boyer, T.G.; Halder, S.K. Introduction of somatic mutation in
MED12 induces Wnt4/beta-catenin and disrupts autophagy in human uterine myometrial cell. Reprod. Sci.
2020. [CrossRef]

Karmon, A.E.; Cardozo, E.R.; Rueda, B.R.; Styer, A.K. MicroRNAs in the development and pathobiology of
uterine leiomyomata: Does evidence support future strategies for clinical intervention? Hum. Reprod. Update
2014, 20, 670-687. [CrossRef]

Oliveto, S.; Mancino, M.; Manfrini, N.; Biffo, S. Role of microRNAs in translation regulation and cancer.
World |. Biol. Chem. 2017, 8, 45-56. [CrossRef]

Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281-297. [CrossRef]
Calin, G.A.; Croce, C.M. MicroRNAs and chromosomal abnormalities in cancer cells. Oncogene 2006, 25,
6202-6210. [CrossRef] [PubMed]

O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of microRNA biogenesis, mechanisms of actions,
and circulation. Front. Endocrinol. (Lausanne) 2018, 9, 402. [CrossRef] [PubMed]

Kim, Y.K.; Kim, V.N. Processing of intronic microRNAs. EMBO ]. 2007, 26, 775-783. [CrossRef]

Luo, X.; Chegini, N. The expression and potential regulatory function of microRNAs in the pathogenesis of
leiomyoma. Semin. Reprod. Med. 2008, 26, 500-514. [CrossRef]

Mineno, J.; Okamoto, S.; Ando, T.; Sato, M.; Chono, H.; Izu, H.; Takayama, M.; Asada, K.; Mirochnitchenko, O.;
Inouye, M.; et al. The expression profile of microRNAs in mouse embryos. Nucleic. Acids Res. 2006, 34,
1765-1771. [CrossRef]

Gurtan, A.M.; Sharp, P.A. The role of miRNAs in regulating gene expression networks. J. Mol. Biol. 2013,
425, 3582-3600. [CrossRef]


http://dx.doi.org/10.1007/s00404-017-4621-4
http://dx.doi.org/10.1093/humupd/dmx032
http://dx.doi.org/10.1210/en.2009-1225
http://dx.doi.org/10.1155/2017/4705164
http://dx.doi.org/10.1093/humupd/dmr031
http://dx.doi.org/10.3390/ijms18112435
http://www.ncbi.nlm.nih.gov/pubmed/29149020
http://dx.doi.org/10.1016/j.fertnstert.2019.02.007
http://www.ncbi.nlm.nih.gov/pubmed/30929728
http://dx.doi.org/10.1007/s00404-017-4515-5
http://www.ncbi.nlm.nih.gov/pubmed/28875276
http://dx.doi.org/10.1371/journal.pone.0033284
http://www.ncbi.nlm.nih.gov/pubmed/22428009
http://dx.doi.org/10.1126/science.1208930
http://www.ncbi.nlm.nih.gov/pubmed/21868628
http://dx.doi.org/10.1210/en.2016-1097
http://dx.doi.org/10.1210/jc.2018-00863
http://dx.doi.org/10.1007/s43032-019-00084-7
http://dx.doi.org/10.1093/humupd/dmu017
http://dx.doi.org/10.4331/wjbc.v8.i1.45
http://dx.doi.org/10.1016/S0092-8674(04)00045-5
http://dx.doi.org/10.1038/sj.onc.1209910
http://www.ncbi.nlm.nih.gov/pubmed/17028600
http://dx.doi.org/10.3389/fendo.2018.00402
http://www.ncbi.nlm.nih.gov/pubmed/30123182
http://dx.doi.org/10.1038/sj.emboj.7601512
http://dx.doi.org/10.1055/s-0028-1096130
http://dx.doi.org/10.1093/nar/gkl096
http://dx.doi.org/10.1016/j.jmb.2013.03.007

Int. ]. Mol. Sci. 2020, 21, 3016 21 of 26

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Singh, S.K.; Pal Bhadra, M.; Girschick, H.J.; Bhadra, U. MicroRNAs—micro in size but macro in function.
FEBS J. 2008, 275, 4929-4944. [CrossRef]

Carletti, M.Z.; Christenson, L.K. MicroRNA in the ovary and female reproductive tract. J. Anim. Sci. 2009,
87, E29-E38. [CrossRef]

Nothnick, W.B. Non-coding RNAs in uterine development, function and disease. Adv. Exp. Med. Biol. 2016,
886, 171-189. [CrossRef]

Qi, H,; Liang, G.; Yu, J.; Wang, X.; Liang, Y.; He, X,; Feng, T.; Zhang, ]J. Genome-wide profiling of miRNA
expression patterns in tubal endometriosis. Reproduction 2019, 157, 525-534. [CrossRef] [PubMed]
Cochrane, D.R; Cittelly, D.M.; Howe, E.N.; Spoelstra, N.S.; McKinsey, E.L.; LaPara, K.; Elias, A.; Yee, D.;
Richer, ].K. MicroRNAs link estrogen receptor alpha status and Dicer levels in breast cancer. Horm. Cancer
2010, 1, 306-319. [CrossRef] [PubMed]

Luense, L.J.; Carletti, M.Z.; Christenson, L.K. Role of Dicer in female fertility. Trends Endocrinol. Metab. 2009,
20, 265-272. [CrossRef] [PubMed]

Williams, A.R.W. Uterine fibroids-what’s new? F1000Res 2017, 6, 2109. [CrossRef]

Zondervan, K.T.; Becker, C.M.; Koga, K.; Missmer, S.A.; Taylor, R.N.; Vigano, P. Endometriosis. Nat. Rev. Dis.
Primers 2018, 4, 9. [CrossRef]

Okamoto, M.; Nasu, K.; Abe, W.; Aoyagi, Y.; Kawano, Y.; Kai, K.; Moriyama, M.; Narahara, H. Enhanced
miR-210 expression promotes the pathogenesis of endometriosis through activation of signal transducer and
activator of transcription 3. Hum. Reprod. 2015, 30, 632—-641. [CrossRef]

Ohlsson Teague, E.M.; Van der Hoek, K.H.; Van der Hoek, M.B.; Perry, N.; Wagaarachchi, P.; Robertson, S.A.;
Print, C.G.; Hull, L.M. MicroRNA-regulated pathways associated with endometriosis. Mol. Endocrinol. 2009,
23,265-275. [CrossRef]

Laudanski, P.; Charkiewicz, R.; Tolwinska, A.; Szamatowicz, J.; Charkiewicz, A.; Niklinski, J. Profiling of
selected microRNAs in proliferative eutopic endometrium of women with ovarian endometriosis. Biomed.
Res. Int. 2015, 2015, 760698. [CrossRef]

Kim, Y.J.; Kim, Y.Y;; Shin, J.H.; Kim, H.; Ku, S.Y.; Suh, C.S. Variation in microRNA expression profile of
uterine leiomyoma with endometrial cavity distortion and endometrial cavity non-distortion. Int. J. Mol. Sci.
2018, 19, 2524. [CrossRef]

Herkenhoff, M.E.; Oliveira, A.C.; Nachtigall, P.G.; Costa, ].M.; Campos, V.F; Hilsdorf, AW.S.; Pinhal, D.
Fishing into the microRNA transcriptome. Front. Genet. 2018, 9, 88. [CrossRef]

Wang, T.; Zhang, X.; Obijuruy, L.; Laser, J.; Aris, V.; Lee, P.; Mittal, K.; Soteropoulos, P.; Wei, ].]. A micro-RNA
signature associated with race, tumor size, and target gene activity in human uterine leiomyomas. Genes
Chromosomes Cancer 2007, 46, 336-347. [CrossRef] [PubMed]

Mehine, M.; Makinen, N.; Heinonen, H.R.; Aaltonen, L.A.; Vahteristo, P. Genomics of uterine leiomyomas:
Insights from high-throughput sequencing. Fertil. Steril. 2014, 102, 621-629. [CrossRef] [PubMed]

Mehine, M.; Kaasinen, E.; Heinonen, H.R.; Makinen, N.; Kampjarvi, K.; Sarvilinna, N.; Aavikko, M.;
Vaharautio, A.; Pasanen, A.; Butzow, R.; et al. Integrated data analysis reveals uterine leiomyoma subtypes
with distinct driver pathways and biomarkers. Proc. Natl. Acad. Sci. USA 2016, 113, 1315-1320. [CrossRef]
[PubMed]

Islam, M.S,; Protic, O.; Stortoni, P.; Grechi, G.; Lamanna, P.; Petraglia, F; Castellucci, M.; Ciarmela, P. Complex
networks of multiple factors in the pathogenesis of uterine leiomyoma. Fertil. Steril. 2013, 100, 178-193.
[CrossRef]

Je, EM.; Kim, M.R.; Min, K.O.; Yoo, N J.; Lee, S.H. Mutational analysis of MED12 exon 2 in uterine leiomyoma
and other common tumors. Int. J. Cancer 2012, 131, E1044-E1047. [CrossRef]

Peng, Y,; Laser, J.; Shi, G.; Mittal, K.; Melamed, J.; Lee, P.; Wei, ].]. Antiproliferative effects by let-7 repression
of high-mobility group a2 in uterine leiomyoma. Mol. Cancer Res. 2008, 6, 663—673. [CrossRef]

Mello, J.B.H.; Barros-Filho, M.C.; Abreu, EB.; Cirilo, PD.R.; Domingues, M.A.C.; Pontes, A.; Rogatto, S.R.
MicroRNAs involved in the HMGA?2 deregulation and its co-occurrence with MED12 mutation in uterine
leiomyoma. Mol. Hum. Reprod. 2018, 24, 556-563. [CrossRef]

Zavadil, J.; Ye, H,; Liu, Z.; Wu, ].; Lee, P; Hernando, E.; Soteropoulos, P.; Toruner, G.A.; Wei, ].J. Profiling and
functional analyses of microRNAs and their target gene products in human uterine leiomyomas. PLoS ONE
2010, 5, €12362. [CrossRef]


http://dx.doi.org/10.1111/j.1742-4658.2008.06624.x
http://dx.doi.org/10.2527/jas.2008-1331
http://dx.doi.org/10.1007/978-94-017-7417-8_9
http://dx.doi.org/10.1530/REP-18-0631
http://www.ncbi.nlm.nih.gov/pubmed/30909166
http://dx.doi.org/10.1007/s12672-010-0043-5
http://www.ncbi.nlm.nih.gov/pubmed/21761362
http://dx.doi.org/10.1016/j.tem.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19646895
http://dx.doi.org/10.12688/f1000research.12172.1
http://dx.doi.org/10.1038/s41572-018-0008-5
http://dx.doi.org/10.1093/humrep/deu332
http://dx.doi.org/10.1210/me.2008-0387
http://dx.doi.org/10.1155/2015/760698
http://dx.doi.org/10.3390/ijms19092524
http://dx.doi.org/10.3389/fgene.2018.00088
http://dx.doi.org/10.1002/gcc.20415
http://www.ncbi.nlm.nih.gov/pubmed/17243163
http://dx.doi.org/10.1016/j.fertnstert.2014.06.050
http://www.ncbi.nlm.nih.gov/pubmed/25106763
http://dx.doi.org/10.1073/pnas.1518752113
http://www.ncbi.nlm.nih.gov/pubmed/26787895
http://dx.doi.org/10.1016/j.fertnstert.2013.03.007
http://dx.doi.org/10.1002/ijc.27610
http://dx.doi.org/10.1158/1541-7786.MCR-07-0370
http://dx.doi.org/10.1093/molehr/gay037
http://dx.doi.org/10.1371/journal.pone.0012362

Int. ]. Mol. Sci. 2020, 21, 3016 22 of 26

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Styer, A.K.; Rueda, B.R. The epidemiology and genetics of uterine leiomyoma. Best Pract. Res. Clin. Obstet.
Gynaecol. 2016, 34, 3-12. [CrossRef]

Santamaria, X.; Taylor, H. MicroRNA and gynecological reproductive diseases. Fertil. Steril. 2014, 101,
1545-1551. [CrossRef]

Liu, W.; Wang, X. Prediction of functional microRNA targets by integrative modeling of microRNA binding
and target expression data. Genome Biol. 2019, 20, 18. [CrossRef] [PubMed]

Pritchard, C.C.; Cheng, H.H.; Tewari, M. MicroRNA profiling: Approaches and considerations. Nat. Rev.
Genet. 2012, 13, 358-369. [CrossRef]

Fouad, Y.A.; Aanei, C. Revisiting the hallmarks of cancer. Am. J. Cancer Res. 2017, 7, 1016-1036. [PubMed]
Azhar, S.; Dong, D.; Shen, W.].; Hu, Z.; Kraemer, EB. The role of miRNAs in regulating adrenal and gonadal
steroidogenesis. . Mol. Endocrinol. 2020, 64, R21-R43. [CrossRef] [PubMed]

Chegini, N. Proinflammatory and profibrotic mediators: Principal effectors of leiomyoma development as
a fibrotic disorder. Semin. Reprod. Med. 2010, 28, 180-203. [CrossRef] [PubMed]

Chuang, T.D.; Luo, X.; Panda, H.; Chegini, N. MiR-93/106b and their host gene, MCM?7, are differentially
expressed in leiomyomas and functionally target F3 and IL-8. Mol. Endocrinol. 2012, 26, 1028-1042. [CrossRef]
Tal, R.; Segars, ].H. The role of angiogenic factors in fibroid pathogenesis: Potential implications for future
therapy. Hum. Reprod. Update 2014, 20, 194-216. [CrossRef]

Hua, Z.; Lv, Q.; Ye, W.; Wong, CK.; Cai, G.; Gu, D.; Ji, Y.; Zhao, C.; Wang, ].; Yang, B.B.; et al. MiRN A-directed
regulation of VEGF and other angiogenic factors under hypoxia. PLoS ONE 2006, 1, e116. [CrossRef]
Mehrad, B.; Keane, M.P; Strieter, R.M. Chemokines as mediators of angiogenesis. Thromb. Haemost. 2007, 97,
755-762. [CrossRef]

Laser, J.; Lee, P.; Wei, J.J. Cellular senescence in usual type uterine leiomyoma. Fertil. Steril. 2010, 93,
2020-2026. [CrossRef]

Shell, S.; Park, S.M.; Radjabi, A.R.; Schickel, R.; Kistner, E.O.; Jewell, D.A.; Feig, C.; Lengyel, E.; Peter, M.E.
Let-7 expression defines two differentiation stages of cancer. Proc. Natl. Acad. Sci. USA 2007, 104,
11400-11405. [CrossRef] [PubMed]

Wei, ].].; Soteropoulos, P. MicroRNA: A new tool for biomedical risk assessment and target identification in
human uterine leiomyomas. Semin. Reprod. Med. 2008, 26, 515-521. [CrossRef] [PubMed]

Chen, R;; Sheng, L.; Zhang, H.J.; Ji, M.; Qian, W.Q. MiR-15b-5p facilitates the tumorigenicity by targeting
RECK and predicts tumour recurrence in prostate cancer. J. Cell Mol. Med. 2018, 22, 1855-1863. [CrossRef]
Guan, Y.; Guo, L.; Zukerberg, L.; Rueda, B.R.; Styer, A.K. MicroRNA-15b regulates reversion-inducing
cysteine-rich protein with Kazal motifs (RECK) expression in human uterine leiomyoma. Reprod. Biol.
Endocrinol. 2016, 14, 45. [CrossRef] [PubMed]

Sun, X,; Jiao, X; Pestell, T.G.; Fan, C.; Qin, S.; Mirabelli, E.; Ren, H.; Pestell, R.G. MicroRNAs and cancer stem
cells: The sword and the shield. Oncogene 2014, 33, 4967-4977. [CrossRef] [PubMed]

Kang, H.; Davis-Dusenbery, B.N.; Nguyen, P.H.; Lal, A.; Lieberman, J.; Van Aelst, L.; Lagna, G.; Hata, A.
Bone morphogenetic protein 4 promotes vascular smooth muscle contractility by activating microRNA-21
(miR-21), which down-regulates expression of family of dedicator of cytokinesis (DOCK) proteins. J. Biol.
Chem. 2012, 287, 3976-3986. [CrossRef]

Fitzgerald, J.B.; Chennathukuzhi, V.; Koohestani, F; Nowak, R.A.; Christenson, L.K. Role of microRNA-21
and programmed cell death 4 in the pathogenesis of human uterine leiomyomas. Fertil. Steril. 2012, 98,
726-734. [CrossRef]

Noetel, A.; Kwiecinski, M.; Elfimova, N.; Huang, J.; Odenthal, M. MicroRNA are central players in anti- and
profibrotic gene regulation during liver fibrosis. Front. Physiol. 2012, 3, 49. [CrossRef]

Cardozo, E.R;; Foster, R.; Karmon, A.E.; Lee, A.E.; Gatune, L.W.; Rueda, B.R,; Styer, A.K. MicroRNA 21a-5p
overexpression impacts mediators of extracellular matrix formation in uterine leiomyoma. Reprod. Biol.
Endocrinol. 2018, 16, 46. [CrossRef]

Marsh, E.E.; Steinberg, M.L.; Parker, ].B.; Wu, ]J.; Chakravarti, D.; Bulun, S.E. Decreased expression of
microRNA-29 family in leiomyoma contributes to increased major fibrillar collagen production. Fertil. Steril.
2016, 106, 766-772. [CrossRef]

Kriegel, A.J.; Liu, Y.; Fang, Y.; Ding, X.; Liang, M. The miR-29 family: Genomics, cell biology, and relevance
to renal and cardiovascular injury. Physiol. Genom. 2012, 44, 237-244. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.bpobgyn.2015.11.018
http://dx.doi.org/10.1016/j.fertnstert.2014.04.044
http://dx.doi.org/10.1186/s13059-019-1629-z
http://www.ncbi.nlm.nih.gov/pubmed/30670076
http://dx.doi.org/10.1038/nrg3198
http://www.ncbi.nlm.nih.gov/pubmed/28560055
http://dx.doi.org/10.1530/JME-19-0105
http://www.ncbi.nlm.nih.gov/pubmed/31671401
http://dx.doi.org/10.1055/s-0030-1251476
http://www.ncbi.nlm.nih.gov/pubmed/20414842
http://dx.doi.org/10.1210/me.2012-1075
http://dx.doi.org/10.1093/humupd/dmt042
http://dx.doi.org/10.1371/journal.pone.0000116
http://dx.doi.org/10.1160/TH07-01-0040
http://dx.doi.org/10.1016/j.fertnstert.2008.12.116
http://dx.doi.org/10.1073/pnas.0704372104
http://www.ncbi.nlm.nih.gov/pubmed/17600087
http://dx.doi.org/10.1055/s-0028-1096131
http://www.ncbi.nlm.nih.gov/pubmed/18951333
http://dx.doi.org/10.1111/jcmm.13469
http://dx.doi.org/10.1186/s12958-016-0180-y
http://www.ncbi.nlm.nih.gov/pubmed/27530410
http://dx.doi.org/10.1038/onc.2013.492
http://www.ncbi.nlm.nih.gov/pubmed/24240682
http://dx.doi.org/10.1074/jbc.M111.303156
http://dx.doi.org/10.1016/j.fertnstert.2012.05.040
http://dx.doi.org/10.3389/fphys.2012.00049
http://dx.doi.org/10.1186/s12958-018-0364-8
http://dx.doi.org/10.1016/j.fertnstert.2016.05.001
http://dx.doi.org/10.1152/physiolgenomics.00141.2011
http://www.ncbi.nlm.nih.gov/pubmed/22214600

Int. ]. Mol. Sci. 2020, 21, 3016 23 of 26

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Xu, X.; Kim, J.J.; Li, Y,; Xie, J.; Shao, C.; Wei, J.]. Oxidative stress-induced miRNAs modulate Akt signaling and
promote cellular senescence in uterine leiomyoma. J. Mol. Med. 2018, 96, 1095-1106. [CrossRef] [PubMed]
Qiang, W.; Liu, Z.; Serna, V.A.; Druschitz, S.A.; Liu, Y.; Espona-Fiedler, M.; Wei, ].].; Kurita, T. Down-regulation
of miR-29b is essential for pathogenesis of uterine leiomyoma. Endocrinology 2014, 155, 663-669. [CrossRef]
[PubMed]

Chuang, T.D.; Khorram, O. Mechanisms underlying aberrant expression of miR-29¢ in uterine leiomyoma.
Fertil. Steril. 2016, 105, 236-245. [CrossRef]

Chuang, T.D.; Khorram, O. Regulation of cell cycle regulatory proteins by microRNAs in uterine leiomyoma.
Reprod. Sci. 2019, 26, 250-258. [CrossRef]

Liang, H.; Wang, F.; Chu, D.; Zhang, W.; Liao, Z.; Fu, Z; Yan, X.; Zhu, H.; Guo, W.; Zhang, Y.; et al. MiR-93
functions as an oncomir for the downregulation of PDCD4 in gastric carcinoma. Sci. Rep. 2016, 6, 23772.
[CrossRef]

Wehrkamp, C.J.; Natarajan, S.K.; Mohr, A.M.; Phillippi, M.A.; Mott, ].L. MiR-106b-responsive gene landscape
identifies regulation of Kruppel-like factor family. RNA Biol. 2018, 15, 391-403. [CrossRef]

Pakiz, M.; Potocnik, U.; But, I. Solitary and multiple uterine leiomyomas among Caucasian women:
Two different disorders? Fertil. Steril. 2010, 94, 2291-2295. [CrossRef]

Yang, E.; Xue, L,; Li, Z.; Yi, T. Lnc-al445665.1-4 may be involved in the development of multiple uterine
leiomyoma through interacting with miR-146b-5p. BMC Cancer 2019, 19, 709. [CrossRef]

Lulla, R.R.; Costa, EF,; Bischof, ].M.; Chou, PM.; de Bonaldo, EM.; Vanin, E.E,; Soares, M.B. Identification of
differentially expressed microRNAs in osteosarcoma. Sarcoma 2011, 2011, 732690. [CrossRef]

Lee, ].H.; Choi, Y.S.; Park, ].H.; Kim, H.; Lee, I.; Won, Y.B.; Yun, B.H.; Park, J.H.; Seo, S.K.; Lee, B.S.; et al.
MiR-150-5p may contribute to pathogenesis of human leiomyoma via regulation of the Akt/p27(Kip1)
pathway in vitro. Int. J. Mol. Sci. 2019, 20. [CrossRef]

Yentrapalli, R.; Azimzadeh, O.; Kraemer, A.; Malinowsky, K.; Sarioglu, H.; Becker, K.F,; Atkinson, M.].;
Moertl, S.; Tapio, S. Quantitative and integrated proteome and microRNA analysis of endothelial replicative
senescence. J. Proteom. 2015, 126, 12-23. [CrossRef] [PubMed]

Wang, L.; Huang, H.; Fan, Y.; Kong, B.; Hu, H.; Hu, K,; Guo, J.; Mei, Y.; Liu, W.L. Effects of downregulation of
microRNA-181a on H202-induced h9¢2 cell apoptosis via the mitochondrial apoptotic pathway. Oxid. Med.
Cell Longev. 2014, 2014, 960362. [CrossRef] [PubMed]

Wu, L.; Song, W.Y,; Xie, Y;; Hu, L.L.; Hou, X.M.; Wang, R.; Gao, Y.; Zhang, ].N.; Zhang, L.; Li, WW.; et al.
MiR-181a-5p suppresses invasion and migration of HTR-8/SVneo cells by directly targeting IGF2BP2. Cell
Death Dis. 2018, 9, 16. [CrossRef] [PubMed]

Bisso, A.; Faleschini, M.; Zampa, F.; Capaci, V.; De Santa, ]J.; Santarpia, L.; Piazza, S.; Cappelletti, V.;
Daidone, M.; Agami, R.; et al. Oncogenic miR-181a/b affect the DNA damage response in aggressive breast
cancer. Cell Cycle 2013, 12, 1679-1687. [CrossRef]

Xu, X.; Wu, J.; Li, S;; Hu, Z,; Xu, X.; Zhu, Y,; Liang, Z.; Wang, X.; Lin, Y.; Mao, Y.; et al. Downregulation of
microRNA-182-5p contributes to renal cell carcinoma proliferation via activating the Akt/FOXO3a signaling
pathway. Mol. Cancer 2014, 13, 109. [CrossRef]

Wang, D.D.; Chen, X,; Yu, D.D.; Yang, S.J.; Shen, H.Y.; Sha, H.H.; Zhong, S.L.; Zhao, ].H.; Tang, ] H. MiR-197:
A novel biomarker for cancers. Gene 2016, 591, 313-319. [CrossRef]

Wu, X; Ling, J.; Fu, Z; Ji, C.; Wu, J.; Xu, Q. Effects of miRNA-197 overexpression on proliferation, apoptosis
and migration in levonorgestrel treated uterine leiomyoma cells. Biomed. Pharm. 2015, 71, 1-6. [CrossRef]
Ling, ].; Jiang, L.; Zhang, C.; Dai, J.; Wu, Q.; Tan, J. Upregulation of miR-197 inhibits cell proliferation by
directly targeting IGFBP5 in human uterine leiomyoma cells. Vitro Cell Dev. Biol. Anim. 2015, 51, 835-842.
[CrossRef]

Ling, J.; Wu, X,; Fu, Z; Tan, J.; Xu, Q. Systematic analysis of gene expression pattern in has-miR-197
over-expressed human uterine leiomyoma cells. Biomed. Pharm. 2015, 75, 226-233. [CrossRef]

Humpbhries, B.; Yang, C. The microRNA-200 family: Small molecules with novel roles in cancer development,
progression and therapy. Oncotarget 2015, 6, 6472-6498. [CrossRef] [PubMed]

Chuang, T.D.; Panda, H.; Luo, X.,; Chegini, N. MiR-200c is aberrantly expressed in leiomyomas in
an ethnic-dependent manner and targets ZEBs, VEGFA, TIMP2, and FBLN5. Endocr. Relat. Cancer
2012, 19, 541-556. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00109-018-1682-1
http://www.ncbi.nlm.nih.gov/pubmed/30097674
http://dx.doi.org/10.1210/en.2013-1763
http://www.ncbi.nlm.nih.gov/pubmed/24424054
http://dx.doi.org/10.1016/j.fertnstert.2015.09.020
http://dx.doi.org/10.1177/1933719118768692
http://dx.doi.org/10.1038/srep23772
http://dx.doi.org/10.1080/15476286.2017.1422471
http://dx.doi.org/10.1016/j.fertnstert.2009.12.072
http://dx.doi.org/10.1186/s12885-019-5775-1
http://dx.doi.org/10.1155/2011/732690
http://dx.doi.org/10.3390/ijms20112684
http://dx.doi.org/10.1016/j.jprot.2015.05.023
http://www.ncbi.nlm.nih.gov/pubmed/26013412
http://dx.doi.org/10.1155/2014/960362
http://www.ncbi.nlm.nih.gov/pubmed/24683439
http://dx.doi.org/10.1038/s41419-017-0045-0
http://www.ncbi.nlm.nih.gov/pubmed/29339719
http://dx.doi.org/10.4161/cc.24757
http://dx.doi.org/10.1186/1476-4598-13-109
http://dx.doi.org/10.1016/j.gene.2016.06.035
http://dx.doi.org/10.1016/j.biopha.2015.02.004
http://dx.doi.org/10.1007/s11626-015-9887-x
http://dx.doi.org/10.1016/j.biopha.2015.07.039
http://dx.doi.org/10.18632/oncotarget.3052
http://www.ncbi.nlm.nih.gov/pubmed/25762624
http://dx.doi.org/10.1530/ERC-12-0007
http://www.ncbi.nlm.nih.gov/pubmed/22685266

Int. ]. Mol. Sci. 2020, 21, 3016 24 of 26

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Chuang, T.D.; Khorram, O. MiR-200c regulates IL-8 expression by targeting IKBKB: A potential mediator of
inflammation in leiomyoma pathogenesis. PLoS ONE 2014, 9, €95370. [CrossRef] [PubMed]

Panda, H.; Pelakh, L.; Chuang, T.D.; Luo, X.; Bukulmez, O.; Chegini, N. Endometrial miR-200c is altered
during transformation into cancerous states and targets the expression of ZEBs, VEGFA, FLT1, IKKbeta,
KLF9, and FBLN5. Reprod. Sci. 2012, 19, 786-796. [CrossRef] [PubMed]

Chuang, T.D.; Ho, M.; Khorram, O. The regulatory function of miR-200c on inflammatory and cell-cycle
associated genes in SK-LMS-1, a leiomyosarcoma cell line. Reprod. Sci. 2015, 22, 563-571. [CrossRef]
Georgieva, B.; Milev, I.; Minkov, I.; Dimitrova, I.; Bradford, A.P.; Baev, V. Characterization of the uterine
leiomyoma microRNAome by deep sequencing. Genomics 2012, 99, 275-281. [CrossRef]

Marsh, E.E; Lin, Z.; Yin, P; Milad, M.; Chakravarti, D.; Bulun, S.E. Differential expression of microRNA
species in human uterine leiomyoma versus normal myometrium. Fertil. Steril. 2008, 89, 1771-1776.
[CrossRef]

Yoon, S.; Choi, Y.C.; Lee, S.; Jeong, Y.; Yoon, ].; Baek, K. Induction of growth arrest by miR-542-3p that targets
survivin. FEBS Lett. 2010, 584, 4048-4052. [CrossRef]

Lazzarini, R.; Caffarini, M.; Delli Carpini, G.; Ciavattini, A.; Di Primio, R.; Orciani, M. From 2646 to 15:
Differentially regulated microRNAs between progenitors from normal myometrium and leiomyoma. Am. J.
Obstet. Gynecol. 2019. [CrossRef]

Kang, H. Role of microRNAs in TGF-beta signaling pathway-mediated pulmonary fibrosis. Int. |. Mol. Sci.
2017, 18. [CrossRef]

Xiao, X.; Huang, C.; Zhao, C.; Gou, X.; Senavirathna, L.K.; Hinsdale, M.; Lloyd, P.; Liu, L. Regulation
of myofibroblast differentiation by miR-424 during epithelial-to-mesenchymal transition. Arch. Biochem.
Biophys. 2015, 566, 49-57. [CrossRef] [PubMed]

Huang, C.; Xiao, X.; Yang, Y.; Mishra, A ; Liang, Y.; Zeng, X.; Yang, X.; Xu, D.; Blackburn, M.R.; Henke, C.A;
et al. MicroRNA-101 attenuates pulmonary fibrosis by inhibiting fibroblast proliferation and activation. J.
Biol. Chem. 2017, 292, 16420-16439. [CrossRef] [PubMed]

Zhang, Q.; Ye, H,; Xiang, F; Song, L.J.; Zhou, L.L.; Cai, P.C.; Zhang, ].C.; Yu, F; Shi, H.Z.; Su, Y,; et al.
MiR-18a-5p inhibits sub-pleural pulmonary fibrosis by targeting TGF-beta receptor II. Mol. Ther. 2017, 25,
728-738. [CrossRef] [PubMed]

Liang, H.; Xu, C.; Pan, Z.; Zhang, Y.; Xu, Z.; Chen, Y,; Li, T.; Li, X,; Liu, Y.; Huangfu, L.; et al. The antifibrotic
effects and mechanisms of microRNA-26a action in idiopathic pulmonary fibrosis. Mol. Ther. 2014, 22,
1122-1133. [CrossRef] [PubMed]

Zeng, X.; Huang, C.; Senavirathna, L.; Wang, P.; Liu, L. MiR-27b inhibits fibroblast activation via targeting
TGF beta signaling pathway. BMC Cell Biol. 2017, 18, 9. [CrossRef] [PubMed]

Fierro-Fernandez, M.; Busnadiego, O.; Sandoval, P.; Espinosa-Diez, C.; Blanco-Ruiz, E.; Rodriguez, M.;
Pian, H.; Ramos, R.; Lopez-Cabrera, M.; Garcia-Bermejo, M.L.; et al. MiR-9-5p suppresses pro-fibrogenic
transformation of fibroblasts and prevents organ fibrosis by targeting NOX4 and TGFBR2. EMBO Rep. 2015,
16, 1358-1377. [CrossRef] [PubMed]

Perot, G.; Croce, S.; Ribeiro, A.; Lagarde, P.; Velasco, V.; Neuville, A.; Coindre, ].M.; Stoeckle, E.; Floquet, A.;
MacGrogan, G.; et al. MED12 alterations in both human benign and malignant uterine soft tissue tumors.
PLoS ONE 2012, 7, e40015. [CrossRef]

Dvorska, D.; Skovierova, H.; Brany, D.; Halasova, E.; Dankova, Z. Liquid biopsy as a tool for differentiation
of leiomyomas and sarcomas of corpus uteri. Int. J. Mol. Sci. 2019, 20. [CrossRef]

Bretthauer, M.; Goderstad, ].M.; Loberg, M.; Emilsson, L.; Ye, W.; Adami, H.O.; Kalager, M. Uterine
morcellation and survival in uterine sarcomas. Eur. |. Cancer 2018, 101, 62-68. [CrossRef]

Wood, L.N.; Jamnagerwalla, J.; Markowitz, M.A.; Thum, D.J.; McCarty, P.; Medendorp, A.R.; Raz, S.; Kim, ].H.
Public awareness of uterine power morcellation through US Food and Drug Administration communications:
Analysis of Google trends search term patterns. [MIR Public Health Surveill. 2018, 4, e47. [CrossRef]
Stewart, E. UpToDate. Uterine Fibroids (Leiomyomas): Differentiating Fibroids from Uterine Sarcomas.
Available online: https://www.uptodate.com/contents/uterine-fibroids-leiomyomas-differentiating-fibroids-
from-uterine-sarcomas (accessed on 5 March 2020).

Sun, S.; Bonaffini, P.A.; Nougaret, S.; Fournier, L.; Dohan, A.; Chong, J.; Smith, J.; Addley, H.; Reinhold, C.
How to differentiate uterine leiomyosarcoma from leiomyoma with imaging. Diagn. Interv. Imaging 2019,
100, 619-634. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.pone.0095370
http://www.ncbi.nlm.nih.gov/pubmed/24755559
http://dx.doi.org/10.1177/1933719112438448
http://www.ncbi.nlm.nih.gov/pubmed/22569286
http://dx.doi.org/10.1177/1933719114553450
http://dx.doi.org/10.1016/j.ygeno.2012.03.003
http://dx.doi.org/10.1016/j.fertnstert.2007.05.074
http://dx.doi.org/10.1016/j.febslet.2010.08.025
http://dx.doi.org/10.1016/j.ajog.2019.12.016
http://dx.doi.org/10.3390/ijms18122527
http://dx.doi.org/10.1016/j.abb.2014.12.007
http://www.ncbi.nlm.nih.gov/pubmed/25524739
http://dx.doi.org/10.1074/jbc.M117.805747
http://www.ncbi.nlm.nih.gov/pubmed/28726637
http://dx.doi.org/10.1016/j.ymthe.2016.12.017
http://www.ncbi.nlm.nih.gov/pubmed/28131417
http://dx.doi.org/10.1038/mt.2014.42
http://www.ncbi.nlm.nih.gov/pubmed/24594795
http://dx.doi.org/10.1186/s12860-016-0123-7
http://www.ncbi.nlm.nih.gov/pubmed/28095798
http://dx.doi.org/10.15252/embr.201540750
http://www.ncbi.nlm.nih.gov/pubmed/26315535
http://dx.doi.org/10.1371/journal.pone.0040015
http://dx.doi.org/10.3390/ijms20153825
http://dx.doi.org/10.1016/j.ejca.2018.06.007
http://dx.doi.org/10.2196/publichealth.9913
https://www.uptodate.com/contents/uterine-fibroids-leiomyomas-differentiating-fibroids-from-uterine-sarcomas
https://www.uptodate.com/contents/uterine-fibroids-leiomyomas-differentiating-fibroids-from-uterine-sarcomas
http://dx.doi.org/10.1016/j.diii.2019.07.007
http://www.ncbi.nlm.nih.gov/pubmed/31427216

Int. ]. Mol. Sci. 2020, 21, 3016 25 of 26

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Seki, K.; Hoshihara, T.; Nagata, I. Leiomyosarcoma of the uterus: Ultrasonography and serum lactate
dehydrogenase level. Gynecol. Obstet. Invest. 1992, 33, 114-118. [CrossRef] [PubMed]

Song, K.J.; Yu, X.N.; Lv, T,; Chen, Y.L.; Diao, Y.C.; Liu, S.L.; Wang, Y.K.; Yao, Q. Expression and prognostic
value of lactate dehydrogenase-A and -D subunits in human uterine myoma and uterine sarcoma. Medicine
2018, 97, e0268. [CrossRef] [PubMed]

Shalaby, S.; Khater, M.; Laknaur, A.; Arbab, A.; Al-Hendy, A. Molecular bio-imaging probe for non-invasive
differentiation between human leiomyoma versus leiomyosarcoma. Reprod. Sci. 2020, 27, 644-654. [CrossRef]
[PubMed]

Ravid, Y.; Formanski, M.; Smith, Y.; Reich, R.; Davidson, B. Uterine leiomyosarcoma and endometrial stromal
sarcoma have unique miRNA signatures. Gynecol. Oncol. 2016, 140, 512-517. [CrossRef] [PubMed]

Zhang, Q.; Ubago, J.; Li, L.; Guo, H.; Liu, Y.; Qiang, W.; Kim, J.J.; Kong, B.; Wei, ]J.J. Molecular analyses
of 6 different types of uterine smooth muscle tumors: Emphasis in atypical leiomyoma. Cancer 2014, 120,
3165-3177. [CrossRef]

Kowalewska, M.; Bakula-Zalewska, E.; Chechlinska, M.; Goryca, K.; Nasierowska-Guttmejer, A.;
Danska-Bidzinska, A.; Bidzinski, M. MicroRNAs in uterine sarcomas and mixed epithelial-mesenchymal
uterine tumors: A preliminary report. Tumour. Biol. 2013, 34, 2153-2160. [CrossRef]

Yokoi, A.; Matsuzaki, J.; Yamamoto, Y.; Tate, K.; Yoneoka, Y.; Shimizu, H.; Uehara, T.; Ishikawa, M.;
Takizawa, S.; Aoki, Y.; et al. Serum microRNA profile enables preoperative diagnosis of uterine
leiomyosarcoma. Cancer Sci. 2019, 110, 3718-3726. [CrossRef]

De Almeida, B.C.; Garcia, N.; Maffazioli, G.; Gonzalez Dos Anjos, L.; Chada Baracat, E.; Candido Carvalho, K.
Oncomirs expression profiling in uterine leiomyosarcoma cells. Int. J. Mol. Sci. 2017, 19. [CrossRef]
Schiavon, B.; Carvalho, K.; Coutinho-Camillo, C.; Baiocchi, G.; Valieris, R.; Drummond, R.; da Silva, I;
De Brot, L.; Soares, F.; da Cunha, I. MiRNAs 144-3p, 34a-5p, and 206 are a useful signature for distinguishing
uterine leiomyosarcoma from other smooth muscle tumors. Surg. Exp. Pathol. 2019, 2, 5. [CrossRef]

Mellis, D.; Caporali, A. MicroRNA-based therapeutics in cardiovascular disease: Screening and delivery to
the target. Biochem. Soc. Trans. 2018, 46, 11-21. [CrossRef] [PubMed]

Grijalvo, S.; Alagia, A.; Jorge, A.F; Eritja, R. Covalent strategies for targeting messenger and non-coding
RNAs: An updated review on siRNA, miRNA and antimiR conjugates. Genes 2018, 9. [CrossRef] [PubMed]
Baumann, V.; Winkler, ]. MiRNA-based therapies: Strategies and delivery platforms for oligonucleotide and
non-oligonucleotide agents. Future Med. Chem. 2014, 6, 1967-1984. [CrossRef] [PubMed]

Tiwari, A.; Mukherjee, B.; Dixit, M. MicroRNA key to angiogenesis regulation: MiRNA biology and therapy.
Curr. Cancer Drug Targets 2018, 18, 266-277. [CrossRef] [PubMed]

Wu, F; Yang, Z.; Li, G. Role of specific microRNAs for endothelial function and angiogenesis. Biochem.
Biophys. Res. Commun. 2009, 386, 549-553. [CrossRef] [PubMed]

Ali, M.; Chaudhry, Z.T.; Al-Hendy, A. Successes and failures of uterine leiomyoma drug discovery. Expert
Opin. Drug Discov. 2018, 13, 169-177. [CrossRef]

Chwalisz, K.; Taylor, H. Current and emerging medical treatments for uterine fibroids. Semin. Reprod. Med.
2017, 35, 510-522. [CrossRef]

Smolle, M.A ; Leithner, A.; Posch, E; Szkandera, J.; Liegl-Atzwanger, B.; Pichler, M. MicroRNAs in different
histologies of soft tissue sarcoma: A comprehensive review. Int. J. Mol. Sci. 2017, 18. [CrossRef]
Darakhshan, S.; Pour, A.B. Tranilast: A review of its therapeutic applications. Pharmacol. Res. 2015, 91, 15-28.
[CrossRef]

Islam, M.S.; Protic, O.; Ciavattini, A.; Giannubilo, S.R.; Tranquilli, A.L.; Catherino, W.H.; Castellucci, M.;
Ciarmela, P. Tranilast, an orally active antiallergic compound, inhibits extracellular matrix production in
human uterine leiomyoma and myometrial cells. Fertil. Steril. 2014, 102, 597-606. [CrossRef]

Chuang, T.D.; Khorram, O. Tranilast inhibits genes functionally involved in cell proliferation, fibrosis,
and epigenetic regulation and epigenetically induces miR-29¢ expression in leiomyoma cells. Reprod. Sci.
2017, 24, 1253-1263. [CrossRef] [PubMed]

Kuokkanen, S.; Chen, B.; Ojalvo, L.; Benard, L.; Santoro, N.; Pollard, ].W. Genomic profiling of microRNAs
and messenger RNAs reveals hormonal regulation in microRNA expression in human endometrium. Biol.
Reprod. 2010, 82, 791-801. [CrossRef]


http://dx.doi.org/10.1159/000294861
http://www.ncbi.nlm.nih.gov/pubmed/1559623
http://dx.doi.org/10.1097/MD.0000000000010268
http://www.ncbi.nlm.nih.gov/pubmed/29620641
http://dx.doi.org/10.1007/s43032-019-00067-8
http://www.ncbi.nlm.nih.gov/pubmed/31925772
http://dx.doi.org/10.1016/j.ygyno.2016.01.001
http://www.ncbi.nlm.nih.gov/pubmed/26768834
http://dx.doi.org/10.1002/cncr.28900
http://dx.doi.org/10.1007/s13277-013-0748-5
http://dx.doi.org/10.1111/cas.14215
http://dx.doi.org/10.3390/ijms19010052
http://dx.doi.org/10.1186/s42047-019-0032-0
http://dx.doi.org/10.1042/BST20170037
http://www.ncbi.nlm.nih.gov/pubmed/29196609
http://dx.doi.org/10.3390/genes9020074
http://www.ncbi.nlm.nih.gov/pubmed/29415514
http://dx.doi.org/10.4155/fmc.14.116
http://www.ncbi.nlm.nih.gov/pubmed/25495987
http://dx.doi.org/10.2174/1568009617666170630142725
http://www.ncbi.nlm.nih.gov/pubmed/28669338
http://dx.doi.org/10.1016/j.bbrc.2009.06.075
http://www.ncbi.nlm.nih.gov/pubmed/19540203
http://dx.doi.org/10.1080/17460441.2018.1417381
http://dx.doi.org/10.1055/s-0037-1606302
http://dx.doi.org/10.3390/ijms18091960
http://dx.doi.org/10.1016/j.phrs.2014.10.009
http://dx.doi.org/10.1016/j.fertnstert.2014.05.013
http://dx.doi.org/10.1177/1933719116682878
http://www.ncbi.nlm.nih.gov/pubmed/28114878
http://dx.doi.org/10.1095/biolreprod.109.081059

Int. ]. Mol. Sci. 2020, 21, 3016 26 of 26

144.

145.

146.

147.

148.

149.

Lowery, A.J.; Miller, N.; Devaney, A.; McNeill, R.E.; Davoren, P.A.; Lemetre, C.; Benes, V.; Schmidt, S.; Blake, J.;
Ball, G.; et al. MicroRNA signatures predict oestrogen receptor, progesterone receptor and HER2/neu receptor
status in breast cancer. Breast Cancer Res. 2009, 11, R27. [CrossRef] [PubMed]

Ciebiera, M.; Wlodarczyk, M.; Zgliczynska, M.; Lukaszuk, K.; Meczekalski, B.; Kobierzycki, C.; Lozinski, T.;
Jakiel, G. The role of tumor necrosis factor alpha in the biology of uterine fibroids and the related symptoms.
Int. J. Mol. Sci. 2018, 19. [CrossRef]

Beermann, J.; Piccoli, M.T.; Viereck, ].; Thum, T. Non-coding RN As in development and disease: Background,
mechanisms, and therapeutic approaches. Physiol. Rev. 2016, 96, 1297-1325. [CrossRef]

Orom, U.A,; Derrien, T.; Guigo, R.; Shiekhattar, R. Long noncoding RNAs as enhancers of gene expression.
Cold Spring Harb. Symp. Quant. Biol. 2010, 75, 325-331. [CrossRef] [PubMed]

Wang, Z.; Jinnin, M.; Nakamura, K.; Harada, M.; Kudo, H.; Nakayama, W.; Inoue, K.; Nakashima, T.;
Honda, N.; Fukushima, S.; et al. Long non-coding RNA TSIX is upregulated in scleroderma dermal
fibroblasts and controls collagen mRNA stabilization. Exp. Dermatol. 2016, 25, 131-136. [CrossRef]
D’Angelo, E.; Agostini, M. Long non-coding RNA and extracellular matrix: The hidden players in
cancer-stroma cross-talk. Noncoding RNA Res. 2018, 3, 174-177. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1186/bcr2257
http://www.ncbi.nlm.nih.gov/pubmed/19432961
http://dx.doi.org/10.3390/ijms19123869
http://dx.doi.org/10.1152/physrev.00041.2015
http://dx.doi.org/10.1101/sqb.2010.75.058
http://www.ncbi.nlm.nih.gov/pubmed/21502407
http://dx.doi.org/10.1111/exd.12900
http://dx.doi.org/10.1016/j.ncrna.2018.08.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Uterine Fibroids—Overview 
	Uterine Fibroids—Overview of Etiology and Pathophysiology 
	Uterine Fibroids—Introduction into Genetics 
	miRNA and Its Biogenesis 
	miRNA in Uterine Fibroids—Introduction 

	Methodology 
	Discussion 
	miRNA in Uterine Fibroids—Overview 
	miRNA in Uterine Fibroids—Genetic Implications 
	miRNA and Cell Regulation, Inflammation and Angiogenesis—Potential Pathways in Uterine Fibroids 
	Different miRNA Families—A Detailed Description 
	The let-7 Family 
	The miR-15 and miR-16 Families 
	The miR-21 Family 
	The miR-29 Family 
	The miR-93 and miR-106 Families 
	The miR-146 Family 
	The miR-150 Family 
	The miR-181 and miR-182 Families 
	The miR-197 Family 
	The miR-200 Family 
	Other miRNAs 

	miRNA and Fibrosis—New Research Targets in UFs 
	miRNAs and Uterine Fibroids—Clinical Implications and Future Directions in Diagnosis and Therapy 
	miRNAs and the Transformation of a Benign Uterine Fibroid into a Malignant Lesion 
	Different miRNAs in the Differential Diagnosis of Uterine Fibroids and Leiomyosarcomas 
	Investigational Drugs that Target miRNAs in Different Pathological Conditions 
	miRNA and Uterine Fibroids—Medical Treatment 
	Uterine Fibroid Location and miRNAs Expression 
	Long Non-Coding RNAs 


	Conclusions 
	References

