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Abstract

Uterine fibroids are benign smooth muscle tumors of monoclonal origin that
arise from the uterus. African-American women have a higher risk of developing
the disease than do Caucasian women, and a family history of uterine fibroids is
arisk factor for their development. The relative risk for uterine fibroids is signifi-
cantly higher in monozygotic twins than in dizygotic twins, suggesting a correla-
tion of the disease susceptibility with the patient’s genetic background.
Chromosomal abnormalities are observed in approximately 40% of cases, where
nonrandom and tumor-specific chromosomal abnormalities caused by chromo-
somal rearrangements affect alterations in the driver genes of uterine fibroids,
such as high-mobility group AT-hook 2 (HMGA?2) overexpression. Hereditary
leiomyomatosis and renal cell cancer are caused by biallelic inactivation of the
fumarase hydratase (FH) gene. Alport syndrome associated with diffuse leio-
myomatosis is caused by deletions of collagen type IV alpha 5 chain (COL4AS5)
and alpha 6 chain (COL4A6). Somatic alterations of these genes are also observed
in non-syndromic uterine fibroids. Whole-genome sequencing (WGS) revealed
that approximately 70% of uterine fibroids have somatic mutations of Mediator
complex 12 (MED12), which is the most frequently observed driver gene altera-
tion in these tumors. Through WGS, uterine fibroids have been categorized into
at least four subgroups according to the types of driver gene alterations: MED12
mutation, HMGA2 overexpression, biallelic FH inactivation, and COL4AS5 and
COLA4AG6 deletions. Each alteration is mutually exclusive in the fibroid nodule. In
addition, the role of microRNAs in the development of uterine fibroids is exten-
sively examined.
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2.1 Introduction

Uterine fibroids, also called uterine leiomyomas, are benign smooth muscle tumors
that arise from the uterus. Uterine fibroids show sex-steroid-dependent growth, and
typically become symptomatic during the reproductive age. Epidemiological stud-
ies indicate that the susceptibility to uterine fibroids depends on the ethnicity of the
woman. Approximately 40% of uterine fibroids have an abnormal karyotype, and
gene alterations associated with chromosomal rearrangements are also related to the
disease’s pathogenesis. Furthermore, driver gene alterations are frequently observed
in karyotypically normal fibroids. Women with hereditary syndromes who have a
germ-line mutation of some specific genes have multiple uterine fibroids, implicat-
ing the important role of genetic factors in the disease’s development. This chapter
focuses on the genetic alterations and genomic variations and their significance in
the pathophysiology of uterine fibroids.

2.2  Genetic Backgrounds

Studies have suggested an ethnic difference in the susceptibility to uterine fibroids.
Epidemiological studies have shown that African-American women have a signifi-
cantly higher (two to three-fold) relative risk for uterine fibroids than do Caucasian
women in the United States [1]. In addition, fibroids in African-American women
are diagnosed at an earlier age and are more symptomatic and larger than those in
Caucasian women [2]. Although the difference in fibroid prevalence between
African-American and ethnicities other than Caucasian (e.g., Hispanics and Asians)
is still controversial, its high prevalence in African-American women suggests a
correlation with the patient’s genetic background.

A family history of uterine fibroids is another risk factor for their development. A
case-control study revealed that both a maternal history of uterine fibroids and reduced
parity are significant risk factors for the disease in Caucasian women [3]. First-degree
relatives of an affected proband have a 2.2-2.5-fold higher risk of developing uterine
fibroids, and the odds ratio increases to 5.7 after selecting for early onset cases [4, 5].

Twin cohort studies further support the relationship between genetic background
and uterine fibroid susceptibility. In a Finnish study of monozygotic and dizygotic
twin pairs, the relative risk for the disease was significantly higher in the monozy-
gotic twins [6]. The relative risk of hysterectomy due to uterine fibroids was also
higher in monozygotic twins than in dizygotic twins in a United Kingdom twin
study [7]. Monozygotic twins are identical in terms of genetic background com-
pared with dizygotic twins. These data again suggest the role of genetic factors in
the development of uterine fibroids.
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2.3  Clonality

Clonality analysis has shown that a uterine fibroid is a monoclonal tumor, where
each fibroid nodule is derived from a single progenitor myocyte due to somatic
mutation; therefore, each fibroid results from an independent clonal event. Within
the same uterus, each fibroid nodule shows a specific inactivation pattern of X
chromosome-linked genes, such as glucose-6-phosphate dehydrogenase (G6PD),
phosphoglycerate kinase (PGK), and androgen receptor (AR) genes [8—11]. The
methylation status of these genes is different among fibroid nodules. Thus, different
nodules in multiple fibroids are of different cytogenetic origins [12].

24  Genome-Wide Association Study

Genome-wide association study (GWAS) is a powerful tool for identifying common
genetic variants associated with specific disorders. A case-control GWAS of
Japanese women revealed significant associations between chromosomal loci (at
the chromosome 10q24.33, 22q13.1, and 11p15.5 regions) and uterine fibroids [13].
Another GWAS on a US and Australian cohort of Caucasian women revealed one
single nucleotide polymorphism (SNP), located on chromosome 17q25.3, to be sig-
nificantly associated with uterine fibroid risk [14]. This locus was located near the
fatty acid synthase (FASN) gene, and FAS protein levels were significantly upregu-
lated in fibroid tissue compared with those in matched myometrial tissue. This
implicates FASN as a candidate gene in the predisposition to uterine fibroids in
Caucasian women.

On the other hand, the same SNP was not associated with uterine fibroid risk in
African-American women. A GWAS in the Black Women’s Health Study, consist-
ing of a cohort of 59,000 African-American women, failed to replicate GWAS find-
ings on uterine fibroids in Japanese women [15]. There might be multiple loci in the
genome with relatively small effects that contribute to the increased risk of uterine
fibroids in African-American women, since ethnicity may be associated with a
genetic predisposition to these tumors.

2.5 Chromosomal Rearrangements

Approximately 40% of uterine fibroids have nonrandom and tumor-specific chro-
mosome abnormalities, including deletion of portions of 7q or trisomy 12, or rear-
rangements of 12q14-15, 6p21, or 1022 [16]. Rearrangements of chromosomes X,
1, 3, and 13 have also been identified in fibroid nodules [4, 17].

In addition to the simple chromosomal aberrations leading to the affected single
gene mutations, complex chromosomal rearrangements (CCRs), which lead to
simultaneous multiple chromosomal rearrangements, have been identified in uterine
fibroids [18, 19]. Whole-genome sequencing (WGS) of each fibroid nodule revealed
that CCRs resembling chromothripsis (a single genomic event that results in focal
losses and rearrangements in multiple genomic regions) are a major cause of
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chromosomal abnormalities in uterine fibroids [20]. The CCR may allow tumor-
promoting genetic changes, which can impair the control of cell-cell checkpoints
and the repair of DNA double-strand breaks, such as translocations of the high-
mobility group AT-hook 2 (HMGA2) and DNA repair protein RAD51 homolog B
(RADS51B) loci [21].

One of the well-known chromosome rearrangements observed in women with
uterine fibroids is t(12;14)(q14-q15; q23-q24), involving the overexpression of
HMGAZ2 [22]. The presence of t(12;14) is often associated with fibroids of larger size
than those with either normal karyotypes or interstitial 7q22 deletions. In fact,
HMGA?2 overexpression is observed in large fibroids [23]. This translocation allows
fusion transcripts of RAD5IB and HMGA2. RAD51B, a member of the RADS51
recombination gene family, is located on chromosome 14q24 and is the most fre-
quent translocation partner of HMGA rearrangements. RAD51B encodes a protein
involved in DNA double-strand break repair by homologous recombination [24, 25].

In other subgroups of uterine fibroids, rearrangements of 6p21 have been
observed that lead to an overexpression of HMGAI, another high-mobility group
AT-hook gene [26]. Thus, aberrant expression of HMG family genes due to chromo-
somal rearrangements may contribute to the pathogenesis of these tumors [27].
Deletion and translocation of chromosome 7 (i.e., del(7)(q22q32) and t(1;7)
(q42;q22)) are other frequently observed chromosomal rearrangements in uterine
fibroids [16, 28, 29]. The fact that del(7) is often observed as a sole change indicates
that the loss of a tumor suppressor gene may be the most likely pathogenic mecha-
nism in this subgroup, with deletion of the expression of specific genes, including
the proliferation inhibitor HMG-box transcription factor 1 (HBPI), and the mitosis
integrity-maintenance tumor suppressor RADS50 interactor 1 (RINTI) [16].
Rearrangement of 10q22 allows disruption of a histone acetyltransferase gene,
monocytic leukemia zinc finger protein-related factor (MORF), in uterine fibroids.
Similarly, rearrangement of 17q21 allows disruption of another gene with histone
acetyltransferase activity, lysine acetyltransferase 2A (KAT2A) [30]. These chromo-
somal rearrangements observed in each fibroid nodule lead to aberrant expression
of specific genes and are related to the pathophysiology of uterine fibroids.

2,6 Syndrome-Associated Fibroids

Women with hereditary syndromes caused by germ-line mutations of specific genes
tend to have multiple uterine fibroids or leiomyomatosis. Hereditary leiomyomatosis
and renal cell cancer (HLRCC) syndrome is an autosomal dominant inherited tumor
predisposition syndrome characterized by multiple cutaneous fibroids, uterine
fibroids, and renal cell cancer [31]. Women with HLRCC have a heterozygous germ-
line mutation of fumarate hydratase (FH) at 1gq43. This fumarase enzyme catalyzes
the hydration of fumarate to L-malate in the tricarboxylic acid cycle. Biallelic inacti-
vation of F'H through loss of heterozygosity or an inactivating mutation in the wild-
type allele causes a driver alteration of fibroids. Uterine fibroids are present in almost
all women with HLRCC. The fibroid nodules become multiple and large, and most
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women experience heavy menstruation and pelvic pain [32]. Compared with sporadic
fibroids, HLRCC-associated fibroids are detected in younger women, where the mean
age at diagnosis is ~30 years [31]. In a comprehensive series of HLRCC-associated
uterine fibroids, 7.8% of the fibroids had somatic Mediator complex 12 (MEDI2)
mutations. However, these fibroids have different immunoreactivities for 2-succinyl
cysteine that affect the accumulation of fumarate compared with FH-altered fibroids;
therefore, fibroids with MED 2 mutations are distinct from the syndrome-associated
fibroids with biallelic inactivation of the FH gene [33].

Alport syndrome (AS), a hereditary syndrome characterizing progressive renal
failure with hematuria, eye disorder, and high-tone sensorineural hearing loss, arises
from mutations in genes coding for basement membrane type IV collagen. Diffuse
leiomyomatosis is observed in the esophagus, tracheobronchial tree, and genital
reproductive tract in women with diffuse leiomyomatosis-associated AS, a rare sub-
type of AS due to germ-line mutations in collagen type IV alpha 5 chain (COL4AS5)
and alpha 6 chain (COL4A6) [34, 35].

2.7 Genetic Driver Alterations of Uterine Fibroids

As stated above, uterine fibroids are monoclonal tumors, where each fibroid nodule
has a distinct character of single myocyte origin. Chromosomal rearrangements
cause specific driver gene alterations of uterine fibroids, where each alteration inde-
pendently occurs in each fibroid nodule. WGS has revealed that the major somatic
gene alterations related to fibroid formation are MEDI2 mutations and HMGA2
overexpression. Other alterations are biallelic inactivation of FH and deletions in
COLA4AS5 and COL4A6. These alteration events occur in an independent manner and
are mutually exclusive in uterine fibroids, with some exceptions in syndrome-asso-
ciated fibroids [33, 36, 37].

2.7.1 MED12 Mutations

Somatic mutations of MED]2 in uterine fibroids were initially reported by Mékinen
et al. in 2011 [38], where surprisingly they occurred in approximately 70% of
fibroids in Caucasian women, as revealed by WGS. Since then, different researchers
worldwide have identified this mutation in 50-70% of uterine fibroids beyond eth-
nic and country differentials [39, 40].

MED]?2 is located on chromosome Xq13 and encodes a 250-kDa protein that is
involved in transcriptional regulation of the RNA polymerase II complex. The
MED12 protein is a component of a subcomplex of the large Mediator complex,
namely, the cyclin-dependent kinase 8 (CDKS8) module composed of CDKS, cyclin-
C (CCNC), MEDI12, and MEDI13 [41]. In MEDI2 mutation-negative uterine
fibroids, no somatic mutations in the coding regions of CDKS8, CCNC, or MED13
have been observed, suggesting that mutations in other CDKS8 submodule genes do
not contribute to the disease pathogenesis [42].
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There is a hot spot of MEDI2 mutations on exon 2 in uterine fibroids, the most
common being ¢.131G > A. Other types of point mutations have been identified on
exon 2 and intron 1 [43, 44]. The region of the gene that is most frequently evolu-
tionarily conserved is located on exon 2 and at the intron 1-exon 2 junction. Both
missense and in-frame insertion-deletion mutations were observed, with a notable
predominance of single-base substitutions in codon 44 [44].

The frequency of MEDI2 mutations in histopathological variants of uterine
fibroids and uterine leiomyosarcoma has been demonstrated. Typical fibroids have
a high mutation frequency of MEDI2, whereas this is less frequently observed in
histopathological fibroid variants, including cellular leiomyoma and smooth muscle
tumor of uncertain malignant potential [45-47]. MED12 mutations in leiomyosar-
coma are rare, and the most common variant ¢.130G > A in exon2, which is observed
in typical fibroids, has never been identified in this fibroid variant [43, 48], indicat-
ing the genetic heterogeneity of uterine smooth muscle tumors.

Because of the high prevalence of MEDI2 mutations in uterine fibroids, the
mode of action of this gene in the disease’s development and pathogenesis has been
extensively studied. Recently, the role of Medl2 mutation in fibroid development
was identified using a mouse model. The common MED]2 variant ¢.131G > A can
drive tumor formation alone in a gain-of-function manner and cause genomic insta-
bility. Whereas conditional loss of function of Med2 did not lead to uterine fibroids
in mice, expression of the MedI2 ¢.131G > A variant on a background of condi-
tional Med12 knockout did [49]. In these mice, 80% of the uteri contained lesions
consistent with fibroids, including extracellular matrix (ECM) deposits, fibroblast
and macrophage infiltrations, and disorganized muscle fiber arrangement. Moreover,
the Medl2 c.131G > A variant caused uterine fibroids in mice with a wild-type
background, where approximately 50% of the uteri from these mice developed
fibroid-like lesions consisting of ECM deposition and disorganized smooth muscle
fiber arrangement. The authors concluded that the Med/2 missense c.131G > A
variant acts as a gain-of-function mutation and is related to genomic instability in
the fibroid-like lesions, with copy number gains and losses.

The role of Med12 in fibroid cell proliferation through direct interaction with the
Whnt/B-catenin and associated signaling pathways has been reported [50]. The pro-
liferation of Med12 knockdown immortalized uterine fibroid cells was significantly
inhibited compared with that of scrambled control cells. Silencing of MedI2 in
these cells showed significantly reduced levels of Wnt4 and p-catenin proteins, cell
cycle-associated proteins, and transforming growth factor-B-regulated fibrosis-
related proteins, indicating that MedI2 plays a crucial role in fibroid cell prolifera-
tion via the Wnt/B-catenin signaling pathway.

2.7.2 HMGA2 Overexpression

Overexpression of HMGA2 is found in 7.5-10% of uterine fibroids. HMGA?2 is
located at 12q14.3, and chromosomal rearrangements involving 12q14-15 result in
HMGA?2 overexpression in affected uterine fibroids. Expression of the HMGA?2
transcript is significantly upregulated in fibroid tissue with 12ql4-15
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rearrangements, compared with that in normal karyotype fibroids [23, 51]. HMGA2
is a member of the high-mobility group gene family and encodes nonhistone com-
ponents of chromatin that act as architectural factors to influence diverse cellular
processes, including differentiation, death, growth, and proliferation.

Although little is known about the underlying mechanisms through which
HMGA?2 overexpression leads to fibroid development, the overexpression of this
gene is associated with large fibroid size, suggesting that HMGA?2 promotes fibroid
growth [52]. Expression of both HMGA?2 and fibroblast growth factor 2 (FGF2) has
a significant positive correlation with the affected chromosomal rearrangements in
uterine fibroids [53]. Stimulation of myometrial tissue by FGF1, a strong inducer of
HMGA2, leads to an increase of HMGAZ2 and FGF2, suggesting that overexpression
of HMGA?2 upregulates FGF2 expression in fibroid tissue.

HMGA? is a predicted target of let-7 microRNAs (let-7s), which are significantly
dysregulated in uterine fibroids [54]. High levels of let-7 and low levels of HMGA2
expression in small fibroids and low levels of let-7 and high levels of HMGA?2 expres-
sion in large fibroids have been elucidated. Furthermore, exogenous let-7s directly
repressed HMGA?2 transcripts in cultured fibroid cells, suggesting that let-7-mediated
repression of HMGA2 may play an important role in fibroid growth [55].

A recent WGS study revealed uniquely expressed genes in the HMGA2-
overexpressing fibroids [37]. HMGA? itself, insulin-like growth factor 2 mRNA-
binding protein 2 (IGF2BP2), and cyclin D2 (CCND?2) were the top three most
uniquely expressed genes. Expression of the proto-oncogene pleomorphic adenoma
gene 1 (PLAGI) was significantly upregulated in fibroids with HMGA?2 aberrations,
suggesting that HMGA?2 promotes fibroid tumorigenesis through PLAGI activation.

2.7.3 Biallelic FH Inactivation

FH is an enzyme that catalyzes the reversible hydration/dehydration of fumarate to
L-malate in the tricarboxylic acid cycle. Germ-line mutations in the FH gene encod-
ing fumarase, at chromosome 1q43, cause biallelic FH inactivation in HLRCC, and
women with this condition have multiple uterine fibroids. Although FH deficiency
through biallelic inactivation of F'H also occurs in non-HLRCC uterine fibroids, the
frequency of FH deficiency for sporadic uterine fibroids is less than 2% [56-58].
FH-deficient uterine fibroids are often soft and amorphous, resembling a fibrothe-
coma. Histologically, they lack cellular packeting and distinct collagenous zones and
show chain-like or palisading nuclear arrangements, prominent staghorn or slit-like
blood vessels, oval nuclei with no or at most mild atypia, small eosinophilic nucleoli,
and a low mitotic rate [57]. Thus, FH-deficient uterine fibroids occur less frequently
and consist of a distinct subgroup of non-syndromic uterine leiomyomas.

2.7.4 Alterations of COL4A5 and COL4A6

WGS also revealed aberrations of COL4AS5 and COL4A6 on chromosome Xq22 in
a small-numbered but distinct group of uterine fibroids [20, 37]. Both genes are
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responsible for type IV collagen synthesis. Insulin receptor substrate-4 (/IRS4), a
gene located adjacent to COL4AS, is the most uniquely expressed gene in these
fibroids. Deletions of COL4A5 and COL4A6 are observed in diffuse leiomyomatosis-
associated AS, a rare variant of AS characterized by renal dysfunction and leiomyo-
matosis in the gastrointestinal, respiratory, and reproductive organs [59, 60].

2.8 Role of MicroRNAs in the Pathogenesis
of Uterine Fibroids

MicroRNAs (miRNAs) are noncoding, stable, single-stranded RNAs consisting of
20-25 base pairs. These RNAs regulate the expression of multiple genes through
posttranscriptional regulation, mainly through gene silencing. Differential and aber-
rant miRNA expression in uterine fibroids has been reported.

Microarray-based miRNA expression analysis using multiple myometrial tissue
revealed that 45 miRNAs were significantly up- or down-regulated in uterine fibroids
compared with the matched myometrium [54]. The authors compared miRNA
expression profiles of uterine fibroids in women of different ethnicity and tumors of
different size: African-American, Caucasian, and others and large, medium, and
small tumors, respectively. Five dysregulated miRNAs were identified: the let-7 fam-
ily, miR-21, miR-23b, miR-29b, and miR-197. HMGA?2 is one of the target genes of
the let-7 family. The same research group further investigated the role of let-7 family
miRNAs in HMGA?2 expression and fibroid cell proliferation and found that the let-7
miRNAs directly repress the dominant HMGA2 transcript [55].

Another microarray-based miRNA analysis revealed that 46 miRNAs were dif-
ferentially expressed in uterine fibroids compared with normal myometrium [61].
They reported the 20 most differentially expressed miRNAs, of which miR-29 spe-
cies (miR-29a, miR-29b, and miR-29c) were significantly downregulated in the
fibroid tissue compared with myometrial tissue. Overexpression of the miR-29 fam-
ily in fibroid cells results in downregulation of the major fibrillar collagens, whereas
downregulation of the miR-29 species results in increased expression of collagen
type III, indicating that the miR-29 family plays a crucial role in ECM collagen
deposition in uterine fibroids [62].

The role of miR-29b in uterine fibroid pathogenesis has been examined using a
fibroid xenograft model [63]. Restoring miR-29b into the fibroid xenograft inhibited
ECM accumulation, and 17p-estradiol and progesterone downregulated miR-29b and
upregulated the mRNAs for multiple collagens. This suggests that ECM deposition in
uterine fibroids is regulated by sex steroids via the downregulation of miR-29b.

The mechanism underlying the aberrant expression of miR-29c in uterine fibroid
has been further clarified [64]. Expression of COL3AI and DNA methyltransferase
type 3A (DNMT3A), both of which are target genes of miR-29c, was increased in
uterine fibroids, and an inverse correlation between miR-29c and its target gene
expression was observed. Overexpression of miR-29¢ by the transfection of pre-miR-
29c¢ inhibited the expression of COL3A1 and DNMT3A in leiomyoma smooth muscle
cells, whereas knockdown of miR-29¢ had the opposite effect. The suppression of



2 Genetics and Genomics of Uterine Fibroids 31

miR-29c for its target gene expression was primarily mediated by transcription factor
SP1, nuclear factor-kappa B signaling, and epigenetic modification.

The role of miR-21 upregulation for the apoptosis of immortalized uterine fibroid
cells has been clarified [65]. Fibroid tissues express significantly higher levels of
miR-21 than does the normal myometrium. Silencing of miR-21 in the fibroid cells
increases both the cleavage of caspase-3 and the phosphorylation of elongation
factor-2, suggesting that miR-21 may contribute to the regulation of apoptosis and
translation in uterine fibroids. Furthermore, the roles of other dysregulated miR-
NAs, including miR-197, miR-200c, and miR-15b, in the pathogenesis of uterine
fibroids have been elucidated [66—-68].

It is obvious that dysregulated miRNAs play crucial roles in the pathophysiology
of uterine fibroids, and specific miRNAs have specific roles through modification of
their specific target genes. However, most of the miRNAs regulate multiple target
genes in a complicated manner. Therefore, the targeting of miRNAs for uterine
fibroid treatment should be further clarified.

Conclusions

Genetic backgrounds affect the susceptibility of women to uterine fibroids, with
genetic abnormalities being the pathological cause of the disease. Uterine
fibroids are of monoclonal origin, where each fibroid nodule has a mutually
exclusive driver gene alteration pattern that occurs in an independent manner.
Chromosomal rearrangements occur in approximately 40% of uterine fibroids,
which may cause the driver gene mutations. Several miRNAs also play roles in
the disease’s pathology.

References

1. Stewart EA, Cookson CL, Gandolfo RA, Schulze-Rath R. Epidemiology of uterine fibroids: a
systematic review. BJOG. 2017;124(10):1501-12. https://doi.org/10.1111/1471-0528.14640.

2. Jacoby VL, Fujimoto VY, Giudice LC, Kuppermann M, Washington AE. Racial and ethnic
disparities in benign gynecologic conditions and associated surgeries. Am J Obstet Gynecol.
2010;202:514-21. https://doi.org/10.1016/j.ajog.2010.02.039.

3. Van Voorhis BJ, Romitti PA, Jones MP. Family history as a risk factor for development of
uterine leiomyomas. Results of a pilot study. J Reprod Med. 2002;47:663-9.

4. Hodge JC, Morton CC. Genetic heterogeneity among uterine leiomyomata: insights into
malignant progression. Hum Mol Genet. 2007;16(1):R7-13. https://doi.org/10.1093/hmg/
ddm043.

5. Vikhlyaeva EM, Khodzhaeva ZS, Fantschenko ND. Familial predisposition to uterine leio-
myomas. Int J Gynaecol Obstet. 1995;51:127-31.

6. Luoto R, Kaprio J, Rutanen EM, Taipale P, Perola M, Koskenvuo M. Heritability and risk fac-
tors of uterine fibroids—the Finnish Twin Cohort study. Maturitas. 2000;37:15-26.

7. Snieder H, MacGregor AJ, Spector TD. Genes control the cessation of a woman’s repro-
ductive life: a twin study of hysterectomy and age at menopause. J Clin Endocrinol Metab.
1998;83:1875-80. https://doi.org/10.1210/jcem.83.6.4890.

8. Hashimoto K, Azuma C, Kamiura S, Kimura T, Nobunaga T, Kanai T, et al. Clonal determina-
tion of uterine leiomyomas by analyzing differential inactivation of the X-chromosome-linked
phosphoglycerokinase gene. Gynecol Obstet Investig. 1995;40:204-8.


https://doi.org/10.1111/1471-0528.14640
https://doi.org/10.1016/j.ajog.2010.02.039
https://doi.org/10.1093/hmg/ddm043
https://doi.org/10.1093/hmg/ddm043
https://doi.org/10.1210/jcem.83.6.4890

32

H. Ishikawa and M. Shozu

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

. Cai YR, Diao XL, Wang SF, Zhang W, Zhang HT, Su Q. X-chromosomal inactivation analysis

of uterine leiomyomas reveals a common clonal origin of different tumor nodules in some
multiple leiomyomas. Int J Oncol. 2007;31:1379-89.

Zhang P, Zhang C, Hao J, Sung CJ, Quddus MR, Steinhoff MM, et al. Use of X-chromosome
inactivation pattern to determine the clonal origins of uterine leiomyoma and leiomyosarcoma.
Hum Pathol. 2006;37:1350-6. https://doi.org/10.1016/j.humpath.2006.05.005.

Mashal RD, Fejzo ML, Friedman AJ, Mitchner N, Nowak RA, Rein MS, et al. Analysis of
androgen receptor DNA reveals the independent clonal origins of uterine leiomyomata and
the secondary nature of cytogenetic aberrations in the development of leiomyomata. Genes
Chromosomes Cancer. 1994;11:1-6.

Townsend DE, Sparkes RS, Baluda MC, McClelland G. Unicellular histogenesis of uterine
leiomyomas as determined by electrophoresis by glucose-6-phosphate dehydrogenase. Am J
Obstet Gynecol. 1970;107:1168-73.

Cha PC, Takahashi A, Hosono N, Low SK, Kamatani N, Kubo M, et al. A genome-wide asso-
ciation study identifies three loci associated with susceptibility to uterine fibroids. Nat Genet.
2011;43:447-50. https://doi.org/10.1038/ng.805.

Eggert SL, Huyck KL, Somasundaram P, Kavalla R, Stewart EA, Lu AT, et al. Genome-wide
linkage and association analyses implicate FASN in predisposition to uterine leiomyomata.
Am J Hum Genet. 2012;91:621-8. https://doi.org/10.1016/j.ajhg.2012.08.009.

Wise LA, Ruiz-Narvaez EA, Palmer JR, Cozier YC, Tandon A, Patterson N, et al. African
ancestry and genetic risk for uterine leiomyomata. Am J Epidemiol. 2012;176:1159-68.
https://doi.org/10.1093/aje/kws276.

Hodge JC, Park PJ, Dreyfuss JM, Assil-Kishawi I, Somasundaram P, Semere LG, et al.
Identifying the molecular signature of the interstitial deletion 7q subgroup of uterine leio-
myomata using a paired analysis. Genes Chromosomes Cancer. 2009;48:865-85. https://doi.
org/10.1002/gcc.20692.

Dal Cin P, Moerman P, Deprest J, Brosens I, Van den Berghe H. A new cytogenetic subgroup
in uterine leiomyoma is characterized by a deletion of the long arm of chromosome 3. Genes
Chromosomes Cancer. 1995;13:219-20.

Pandis N, Bardi G, Sfikas K, Panayotopoulos N, Tserkezoglou A, Fotiou S. Complex chromo-
some rearrangements involving 12q14 in two uterine leiomyomas. Cancer Genet Cytogenet.
1990;49:51-6.

. Hu J, Surti U. Subgroups of uterine leiomyomas based on cytogenetic analysis. Hum Pathol.

1991;22:1009-16.

Mehine M, Kaasinen E, Makinen N, Katainen R, Kampjarvi K, Pitkanen E, et al. Characterization
of uterine leiomyomas by whole-genome sequencing. N Engl J Med. 2013;369:43-53. https://
doi.org/10.1056/NEJMoal302736.

Mehine M, Makinen N, Heinonen HR, Aaltonen LA, Vahteristo P. Genomics of uterine leio-
myomas: insights from high-throughput sequencing. Fertil Steril. 2014;102:621-9. https://doi.
org/10.1016/j.fertnstert.2014.06.050.

Hodge JC, Kim TM, Dreyfuss JM, Somasundaram P, Christacos NC, Rousselle M, et al.
Expression profiling of uterine leiomyomata cytogenetic subgroups reveals distinct signa-
tures in matched myometrium: transcriptional profilingof the t(12;14) and evidence in sup-
port of predisposing genetic heterogeneity. Hum Mol Genet. 2012;21:2312-29. https://doi.
org/10.1093/hmg/dds051.

Klemke M, Meyer A, Nezhad MH, Bartnitzke S, Drieschner N, Frantzen C, etal. Overexpression
of HMGAZ2 in uterine leiomyomas points to its general role for the pathogenesis of the disease.
Genes Chromosomes Cancer. 2009;48:171-8. https://doi.org/10.1002/gcc.20627.

Quade BJ, Weremowicz S, Neskey DM, Vanni R, Ladd C, Dal Cin P, et al. Fusion transcripts
involving HMGA?2 are not a common molecular mechanism in uterine leiomyomata with rear-
rangements in 12q15. Cancer Res. 2003;63:1351-8.

Takahashi T, Nagai N, Oda H, Ohama K, Kamada N, Miyagawa K. Evidence for RAD51L1/
HMGIC fusion in the pathogenesis of uterine leiomyoma. Genes Chromosomes Cancer.
2001;30:196-201.


https://doi.org/10.1016/j.humpath.2006.05.005
https://doi.org/10.1038/ng.805
https://doi.org/10.1016/j.ajhg.2012.08.009
https://doi.org/10.1093/aje/kws276
https://doi.org/10.1002/gcc.20692
https://doi.org/10.1002/gcc.20692
https://doi.org/10.1056/NEJMoa1302736
https://doi.org/10.1056/NEJMoa1302736
https://doi.org/10.1016/j.fertnstert.2014.06.050
https://doi.org/10.1016/j.fertnstert.2014.06.050
https://doi.org/10.1093/hmg/dds051
https://doi.org/10.1093/hmg/dds051
https://doi.org/10.1002/gcc.20627

Genetics and Genomics of Uterine Fibroids 33

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Nezhad MH, Drieschner N, Helms S, Meyer A, Tadayyon M, Klemke M, et al. 6p21 rearrange-
ments in uterine leiomyomas targeting HMGA 1. Cancer Genet Cytogenet. 2010;203:247-52.
https://doi.org/10.1016/j.cancergencyto.2010.08.005.

Kazmierczak B, Dal Cin P, Wanschura S, Borrmann L, Fusco A, Van den Berghe H, et al.
HMGIY is the target of 6p21.3 rearrangements in various benign mesenchymal tumors. Genes
Chromosomes Cancer. 1998;23:279-85.

Sargent MS, Weremowicz S, Rein MS, Morton CC. Translocations in 7q22 define a critical
region in uterine leiomyomata. Cancer Genet Cytogenet. 1994;77:65-8.

Ozisik YY, Meloni AM, Surti U, Sandberg AA. Deletion 7q22 in uterine leiomyoma. A cyto-
genetic review. Cancer Genet Cytogenet. 1993;71:1-6.

Moore SD, Herrick SR, Ince TA, Kleinman MS, Dal Cin P, Morton CC, et al. Uterine leiomyo-
mata with t(10;17) disrupt the histone acetyltransferase MORF. Cancer Res. 2004;64:5570-7.
https://doi.org/10.1158/0008-5472.can-04-0050.

Lehtonen HJ. Hereditary leiomyomatosis and renal cell cancer: update on clinical and
molecular characteristics. Familial Cancer. 2011;10:397-411. https://doi.org/10.1007/
$10689-011-9428-z.

Pithukpakorn M, Toro JR. Hereditary leiomyomatosis and renal cell cancer. In: Pagon RA,
Adam MP, Ardinger HH, Wallace SE, Amemiya A, Bean LJH, et al., editors. GeneReviews(R).
Seattle, WA: University of Washington, Seattle; 1993-2017.

Kampjarvi K, Makinen N, Mehine M, Valipakka S, Uimari O, Pitkanen E, et al. MED12
mutations and FH inactivation are mutually exclusive in uterine leiomyomas. Br J Cancer.
2016;114:1405-11. https://doi.org/10.1038/bjc.2016.130.

Kashtan CE. Alport syndrome. An inherited disorder of renal, ocular, and cochlear basement
membranes. Medicine. 1999;78:338-60.

Hertz JM. Alport syndrome. Molecular genetic aspects. Dan Med Bull. 2009;56:105-52.
Makinen N, Kampjarvi K, Frizzell N, Butzow R, Vahteristo P. Characterization of MED12,
HMGAZ2, and FH alterations reveals molecular variability in uterine smooth muscle tumors.
Mol Cancer. 2017;16:101. https://doi.org/10.1186/s12943-017-0672-1.

Mehine M, Kaasinen E, Heinonen HR, Makinen N, Kampjarvi K, Sarvilinna N, et al. Integrated
data analysis reveals uterine leiomyoma subtypes with distinct driver pathways and biomark-
ers. Proc Natl Acad Sci U S A. 2016;113:1315-20. https://doi.org/10.1073/pnas.1518752113.
Makinen N, Mehine M, Tolvanen J, Kaasinen E, Li Y, Lehtonen HJ, et al. MED12, the media-
tor complex subunit 12 gene, is mutated at high frequency in uterine leiomyomas. Science.
2011;334:252-5. https://doi.org/10.1126/science.1208930.

McGuire MM, Yatsenko A, Hoffner L, Jones M, Surti U, Rajkovic A. Whole exome sequenc-
ing in a random sample of North American women with leiomyomas identifies MED12 muta-
tions in majority of uterine leiomyomas. PLoS One. 2012;7:e33251. https://doi.org/10.1371/
journal.pone.0033251.

Croce S, Chibon F. MED12 and uterine smooth muscle oncogenesis: state of the art and per-
spectives. Eur J Cancer. 2015;51:1603-10. https://doi.org/10.1016/j.ejca.2015.04.023.

Allen BL, Taatjes DJ. The Mediator complex: a central integrator of transcription. Nat Rev
Mol Cell Biol. 2015;16:155-66. https://doi.org/10.1038/nrm3951.

Makinen N, Heinonen HR, Sjoberg J, Taipale J, Vahteristo P, Aaltonen LA. Mutation analysis
of components of the Mediator kinase module in MED12 mutation-negative uterine leiomyo-
mas. BrJ Cancer. 2014;110(9):2246. https://doi.org/10.1038/bjc.2014.138.

Bertsch E, Qiang W, Zhang Q, Espona-Fiedler M, Druschitz S, Liu Y, et al. MED12 and
HMGA?2 mutations: two independent genetic events in uterine leiomyoma and leiomyosar-
coma. Mod Pathol. 2014;27:1144-53. https://doi.org/10.1038/modpathol.2013.243.

Halder SK, Laknaur A, Miller J, Layman LC, Diamond M, Al-Hendy A. Novel MED12 gene
somatic mutations in women from the Southern United States with symptomatic uterine
fibroids. Mol Gen Genomics. 2015;290:505—11. https://doi.org/10.1007/s00438-014-0938-x.
Matsubara A, Sekine S, Yoshida M, Yoshida A, Taniguchi H, Kushima R, et al. Prevalence
of MEDI12 mutations in uterine and extrauterine smooth muscle tumours. Histopathology.
2013;62:657-61. https://doi.org/10.1111/his.12039.


https://doi.org/10.1016/j.cancergencyto.2010.08.005
https://doi.org/10.1158/0008-5472.can-04-0050
https://doi.org/10.1007/s10689-011-9428-z
https://doi.org/10.1007/s10689-011-9428-z
https://doi.org/10.1038/bjc.2016.130
https://doi.org/10.1186/s12943-017-0672-1
https://doi.org/10.1073/pnas.1518752113
https://doi.org/10.1126/science.1208930
https://doi.org/10.1371/journal.pone.0033251
https://doi.org/10.1371/journal.pone.0033251
https://doi.org/10.1016/j.ejca.2015.04.023
https://doi.org/10.1038/nrm3951
https://doi.org/10.1038/bjc.2014.138
https://doi.org/10.1038/modpathol.2013.243
https://doi.org/10.1007/s00438-014-0938-x
https://doi.org/10.1111/his.12039

34

H. Ishikawa and M. Shozu

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Schwetye KE, Pfeifer JD, Duncavage EJ. MED12 exon 2 mutations in uterine and extra-
uterine smooth muscle tumors. Hum Pathol. 2014;45:65-70. https://doi.org/10.1016/].
humpath.2013.08.005.

Perot G, Croce S, Ribeiro A, Lagarde P, Velasco V, Neuville A, et al. MEDI2 alterations in
both human benign and malignant uterine soft tissue tumors. PLoS One. 2012;7:e40015.
https://doi.org/10.1371/journal.pone.0040015.

de Graaff MA, Cleton-Jansen AM, Szuhai K, Bovee JV. Mediator complex subunit 12 exon 2
mutation analysis in different subtypes of smooth muscle tumors confirms genetic heterogene-
ity. Hum Pathol. 2013;44:1597-604. https://doi.org/10.1016/j.humpath.2013.01.006.

Mittal P, Shin YH, Yatsenko SA, Castro CA, Surti U, Rajkovic A. Med12 gain-of-function
mutation causes leiomyomas and genomic instability. J Clin Invest. 2015;125:3280—4. https://
doi.org/10.1172/jci81534.

Al-Hendy A, Laknaur A, Diamond MP, Ismail N, Boyer TG, Halder SK. Silencing Med12
gene reduces proliferation of human leiomyoma cells mediated via Wnt/beta-catenin Signaling
pathway. Endocrinology. 2017;158:592—603. https://doi.org/10.1210/en.2016-1097.

Gross KL, Neskey DM, Manchanda N, Weremowicz S, Kleinman MS, Nowak RA, et al.
HMGA?2 expression in uterine leiomyomata and myometrium: quantitative analysis and tis-
sue culture studies. Genes Chromosomes Cancer. 2003;38:68-79. https://doi.org/10.1002/
gce.10240.

Wei JJ, Chiriboga L, Mittal K. Expression profile of the tumorigenic factors associated with
tumor size and sex steroid hormone status in uterine leiomyomata. Fertil Steril. 2005;84:474—
84. https://doi.org/10.1016/j.fertnstert.2005.01.142.

Helmke BM, Markowski DN, Muller MH, Sommer A, Muller J, Moller C, et al. HMGA pro-
teins regulate the expression of FGF2 in uterine fibroids. Mol Hum Reprod. 2011;17:135-42.
https://doi.org/10.1093/molehr/gaq083.

Wang T, Zhang X, Obijuru L, Laser J, Aris V, Lee P, et al. A micro-RNA signature asso-
ciated with race, tumor size, and target gene activity in human uterine leiomyomas. Genes
Chromosomes Cancer. 2007;46:336—47. https://doi.org/10.1002/gcc.20415.

Peng Y, Laser J, Shi G, Mittal K, Melamed J, Lee P, et al. Antiproliferative effects by Let-7
repression of high-mobility group A2 in uterine leiomyoma. Mol Cancer Res. 2008;6:663-73.
https://doi.org/10.1158/1541-7786.mcr-07-0370.

Lehtonen R, Kiuru M, Vanharanta S, Sjoberg J, Aaltonen LM, Aittomaki K, et al. Biallelic inac-
tivation of fumarate hydratase (FH) occurs in nonsyndromic uterine leiomyomas but is rare in
other tumors. Am J Pathol. 2004;164:17-22. https://doi.org/10.1016/s0002-9440(10)63091-x.
Miettinen M, Felisiak-Golabek A, Wasag B, Chmara M, Wang Z, Butzow R, et al. Fumarase-
deficient uterine leiomyomas: an immunohistochemical, molecular genetic, and clinico-
pathologic study of 86 cases. Am J Surg Pathol. 2016;40:1661-9. https://doi.org/10.1097/
pas.0000000000000703.

Harrison WJ, Andrici J, Maclean F, Madadi-Ghahan R, Farzin M, Sioson L, et al. Fumarate
hydratase-deficient uterine leiomyomas occur in both the syndromic and sporadic settings. Am
J Surg Pathol. 2016;40:599-607. https://doi.org/10.1097/pas.0000000000000573.
Garcia-Torres R, Cruz D, Orozco L, Heidet L, Gubler MC. Alport syndrome and diffuse leio-
myomatosis. Clinical aspects, pathology, molecular biology and extracellular matrix studies.
A synthesis. Nephrologie. 2000;21:9-12.

Sado Y, Kagawa M, Naito I, Ueki Y, Seki T, Momota R, et al. Organization and expression
of basement membrane collagen IV genes and their roles in human disorders. J Biochem.
1998;123:767-76.

Marsh EE, Lin Z, Yin P, Milad M, Chakravarti D, Bulun SE. Differential expression of
microRNA species in human uterine leiomyoma versus normal myometrium. Fertil Steril.
2008;89(6):1771. https://doi.org/10.1016/j.fertnstert.2007.05.074.

Marsh EE, Steinberg ML, Parker JB, Wu J, Chakravarti D, Bulun SE. Decreased expression of
microRNA-29 family in leiomyoma contributes to increased major fibrillar collagen produc-
tion. Fertil Steril. 2016;106:766-72. https://doi.org/10.1016/j.fertnstert.2016.05.001.


https://doi.org/10.1016/j.humpath.2013.08.005
https://doi.org/10.1016/j.humpath.2013.08.005
https://doi.org/10.1371/journal.pone.0040015
https://doi.org/10.1016/j.humpath.2013.01.006
https://doi.org/10.1172/jci81534
https://doi.org/10.1172/jci81534
https://doi.org/10.1210/en.2016-1097
https://doi.org/10.1002/gcc.10240
https://doi.org/10.1002/gcc.10240
https://doi.org/10.1016/j.fertnstert.2005.01.142
https://doi.org/10.1093/molehr/gaq083
https://doi.org/10.1002/gcc.20415
https://doi.org/10.1158/1541-7786.mcr-07-0370
https://doi.org/10.1016/s0002-9440(10)63091-x
https://doi.org/10.1097/pas.0000000000000703
https://doi.org/10.1097/pas.0000000000000703
https://doi.org/10.1097/pas.0000000000000573
https://doi.org/10.1016/j.fertnstert.2007.05.074
https://doi.org/10.1016/j.fertnstert.2016.05.001

Genetics and Genomics of Uterine Fibroids 35

63.

64.

65.

66.

67.

68.

Qiang W, Liu Z, Serna VA, Druschitz SA, Liu Y, Espona-Fiedler M, et al. Down-regulation of
miR-29b is essential for pathogenesis of uterine leiomyoma. Endocrinology. 2014;155:663-9.
https://doi.org/10.1210/en.2013-1763.

Chuang TD, Khorram O. Mechanisms underlying aberrant expression of miR-29c in uterine
leiomyoma. Fertil Steril. 2016;105:236—45.e1. https://doi.org/10.1016/j.fertnstert.2015.09.020.
Fitzgerald JB, Chennathukuzhi V, Koohestani F, Nowak RA, Christenson LK. Role of
microRNA-21 and programmed cell death 4 in the pathogenesis of human uterine leiomyo-
mas. Fertil Steril. 2012;98:726-34.e2. https://doi.org/10.1016/j.fertnstert.2012.05.040.

Ling J, Wu X, FuZ, TanJ, Xu Q. Systematic analysis of gene expression pattern in has-miR-197
over-expressed human uterine leiomyoma cells. Biomed Pharmacother. 2015;75:226-33.
https://doi.org/10.1016/j.biopha.2015.07.039.

Chuang TD, Khorram O. miR-200c regulates IL8 expression by targeting IKBKB: a potential
mediator of inflammation in leiomyoma pathogenesis. PLoS One. 2014;9:€95370. https://doi.
org/10.1371/journal.pone.0095370.

Guan Y, Guo L, Zukerberg L, Rueda BR, Styer AK. MicroRNA-15b regulates reversion-
inducing cysteine-rich protein with Kazal motifs (RECK) expression in human uterine leio-
myoma. Reprod Biol Endocrinol. 2016;14:45. https://doi.org/10.1186/s12958-016-0180-y.


https://doi.org/10.1210/en.2013-1763
https://doi.org/10.1016/j.fertnstert.2015.09.020
https://doi.org/10.1016/j.fertnstert.2012.05.040
https://doi.org/10.1016/j.biopha.2015.07.039
https://doi.org/10.1371/journal.pone.0095370
https://doi.org/10.1371/journal.pone.0095370
https://doi.org/10.1186/s12958-016-0180-y

	2: Genetics and Genomics of Uterine Fibroids
	2.1	 Introduction
	2.2	 Genetic Backgrounds
	2.3	 Clonality
	2.4	 Genome-Wide Association Study
	2.5	 Chromosomal Rearrangements
	2.6	 Syndrome-Associated Fibroids
	2.7	 Genetic Driver Alterations of Uterine Fibroids
	2.7.1	 MED12 Mutations
	2.7.2	 HMGA2 Overexpression
	2.7.3	 Biallelic FH Inactivation
	2.7.4	 Alterations of COL4A5 and COL4A6

	2.8	 Role of MicroRNAs in the Pathogenesis of Uterine Fibroids
	References




