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Abstract
Genetic mutations and their phenotypic manifestation have been recognized as critical factors in tumori-
genesis. However, the relationship between these mutations and the pathogenesis of uterine leiomyomas 
(UL) remains inadequately characterized. There is compelling evidence to suggest a genetic underpinning 
in UL development, alongside influences from epigenetics, environmental stimuli, growth hormones, and 
growth factors. A plethora of studies have tried to elucidate the genetic and epigenetic etiologies associated 
with UL, but the definitive implications of these findings remain unclear. An extensive systematic review was 
conducted to investigate the genetic etiologies of UL. This systematic review aimed to consolidate current 
knowledge on genetic and epigenetic causes of UL, offering a comprehensive perspective on the evidence 
and its relevance in other solid tumors. A secondary focus was to identify the most significant genetic as-
sociation with the genesis of UL. A total of 60 articles were identified, and 10 chromosomes and 51 genes 
were found to be implicated in the development of UL. The main trend in fibroid research focuses on genetic 
abnormalities and aberrations as the etiology of UL development. It has been estimated that 40% of UL can be 
associated with chromosome-specific aberrations. Chromosomal gain, loss, rearrangement, single nucleotide 
polymorphism (SNP), and translocation are the most common aberrations associated with UL development. 
The most recurrent ones include chromosome X and 7q deletions, and rearrangements of 12q15, 6p21 and 
10q22. MED12 has been identified as a gene of particular importance in the development of UL.
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Introduction

Ontogenetically, the uterus is divided into 2 distinct or-
gans: the inner archimetra and the outer neometra. The ar-
chimetra encompasses the endometrium and the subendo-
metrial layer of the myometrium (stratum subvasculare). 
It is of paramesonephric origin, making it the oldest part 
of the uterus. The neometra includes the stratum vascu-
lare and the stratum supravasculare of the myometrium, 
constituting the outer main bulk of the muscular wall.1

From an immunocytochemical perspective, the subendo-
metrial layer of the myometrium (stratum vasculare) exhibits 
a cyclical pattern of estrogen and progesterone (PR) receptor 
expression, similar to that of the endometrium. In contrast, 
the outer neometra does not display this cyclical receptor ex-
pression. This finding correlates with the functionality of both 
‘organs,’ as the endometrial-subendometrial unit is involved 
in the cyclical preparation for implantation, while the outer 
bulk of the uterus requires continuous growth for parturition, 
necessitating constant exposure to estrogen and PR.2

Uterine leiomyomas (UL), also known as uterine fibroids 
or myomas, are noncancerous growths of the myometrial 
layer of the uterus. They occur in up to 70% of women, mak-
ing them the most common reason for gynecologic surgery 
referrals. Although no single etiology has been identified 
to directly mediate the development of UL, a multifactorial 
approach has been adopted to study the causes of these 
benign masses, with genetics, hormones and growth fac-
tors believed to interact in their pathophysiology.3

Various attempts to isolate the aberrant genetic etiol-
ogy of UL have been reported in the literature, leading 
to numerous associations between chromosomes, genes 
and their development.

Objectives

The primary objective of this article was to provide 
a concise and comprehensive review of the key genetic 
etiologies involved in the development of UL. The second-
ary objective was to explore how aberrations in specific 
chromosome regions might lead to particular pathologies.

Methods

Inclusion criteria

Articles were screened based on the following criteria: 
level of evidence (1–4), focus on leiomyoma, uterine fibroid, 
or uterine myoma and their genetics, etiology or genomic 
analysis, and publication in English. Articles were criti-
cally analyzed for their reporting of clinical or functional 
outcomes, as well as clinical follow-up if available. Animal 
studies, pilot studies and studies with no clear correlation 
or specific patient outcomes were excluded. Articles related 
to benign smooth muscle tumors and gastrointestinal stro-
mal tumors (GIST) were also reviewed.

Search strategy

A comprehensive search for scientific papers reporting 
genetic etiologies for UL was conducted using the follow-
ing databases: MEDLINE, PubMed, Embase, Cochrane 
Library, the American Association for Cancer Research 
Publications, and the Hunter and Primo search engines 
of  the  University of  Saint George's (London, UK) and 
the University of Aberdeen (Aberdeen, UK), respectively. 
The final list of articles was screened to identify any ad-
ditional potential sources. Figure 1 illustrates our search 
strategy as well as the inclusion and exclusion criteria. 
Our study included all genes found to be associated with 
UL, and 6 papers focusing on benign smooth muscle tu-
mors were also included. The details of the genes presented 
in Table 1,2 were retrieved from a total of 60 papers.

Data analysis

The selected articles were methodically assessed for validity 
and bias using the Critical Appraisal Skills Program (CASP) 
to enhance the rigor of this review. The following domains 
were evaluated to determine whether the criteria were “clearly 
met”, “clearly not met” or “cannot tell” if the criteria were met, 
where the last option was used for cases the authors could not 
assess. Randomized controlled trials (RCTs) were appraised 
using the modified Cochrane scale. This review was conducted 

Highlights
	• Systematic review identifies 10 chromosomes and 51 genes implicated in uterine leiomyoma (UL) development, 
with MED12 as the most critical gene.

	• Approximately 40% of UL cases are linked to chromosome-specific aberrations, including gains, losses and 
translocations.

	• Frequent chromosomal abnormalities include X chromosome deletions, 7q loss, and rearrangements of 12q15, 
6p21 and 10q22.

	• Genetic and epigenetic alterations underscore the complex etiology of UL, offering parallels with mechanisms 
observed in other solid tumors.
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in accordance with the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guidelines.

Results

In total, 10 chromosomes and 51 genes were involved 
in UL (Table 1). Five types of aberrations were identified 

in 49 of these genes: chromosomal gain, chromosomal 
loss, rearrangement, single nucleotide polymorphism 
(SNP), and translocation (Table 2), with chromosomal 
gain being the most common, appearing in 31% of cases. 
Although sample frequency could not be compared across 
studies, the following paragraphs detail the chromosomes 
and genes most strongly associated with UL development 
(Supplementary Fig. 1).

Chromosome 1

Seven genes identified on  chromosome  1 have been 
found to contribute to UL pathogenesis through diverse 
mechanisms of alteration. Genes involved on the “p”-arm 

Fig. 1. Flowchart illustrating 
the search strategy, including 
inclusion and exclusion criteria
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Table 1. Chromosomal localization of genes implicated in uterine leiomyoma1–50

Chromo-
some

Number 
of genes Genes involved

1 7 JUN, CSk1, NPHP-4, FH, AJAP1, NPH-4, NCOA1

2 1 NCOA1

3 1 DLEC1

4 2 EG, bFGF

5 2 aFGF, HBEGF

6 4 FKBP5, FYN, HMGA1, EE1

7 8
Activin-A, PDGF, CUX1, CUX1-AGR3, ORC5L, 

LHFPL3, ZNHIT1, CUL1

9 2 CDKN2A, ENG

10 3 KAT6B, SLK, OBFC1

11 5 BET1L, RIC8A, ODF3, SIRT3, PR

12 4 KRAS, ELK3, HMGA2, IGF-1

14 3 ESR-2, TGF-B, RAD51B

17 2 17B hydroxysteroid, TP53

22 4 PDGFB, TNRC6B, DEPDC5, SMARCB1

X 3 MED12, COL4A5, COL4A6

Table 2. Genetic aberrations identified in genes associated with uterine 
leiomyoma1–50

Aberration Number 
of genes Genes involved

Chromosomal 
gain

15
JUN, CSk1, EGF, bFGF, aFGF, FYN, HMGA1, 
ER1, Activin-A, PR, KRAS, ELK3, HMGA2, 

IGF-1, ESR-2

Chromosomal 
loss

13
FH, HBEGF, CUX1, ORC5L, LHFPL3, 
ZNHIT1, CUL1, CDKN2A, ENG, TP53, 

PDGFB, COL4A5, COL4A6

Single nucleotide 
polymorphism

11
FH, SLK, OBFC1, BET1L, RIC8A, ODF3, 
SIRT3, T17B Hydroxysteroid, TNRC6B, 

DEPDC5, MED12

Translocation 6
NCOA1, AJAP1, NPHP-4, FKP5, KAT6B, 

TGF-β

Rearrangement 4 HMGA1, CUX-1-AGR3, RAD51B, SMARCB1
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of chromosome 1 are usually involved in transcription regu-
lation. On the “p”-arm of the chromosome, JUN, AJAP and 
NPHP-4 are located on p21.3-p31.3 and p36 breakpoints, 
respectively.4 Genes AJAP and NPHP-4 are usually the trans-
location partners of NCOA1 on chromosome 2 (P-24), which 
is the translocation found to be occurring in 1–3% of UL 
cases.4 Additionally, deletions of 1p are observed frequently 
in UL, and they tend to be associated with distinct histo-
pathological features and possible malignant progression. 
The gene KIF1B is most likely affected with 1p deletions 
observed in UL.5

On the “q”-arm of the chromosome, the genes CSK1 and 
FH are located at q22 and q43, respectively. The FH gene 
is a tumor suppressor gene (TSG) involved in DNA double-
strand break repair,5 while CSK1 is a cell cycle regulator. Al-
terations in the FH gene in UL can result from chromosomal 
loss or a missense mutation,6 while aberrations in CSK1 are 
due to chromosomal gain.7 Lastly, the 1p13 region of chro-
mosome 1 is subject to epigenetic regulation through hyper-
methylation in UL and contains the GSTM5 gene.8

Chromosome 2

On chromosome 2, certain areas have been identified 
to exhibit epigenetic changes, including KLF11, a TSG lo-
cated on 2p25. KLF11 is a target of PR and antiprogesterone 
agents in UL tissues. It is downregulated in UL by repress-
ing most endometrial cytochrome enzymes in Ishikawa 
cells. KLF11 binds to the guanine (G) and cytosine (C) 
DNA sequence (GC) elements of the estrogen-metaboliz-
ing enzyme CYP3A4 promoter, repressing its promoter and 
enzymatic function. This leads to selective deacetylation 
of the CYP3A4 promoter. KLF11 recruits the coreceptor 
SIN3A/HDAC, and HDAC pharmacologically reverses this 
inhibition.8

Furthermore, 2p13, which contains the genes TET1 and 
TET3, undergoes epigenetic changes in UL. These genes 
code for an  enzyme that regulates DNA methylation. 
An increase in 5-hmC levels is associated with the up-
regulation of TET1 or TET3, leading to transient changes 
in DNA methylation. This alteration affects the cellular en-
vironment and promotes increased proliferation. The sus-
pected association of 2q22.1 with increased tumor size, 
however, is not linked to the risk of UL.5

Chromosome 3

Insertions, translocations and deletions involving chro-
mosome 3 – such as t(3;7)(p11;p11), ins(2;3)(q31;p12p25) 
and del(3)(p24) – have been documented in UL, although 
they are less common compared to other chromosomal 
abnormalities.9 Certain regions of the short arm (“p” arm), 
particularly 3p22, are also subject to epigenetic modifica-
tions. This locus includes the DLEC1 gene, a known TSG. 
Hypermethylation of DLEC1 has been implicated in tu-
morigenesis and has been reported in both esophageal 

cancers and UL.8 Region 3p22 and its adjacent loci are 
susceptible to various pathogenic mechanisms, including 
structural alterations and epigenetic silencing.

Chromosomes 4 and 5

The  involvement of  growth factors in  UL has been 
mapped to chromosomes 4 and 5. On chromosome 4, EGF 
and bFGF are located at q25 and q28, respectively. On chro-
mosome 5, aFGF and HBEGF are both situated at 5q31.10 
However, to date, no dedicated studies have specifically 
investigated the frequency or expression levels of aFGF and 
HBEGF in this chromosomal region in the context of UL.
EGF, aFGF and bFGF not only share a similar protein size 

of approx. 100,000–105,000 Da but also exhibit increased 
expression levels in UL. In contrast, HBEGF expression ap-
pears to be decreased. Additionally, both aFGF and bFGF 
play key roles in promoting angiogenesis, while EGF and 
HBEGF primarily contribute to cell proliferation.11

The 4q34 region is a site of epigenetic alteration and 
is associated with the MORF gene, which is disrupted 
by  the  t(10;17) translocation. This disruption results 
in a distinct gene expression pattern that is  implicated 
in the pathogenesis of UL.8

Chromosome 6

Chromosome 6 harbors the HMGA1 and ESR1 genes, 
located at positions p22 and q25.1, respectively. Altera-
tions in HMGA1 often involve gene rearrangements that 
can lead to its overexpression. Such aberrations have been 
identified in approx. 3% of UL cases, suggesting a potential, 
though limited, role in the pathogenesis of these tumors.5

However, HMGA1 aberration are more commonly sec-
ondary changes, with 45-fold increased expression in sam-
ple studies.12 HMGA1 is important in gene transcription 
regulation and nucleosome phasing as it regulates genes 
close or within A+T rich regions.10 HMGA1 was also found 
to be altered in other benign mesenchymal tumors such 
as lipomas and hamartomas.5

Estrogen and PR receptors in UL exhibit cyclical changes 
similar to those observed in normal uterine tissues during 
the menstrual cycle. Estrogen levels decrease in the postovu-
latory phase but remain consistently higher in submucosal 
compared to subserosal UL, in both the proliferative and se-
cretory phases, paralleling PR levels.13 In leiomyoma smooth 
muscle cells, estrogens exert their effects through both 
estrogen receptor alpha (ER-α) and beta (ER-β). However, 
in endothelial and connective tissues, estrogen acts primar-
ily via ER-β. Estrogen receptor alpha is expressed exclusively 
in smooth muscle cells, with its distribution varying across 
different UL subtypes at the subcellular level. In contrast, 
ER-β is widely distributed across smooth muscle, endothe-
lial and connective tissue cells and is consistently localized 
within the nucleus. Notably, subcellular variations of ER-β 
expression were observed only in smooth muscle cells.14
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Estrogen receptor alpha is present in nucleus and cyto-
plasm, while ER-β is localized only in nuclei. Estrogen re-
ceptor alpha and ER-β proto-oncogenes expressions do not 
differ between UL and normal myometrium, but in both 
cases ER-α expression is always higher than ER-β expres-
sion. Estrogen receptor alpha expression is also higher 
in both when compared to normal endometrium.15

Estrogen receptor alpha mRNA and protein levels in mul-
tiple ULs were significantly lower than those in solitary ULs. 
ER-β mRNA and protein levels were significantly higher 
in multiple ULs than in solitary ones, irrespective of stage 
of menstrual cycle. In both, ER-a expression was higher than 
that of ER-β. Estrogen receptor alpha concentration was also 
correlated to E2 concentration in multiple and solitary ULs. 
Difference in ER-α and ER-β expression between multiple 
and solitary ULs may be responsible for course of disease 
subtypes.16 Expression of IGF-1 mRNA also increases in UL 
and has been correlated to the upregulation of estrogen 
by ER-1. The involvement of ER-β is also probable but has 
not yet been found to be statistically significant.15

Estrogen receptor alpha to ER-β expression ratio rather 
than individual expression levels can also determine frac-
tion of DNA binding homodimers of ER-α, and possibly 
the growth potential of myoma.17,18

ERs are also found to be changed epigenetically in ULs 
in different ways. Normally, hypermethylation of the pro-
tooncogene at the site 6p21 levels are inversely related 
to ER expression levels. Hypomethylation to oncogene 
leads to development of  tumorigenesis and ER-α gene, 
which is highly expressed in UL. Seven CpG sites in distal 
promoter region of ER-α gene variation were seen com-
pared to normal myometrium. Hypomethylation at this 
site is correlated with increased ER expression. In addi-
tion, HDAC6 was found to be strongly stained in UL's cy-
toplasm. Silencing of HDAC6 by siRNA led to decreased 
ER-α protein levels but not ER-α mRNA, suggesting that 
it promoted degradation of ER-α protein in lysosome.8

The enzyme 17β-hydroxysteroid dehydrogenase is also 
altered by polymorphisms in UL, leading to reduced ex-
pression. As a result, its substrate, estradiol, accumulates 
and binds more strongly to ER than its product, estrone.17 
Activation of estradiol further stimulates the pro-mito-
genic PI3K/mTOR signaling pathway.19,20

Chromosome 7

Chromosome 7 is implicated in the development of UL, 
with 5 genes undergoing chromosomal loss: CUX1, ORC5L, 
LHFPL3, ZNHIT1, and CUL1. The most recurrent aberra-
tion among these involves the CUX1 gene at locus 7q22.1, 
with an overall frequency of 14% in all UL.21

CUX1 has a tumor suppressor gene function.20,21 In UL, 
CUX1 chromosomal loss induces a signaling pathway that 
results in elevated tumor growth and proneness to PI3K-
AKT repression through transcriptionally downregulating 
PIK3IP1 (PI3K inhibitor). Similarly, CUX1 is a compelling 

candidate for the tumor suppressor gene. Its chromosomal 
loss has been implicated in the development of leukemia 
and myeloproliferative disorders, where it demonstrated 
around 45.8% reduction in the expression level.20 The prev-
alence of CUX1 chromosomal loss in hematologic malig-
nancies has been estimated to be 15–25% of acute myeloid 
leukemias and myelodysplastic syndrome (MDP),21 and 
50% of therapy-related myeloid neoplasms.20

On the other hand, CUX1 can act as a proto-oncogene 
and contribute to tumor progression20,21 by resisting apop-
tosis. It is also involved in the enzyme reaction of the ki-
nases ataxia-telangiectasia mutated (ATM) and ATR 
(ATM- and Rad3-related) in response to DNA damage.21

For instance, a study conducted by Ramdzan et al.19 
showed that 71% of 885 human tumors expressed CUX1 
chromosomal gain. Hence, both decreased and in-
creased expression of CUX1 can contribute to tumori-
genesis by functioning either as a tumor suppressor gene 
or as oncogene.21 Finally, CUX1 was shown to be involved 
in an inversion-induced fusion chromosomal rearrange-
ment (CUX1-AGR3, 7q22-p21) in 1 of the samples.24

Located on  the  same chromosomal locus as CUX1 
at 7q22.1, the ZNHIT1 gene is found to contribute to UL 
development in 1 out of 38 samples.3 The other genes 
on chromosome 7 that are involved in UL include ORC5L 
on 7q22,25 LHFPL3 on 7q22.2-q22.3 (3 out of 4 samples)26 
and CUL1 on 7q31 (4 out of 38 samples).3 Nonetheless, 
it  is  important to mention that the sample number for 
the  genes ZNHIT1, LHFPL3, CUL1, and ORC5L were 
statistically insignificant and hence their involvement 
in the pathogenesis of UL cannot be confirmed.

Moreover, the other 2 genes on chromosome 7 are both 
growth factors and include PDGF1 on 7p22, and ACTIVIN-
A on 7p14.33

Chromosome 9

Mehine et al. observed a total of 2 genes on chromo-
some 9 in 2 out of 6 samples.31 One such gene is CDKN2A, 
a tumor suppressor located on chromosome 9p21.3, which 
undergoes chromosomal loss and produces 2 distinct pro-
teins through alternative splicing.7 The 2nd one is concern-
ing a chromosomal loss in ENG on 9q33.1-34.2.7 Epigeneti-
cally, the 9q21 region, which contains the DAPK1 gene, 
undergoes hypermethylation. DAPK1, a TSG, is frequently 
altered in various human cancers due to its location within 
a promoter region.8 Epigenetic changes and chromosomal 
aberrations at 9p21 and 9p21.3 occur at closely located loci. 
Further studies are needed to determine whether a correla-
tion exists between them. However, there is no large study 
sample on chromosome 9 to suggest its significance in UL.

Chromosome 10 and 11

The KAT6B (also known as MORF) gene is  located 
on chromosome 10q22. It encodes a histone acetyltransferase 
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(an enzyme that reduces the affinity of nucleosomes for 
DNA), thereby enhancing DNA accessibility to transcrip-
tion factors, i.e., a crucial mechanism in epigenetic regu-
lation. Its most frequent translocation partner is 17q21, 
a region linked to 17β-hydroxysteroid dehydrogenase. How-
ever, the significance of this translocation appears lim-
ited, as it has been observed in only 9 out of 171 samples. 
This suggests it may not be a major event in the studied 
context.32,34–36 

Other studied alterations at chromosome 10 are SNP al-
terations on 10q24.33; the alterations also occur at 11q15.5. 
10q24.33 is the location for SLK and OBFC1, and the 11p15.5 
includes BET1L, RIC8A and SIRT3. Most of the genes in-
volved are TSGs and they were observed only in a small 
sample of patients.37 The site 10q 25 is found to be altered 
epigenetically with miR-21. The site contains the PDCD-4 
gene, a tumor suppressor that has been found to be down-
regulated in various types of cancer.8

Chromosome 12

A total of 4 genes on chromosome 12 are involved in UL 
through chromosomal gain. They include KRAS,7 ELK3,7 
HMGA2,28 and IGF-1.33 KRAS is  located on 12p11.22-
p13.3 and is  a  proto-oncogene whose chromosomal 
gain also leads to  non-small cell lung cancer in  30% 
of the 1.6 million per year lung cancer cases.34 The other 
2 genes (EKL3 on 12q21.2-q24.37 and HMGA2 on 12q14-
15)28 are both involved in embryogenic development. 
However, the  data samples pertaining to  both KRAS 
and EKL3 are only 3/6 samples,7 and hence not proven 
to be significant. Nonetheless, in a study HMGA2 chro-
mosomal gain was reported in 68/180 samples,35 which 
results in  upregulation of  IGF2BP2.23 The  last gene 
on chromosome 12 to be involved in UL is the growth fac-
tor IGF-1 located on 12q23. This also leads to activation 
of IGF-2, along with IGF-1.33 Moreover, larger fibroids 
were shown to have elevated IGF-1 levels in compari-
son to smaller ones.33 It is observed from our data that 
the affected locus of IGF-1 is within that of ELK3, which 
might encourage more investigations regarding correla-
tion between the 2 genes.

Epigenetics change of the HMGA2 gene in UL has also 
been reported. The gene contains structural DNA-binding 
domains and acts as transcriptional regulation. let-7 ex-
pression is upregulated in UL. It targets HMGA2, which 
is implicated in pathogenesis of mesenchymal tumors like 
leiomyoma, lipoma and hamartomas.8

The  dysregulation of  IGF-1 is  significantly deregu-
lated in  UL. IGFBP2 is  the  2nd most expressed gene 
in the HMGA2 subtype of UL, as HMGA2 binds to its AT 
rich domain and regulates its expression. Subsequently 
IGF2BP2 induces the expression of IGF mRNA; IGF was 
detected to be upregulated in the majority of HMGA2 
subtypes. IGF2 is then able to bind to IGF1 receptor and 
promote growth. Also, HMGA2, IGFBP2 and IGF2 are 

all not expressed in adult tissue, which may indicate they 
are functionally related. However, ADAM12 has to be 
the most uniquely upregulated gene in the MED 12 sub-
type, and PAPPA2 is one among the highest expressed 
genes in HMGA2 subtypes. Both genes increase the ex-
pression of IGFBP, which inhibits the IGF1 receptor ac-
tion and inhibits IGF-1 role in migration and proliferation 
in smooth muscle. Therefore, the action of IGFBP5 is still 
not well understood as to whether it induces or decreases 
cancer development.5

Two genes on chromosome 12 were also relevant to UL 
genesis, which are MED12 on  Xq13 and COL4A5/6 
on Xq22.3. Chromosomal loss of COL4A5/6 was observed 
on 4/38 samples of UL,21 as well as in Alport syndrome.20 
MED 12 mutations represent one of the most frequent 
genetic aberrations to be discovered, accounting to 70% 
of UL.36 Along with HMGA 1&2, they represent around 
80–90%.6

Moreover, the mutual exclusivity of MED12, HMGA2, 
FH, and COLA4A5/6 genetic aberrations was reported.6 
Nonetheless, amongst these cases, up to 60% coexisted 
with different genetic alterations, including CUX1 de-
letions and HMGA1 mutation.6 MED12 mutations also 
exhibited an increased expression of the gene RAD51B.6 
Interestingly, 10–20% of leiomyosarcoma were observed 
to contain MED 12 mutations.20 The malfunction resulting 
from mutated MED12 is believed to be caused by an absent 
transcriptional inhibition affecting cell cycle regulators 
such as Cdk8 and cyclin C, as well as the WNT signaling 
pathway.6 MED12 engages with REST and β-catenin, and 
both participate in the WNT pathway.20 This can even-
tually lead to a decreased expression of REST, entailing 
the upregulation of mTORC.20

Chromosome 14

On chromosome 14, 3 important genes are implicated 
in UL: ESR2, TGF-β and RAD51B. While ESR2 (also re-
ferred to as ESR-B) has already been discussed alongside 
ESR1 (ESR-A), it  is  worth noting that ESR2 is  located 
near TGF-β and RAD51B at chromosomal regions 14q22, 
14q23–24 and 14q24, respectively.36 This may require fur-
ther investigation regarding their association and the fre-
quency of these genetic aberrations occurring together 
in UL.

In ULs, there is also increased expression of TGF-β; how-
ever, its signaling mechanism remains poorly understood. 
TGFB1 is linked to increased expression of fibromodulin, 
which might lead to fibrotic properties of UL. The expres-
sion of TGFB3 increases the manifestation of extracellu-
lar matrix (ECM) components such as COL1A1 and FN1, 
while decreasing the expression of genes associated with 
ECM degradation.37

RAD51B is  the  preferred translocation partner 
of HMGA2, and this translocation is  associated with 
decreased HMGA2 expression. However, HMGA1 and 
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HMGA2 rearrangements frequently target other regions 
in other mesenchymal tumors. Biallelic loss of RAD51B 
was observed in ULs without the involvement of HMGA2. 
The gene encodes a double strand break repair enzyme and 
may play a role in promoting genomic instability. It is also 
observed to be uniquely overexpressed in ULs with MED12 
subtypes. However, whether increased expression of this 
gene is involved in UL development and growth requires 
further study.38

Chromosome 17

Two genes were reported on chromosome 17. The first 
one is the TSG TP53 (located on 17p13.2) that demon-
strated chromosomal loss only in 2 out of 6  samples.7 
The 2nd genetic aberration is a single nucleotide polymor-
phism 17 beta-hydroxysteroid, located on 17q21.17 The site 
17q21 is also a site of hypermethylation in ULs. The epi-
genetic change may involve KRT19, another TSG. Hyper-
methylation can lead to inhibition of the TSG, resulting 
in tumorigenesis.8

Chromosome 22

The  literature identifies a  total of  4  genes located 
on  chromosome  22; PDFGB on  22q13.1-22q13.37 and 
TNRC6B on 22q13.1.39 PDFGB leads to UL development 
through genetic chromosomal loss and has been reported 
in 4 out of 6  samples.7 PDGFB mutation can also lead 
to ovarian cancer.10 DEPDC5 is located on chromosome 
22q12.2–q12.3 and is implicated in hepatocellular carci-
noma.40 SMARCB1, located at 22q11, undergoes rearrange-
ments that can lead to biallelic loss of function, resulting 
in the inactivation of this TSG.23

Chromosome X

Both the “p”- and “q”-arms of the X chromosome are 
susceptible to epigenetic modifications, particularly at loci 
Xp11 and Xq26. In both regions, the predominant altera-
tion observed is DNA hypomethylation. The gene located 
at Xp11 encodes a cell cycle progression inhibitor, and its 
reduced expression due to hypomethylation may contrib-
ute to tumorigenesis.8

Chromosome 1

The FH gene on chromosome 1 is strongly associated 
with HLRCC. However, alterations are observed in only 
a small subset of UL cases, making its prevalence difficult 
to quantify.6 Additional pathologies and malignancies have 
been related to the CSK1 and FH genes.26 For instance, 
while CSK-1 is implicated in breast, prostate, esophagus, 
and bladder cancers,27 FH is involved in HLRCC and uter-
ine leiomyosarcoma.6 We examined JUN and CSK-1 genes 
in 6 samples, with JUN showing up in 1 and CSK-1 in 2 

of them.7 However, a study by Lehtonen et al. reported FH 
aberrations in 5 out of 153 samples.33

Similarly, epigenetic regulation also affects some re-
gions of chromosome 1. Uterine leiomyomas involving 
the GSTM5 gene are susceptible to  hypermethylation 
at the 1p13 region of chromosome 1. Hypermethylation 
of this region results in reduced gene expressions, which 
raises the risk of cancer and exposure to carcinogens.8 
GSTM5 gene encodes an enzyme involved in the detoxifi-
cation of electrophilic compounds, including carcinogens.

Chromosome 2

Regions of chromosome 2 have also been shown to undergo 
epigenetic alterations. In UL tissues, expression of KLF11 
is reduced, leading to the suppression of several endome-
trial enzymes.8 The role of HDAC was implicated through 
KLF11’s repression of the CYP3A4 promoter, and its recruit-
ment of the corepressor complex SIN3A/HDAC to mediate 
this effect.8 The TET1/TET3 genes on 2p13 control DNA 
methylation. An increase in DNA methylation, driven by el-
evated 5-hmC levels, can influence the cellular environment 
by promoting cell proliferation. However, the risk of develop-
ing UL is not associated with the 2q22.1 region.8

Chromosome 3, 4 and 5

Chromosome 3 insertions, translocations and deletions 
are consistent but less prevalent in uterine fibroids. 3p22 
is the region most frequently affected by epigenetic modi-
fication.9 Hypermethylation of this site contributes to tu-
morigenesis in UL and esophageal cancers. While HBEGF 
appears to have reduced expression of EGF, both aFGF and 
bFGF exhibit comparable protein sizes. Both genes contrib-
ute to angiogenesis and cell proliferation, and a mutation 
in the MORF gene at 4q34 is associated with a distinct 
expression pattern involved in the etiology of UL.8

Chromosome 6

HMGA-1 and ER-1 genes are found on chromosome 6. 
The nucleosome-phasing and gene transcription regula-
tory protein HMGA1 has been reported to be altered in ap-
prox. 3% of uterine fibroids.11 Both UL and normal myo-
metrium expressed the ER-α and ER-β proto-oncogenes, 
with ER-α levels being higher than those of ER-β. However, 
multiple UL exhibited significantly lower levels of ER-α 
mRNA and protein compared to single UL. Regardless 
of the menstrual cycle phase, multiple ULs consistently 
exhibited significantly higher levels of ER-β mRNA and 
protein compared to solitary ULs.
IGF-1 mRNA expression is also elevated in UL and has 

been linked to the increase in estrogen induced by ER-1. Be-
yond individual expression levels, the ratio of ER-α to ER-β 
may also predict the proportion of ER-DNA binding as ho-
modimers and, potentially, the myoma’s tendency to grow. 
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Hypermethylation of proto-oncogenes can also lead to epigen-
etic alterations in ERs. Alterations in the ER-α gene have been 
observed during tumorigenesis, primarily due to hypomethyl-
ation of the oncogene when compared to normal myometrium. 
Additionally, polymorphisms in the 17β-hydroxysteroid de-
hydrogenase enzyme reduce its expression. This reduction, 
combined with estradiol activation, can further stimulate 
the pro-mitogenic PI3K/mTOR signaling pathway.11

Chromosome 7

Seven genes located on chromosome 7 have been as-
sociated with the development of UL, with CUX1 being 
the most frequently affected. CUX1 functions primar-
ily as a TSG, and its activation has been shown to inhibit 
the PI3K-AKT signaling pathway, thereby contributing 
to tumor progression. Interestingly, CUX1 also exhibits 
characteristics of a proto-oncogene, as it can promote tu-
morigenesis by resisting apoptosis. In addition to its roles 
in UL, CUX1 has been implicated in leukemia and myelo-
proliferative disorders.20,21 Moreover, it is involved in regu-
lating the enzymatic activity of ATM and ATR kinases, 
which are critical for the cellular response to DNA damage. 
In 1 out of 38 UL samples, ZNHIT1 and CUL1 were also 
identified at the same chromosomal locus as CUX1. Nota-
bly, CUX1 was found to participate in a chromosomal rear-
rangement involving an inversion-induced gene fusion.14

Chromosome 9

Two genes located on chromosome 9 – CDKN2A (a tu-
mor suppressor gene) and ENG – were identified in 2 out 
of 6 analyzed samples. ENG exhibited a chromosomal dele-
tion. Notably, chromosomal abnormalities at loci 9p21 and 
9p21.3 occur in proximity, while the DAPK1 gene, situated 
at 9q21, is known to be epigenetically susceptible to hyper-
methylation. Despite these findings, the role of chromo-
some 9 in UL pathogenesis has not yet been thoroughly 
investigated in large-scale studies.8

Chromosome 10

KAT6B, located on chromosome 10, encodes a histone 
acetyltransferase that plays a critical role in epigenetic 
regulation. Several SNPs, including BET1L, RIC8A and 
SIRT3, have been identified with alterations on 10q24.33 
and 11p15.5. Additionally, 10q25 undergoes epigenetic 
modification involving miR-21. This is associated with 
the downregulation of PDCD4, a gene observed to be sup-
pressed in various malignancies.16

Chromosome 12

Four genes (KRAS, ELK3, HMGA2, and IGF-1) have been 
implicated in UL through chromosomal gain on chromo-
some 12. KRAS is a proto-oncogene known to contribute 

to non-small cell lung cancer, while HMGA2 and ELK3 
are involved in embryonic development. Chromosomal 
gain of HMGA2 was detected in 68 out of 180 samples 
and is known to upregulate IGF2BP2. Additionally, stud-
ies have shown that larger fibroids tend to express higher 
levels of the IGF-1 growth factor.18

IGFBP2 targets HMGA2, a gene involved in the etiology 
of mesenchymal malignancies and the 2nd most frequently 
expressed gene in HMGA2 subtypes. While IGFBP2, 
HMGA2 and IGF2 are generally not expressed in adult tis-
sues, ADAM12 shows specific upregulation, and PAPPA2 
is identified as the most abundant subtype associated with 
HMGA2. Additionally, IGF2 can bind to the IGF-1 recep-
tor, promoting cellular growth.5

MED 12 mutations

The MED12 and COL4A5/6 genes also play significant roles 
in the development of UL. MED12 mutations represent one 
of the most common genetic abnormalities in UL, account-
ing for approx. 70% of UL cases and 80–90% of all UL. These 
mutations are also associated with increased expression 
of the RAD51B gene. Furthermore, MED12 mutations have 
been identified in 10–20% of leiomyosarcomas. Functionally, 
MED12 mutations disrupt transcriptional repression, impact-
ing the WNT signaling pathway and key cell cycle regulators. 
This results in reduced expression of REST and increased 
activity of mTORC, contributing to tumor growth.27

Chromosome 14

The development of UL has also been associated with 
3  key genes: ESR2 (estrogen receptor β), TGF-β and 
RAD51B. Although ESR2 is located in proximity to these 
genes, its precise role in UL pathogenesis and the frequency 
of related abnormalities remain unclear. TGFB3 has been 
shown to promote the expression of ECM components, 
including COL1A1 and FN1, while TGFB1 is associated 
with increased fibromodulin expression.10 HMGA2 fre-
quently selects RAD51B as a translocation partner, al-
though HMGA1 and HMGA2 rearrangements generally 
involve distinct genomic regions. RAD51B, which encodes 
a double-strand DNA break repair enzyme, may contribute 
to genomic instability when disrupted.5

Chromosome 17

One gene located on chromosome 17 – TP53 (TSG) and 
1 enzyme 17β-hydroxysteroid dehydrogenase – have been 
implicated in  the  pathogenesis of  UL. TP53 exhibits 
chromosomal loss in 2 out of 6 analyzed samples, while 
17β-hydroxysteroid dehydrogenase is frequently hypermeth-
ylated in UL tissues. Such hypermethylation may suppress 
TSG activity, thereby contributing to tumor development. 
Furthermore, the involvement of estrogen signaling and 
the KRT19 pathway has also been suggested.24
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Chromosome 22

Our research identified 4 genes located in close proxim-
ity on chromosome 22, including PDGFB and TNRC6B. 
Overexpression of PDGFB has been associated with the de-
velopment of ULs, and mutations in this gene have also 
been linked to ovarian cancer. DEPDC5 has been reported 
to harbor a truncating mutation, while SMARCB1 exhib-
its a rearrangement that results in the biallelic loss of its 
tumor suppressor function.25

Chromosome X

The Xp11 and Xq26 regions of the X chromosome are 
particularly susceptible to hypomethylation-related epigen-
etic alterations, which may contribute to tumorigenesis.8

Discussion

A multifaceted approach has been employed to investi-
gate the causes of UL, focusing on the interplay between 
genetics, hormones and growth factors (GFs) in  their 
pathophysiology.25 Multiple attempts have been made 
to identify the abnormal genetic etiology of UL. Genetic 
abnormalities and aberrations are the  primary focus 
of fibroid research as an explanation for their emergence. 
Chromosomal gains, losses, rearrangements, SNPs, and 
translocations are the most common genetic aberrations 
associated with the development of UL. Among these, dele-
tions on chromosome X and 7q, as well as rearrangements 
of 12q15, 6p21 and 10q22, are the most frequent.28

The relevance of genetics in UL is based on several 
key principles: risk assessment, early disease detection, 
personalized treatment approaches, fertility counseling, 
prognosis, and research. High-risk patients, particularly 
those with a personal or family history of UL and those 
of African descent, may benefit from early detection and 
management. This proactive approach can help minimize 
the risks associated with delayed or complicated surger-
ies and support fertility-sparing treatments. Addition-
ally, genetic information can guide treatment decisions, 
including the  selection of  personalized therapies and 
influencing responses to certain medications. Prognos-
tic information regarding the behavior and progression 
of UL can help guide clinicians and patients in making 
informed decisions about management and treatment 
options. Lastly, understanding the genetic basis of UL 
can drive further research into their underlying causes, 
molecular mechanisms and the development of potential 
targeted therapies.

The significance of epigenetics in the formation of ULs 
is still being investigated, and the literature does not yet 
fully characterize this involvement. The interaction be-
tween genetics and epigenetics may help explain why 

certain genes and phenotypes are more prevalent in UL. 
Numerous alterations appear to occur at chromosomal 
loci strongly associated with their development. Other loci, 
including proto-oncogenes, growth factors and TSGs, have 
also been shown to undergo several epigenetic modifica-
tions.12 For each type of modification, epigenetics must 
be further studied in terms of statistical significance and 
population samples. Lastly, further research is needed 
to determine how changes in the size and architecture 
of UL are related to these investigations.

Limitations

Not all of the analyzed studies reported sample sizes 
used to establish genetic associations, leading to incon-
sistencies across the literature. This heterogeneity limited 
the ability to directly compare the frequency of genetic 
variants between studies. As a result, it was not possible 
to categorize the studies based on the strength or quality 
of the evidence they provided.

Conclusions

The  predominant focus in  UL research has been 
on genetic abnormalities and chromosomal aberrations 
as key factors in the disease’s etiology. It  is estimated 
that approx. 40% of UL cases are associated with chro-
mosome-specific alterations. The most commonly re-
ported aberrations include chromosomal gains, losses, 
rearrangements, SNPs, and translocations. Among these, 
deletions on chromosome X and 7q, as well as rearrange-
ments involving 12q15, 6p21 and 10q22, are the most 
recurrent. One gene that has emerged as particularly 
significant in the pathogenesis of UL is MED12, which 
has been frequently implicated in tumor development. 
However, inconsistencies across studies limit the abil-
ity to directly compare genetic associations, warranting 
cautious interpretation of the findings.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.17223641. The package includes 
the following files:

Supplementary Fig. 1. Genes most strongly associated 
with the pathogenesis of ULs.

Use of AI and AI-assisted technologies

Not applicable.

ORCID iDs
Vasilios Tanos  https://orcid.org/0000-0002-4695-4630
Panayiotis Tanos  https://orcid.org/0000-0002-4695-4630

https://doi.org/10.5281/zenodo.17223641
https://doi.org/10.5281/zenodo.17223641


V. Tanos, V. Papailiou, P. Tanos. Genetic mapping of uterine fibroids10

References
1.	 Leyendecker G, Wildt L, Laschke MW, Mall G. Archimetrosis: The evo-

lution of a disease and its extant presentation. Pathogenesis and 
pathophysiology of archimetrosis (uterine adenomyosis and endo-
metriosis). Arch Gynecol Obstet. 2022;307(1):93–112. doi:10.1007/
s00404-022-06597-y

2.	 Noe M, Kunz G, Herbertz M, Mall G, Leyendecker G. The cyclic pattern 
of the immunocytochemical expression of oestrogen and progester-
one receptors in human myometrial and endometrial layers: Char-
acterization of the endometrialsubendometrial unit. Hum Reprod.  
1999;14(1):190–197. doi:10.1093/humrep/14.1.190

3.	 Lakhani SR. Molecular genetics of solid tumours: Translating research 
into clinical practice. What we could do now: breast cancer. Mol Pathol.  
2001;54(5):281–284. doi:10.1136/mp.54.5.281

4.	 Jonasch E, Walker CL, Rathmell WK. Clear cell renal cell carcinoma 
ontogeny and mechanisms of lethality. Nat Rev Nephrol. 2021;17(4): 
245–261. doi:10.1038/s41581-020-00359-2

5.	 Baranov VS, Osinovskaya NS, Yarmolinskaya MI. Pathogenomics of uter-
ine fibroids development. Int J Mol Sci. 2019;20(24):6151. doi:10.3390 
/ijms20246151

6.	 Qin L, Xu Y, Xu Y, et al. NCOA1 promotes angiogenesis in breast 
tumors by simultaneously enhancing both HIF1α- and AP-1-me-
diated VEGFa transcription. Oncotarget. 2015;6(27):23890–23904. 
doi:10.18632/oncotarget.4341

7.	 Kwong J, Lee JY, Wong KK, et al. Candidate tumor-suppressor gene 
DLEC1 is frequently downregulated by promoter hypermethylation 
and histone hypoacetylation in human epithelial ovarian cancer. 
Neoplasia. 2006;8(4):268–278. doi:10.1593/neo.05502

8.	 Cebulla CM, Jockovich ME, Piña Y, et al. Basic fibroblast growth 
factor impact on retinoblastoma progression and survival. Invest  
Ophthalmol Vis Sci. 2008;49(12):5215. doi:10.1167/iovs.07-1668

9.	 Ongusaha PP, Kwak JC, Zwible AJ, et al. HB-EGF is a potent inducer 
of tumor growth and angiogenesis. Cancer Res. 2004;64(15):5283–
5290. doi:10.1158/0008-5472.CAN-04-0925

10.	 Santos GC, Zielenska M, Prasad M, Squire JA. Chromosome 6p 
amplification and cancer progression. J Clin Pathol. 2007;60(1):1–7. 
doi:10.1136/jcp.2005.034389

11.	 Wang Y, Hu L, Zheng Y, Guo L. HMGA1 in cancer: Cancer classifica-
tion by location. J Cell Mol Med. 2019;23(4):2293–2302. doi:10.1111/
jcmm.14082

12.	 Zessner-Spitzenberg J, Thomas AL, Krett NL, Jung B. TGFβ and activin 
A in the tumor microenvironment in colorectal cancer. Gene Rep. 
2019;17:100501. doi:10.1016/j.genrep.2019.100501

13.	 Heldin CH, Lennartsson J, Westermark B. Involvement of platelet- 
derived growth factor ligands and receptors in tumorigenesis. 
J Intern Med. 2018;283(1):16–44. doi:10.1111/joim.12690

14.	 Wong CC, Rust AG, Rashid M, et al. Inactivating CUX1 mutations 
promote tumorigenesis. Nat Genet. 2014;46(1):33–38. doi:10.1038/
ng.2846

15.	 Lepage CC, Palmer MCL, Farrell AC, et al. Reduced SKP1 and CUL1 
expression underlies increases in cyclin E1 and chromosome insta-
bility in cellular precursors of high-grade serous ovarian cancer.  
Br J Cancer. 2021;124(10):1699–1710. doi:10.1038/s41416-021-01317-w

16.	 He W, Zhang MG, Wang XJ, et al. KAT5 and KAT6B are in positive reg-
ulation on cell proliferation of prostate cancer through PI3K-AKT sig-
naling. Int J Clin Exp Pathol. 2013;6(12):2864–2871. PMID:24294372. 
PMCID:PMC3843266.

17.	 Wei Z, Song J, Wang G, et al. Deacetylation of serine hydroxy
methyl-transferase 2 by SIRT3 promotes colorectal carcinogenesis.  
Nat Commun. 2018;9(1):4468. doi:10.1038/s41467-018-06812-y

18.	 Hassan Z, Schneeweis C, Wirth M, et al. Important role of Nfkb2 in 
the KrasG12D-driven carcinogenesis in the pancreas. Pancreatology. 
2021;21(5):912–919. doi:10.1016/j.pan.2021.03.012

19.	 Wu D, Liu J, Yu L, Wu S, Qiu X. Circular RNA hsa_circ_0000144 aggra-
vates ovarian cancer progression by regulating ELK3 via sponging 
miR-610. J Ovarian Res. 2022;15(1):113. doi:10.1186/s13048-022-01048-3

20.	 Mansoori B, Mohammadi A, Ditzel HJ, et al. HMGA2 as a critical regula-
tor in cancer development. Genes (Basel). 2021;12(2):269. doi:10.3390/
genes12020269

21.	 Kasprzak A. Insulin-like growth factor 1 (IGF-1) signaling in glu-
cose metabolism in colorectal cancer. Int J Mol Sci. 2021;22(12):6434. 
doi:10.3390/ijms22126434

22.	 Hao Y, Baker D, Ten Dijke P. TGF-β-mediated epithelial-mesenchy-
mal transition and cancer metastasis. Int J Mol Sci. 2019;20(11):2767. 
doi:10.3390/ijms20112767

23.	 Yokoyama H, Kurumizaka H, Ikawa S, Yokoyama S, Shibata T. Holliday 
junction binding activity of the human Rad51B protein. J Biol Chem. 
2003;278(4):2767–2772. doi:10.1074/jbc.M210899200

24.	 Olivier M, Hollstein M, Hainaut P. TP53 mutations in human cancers: 
Origins, consequences, and clinical use. Cold Spring Harb Perspect Biol.  
2010;2(1):a001008. doi:10.1101/cshperspect.a001008

25.	 Hao X, Billings SD, Wu F, et al. Dermatofibrosarcoma protuberans: 
Update on the diagnosis and treatment. J Clin Med. 2020;9(6):1752. 
doi:10.3390/jcm9061752

26.	 Mizuno Y, Shimada S, Akiyama Y, et al. DEPDC5 deficiency contrib-
utes to resistance to leucine starvation via p62 accumulation in hepa-
tocellular carcinoma. Sci Rep. 2018;8(1):106. doi:10.1038/s41598-017-
18323-9

27.	 Bullerdiek J, Rommel B. Factors targeting MED12 to drive tumorigen-
esis? F1000Res. 2018;7:359. doi:10.12688/f1000research.14227.2

28.	 Sanders HR, Albitar M. Somatic mutations of signaling genes in non-
small-cell lung cancer. Cancer Genet Cytogenet. 2010;203(1):7–15. 
doi:10.1016/j.cancergencyto.2010.07.134

29.	 Drieschner N, Rippe V, Laabs A, et al. Determination of frequency of 
the main cytogenetic subgroups in benign thyroid lesions by inter-
phase fluorescence in situ hybridization. Cancer Genet Cytogenet. 
2010;203(1):87. doi:10.1016/j.cancergencyto.2010.07.092

30.	 Martínez Aliaga E, Weldt Suazo E, Iglesias Díaz J, et al. Experience in 
a unit for pregnant adolescents [in Spanish]. Rev Chil Obstet Ginecol. 
1985;50(2):127139. PMID:3843266.

31.	 Mehine M, Kaasinen E, Heinonen HR, et al. Integrated data analy-
sis reveals uterine leiomyoma subtypes with distinct driver path-
ways and biomarkers. Proc Natl Acad Sci U S A. 2016;113(5):1315–1320. 
doi:10.1073/pnas.1518752113

32.	 Edwards TL, Giri A, Hellwege JN, et al. A trans-ethnic genome-wide asso-
ciation study of uterine fibroids. Front Genet. 2019;10:511. doi:10.3389 
/fgene.2019.00511

33.	 Lehtonen R, Kiuru M, Vanharanta S, et al. Biallelic inactivation of 
fumarate hydratase (FH) occurs in nonsyndromic uterine keiomy-
omas but is rare in other tumors. Am J Pathol. 2004;164(1):17–22. 
doi:10.1016/S0002-9440(10)63091-X

34.	 Mittal KR, Chen F, Wei JJ, et al. Molecular and immunohistochemical 
evidence for the origin of uterine leiomyosarcomas from associated 
leiomyoma and symplastic leiomyoma-like areas. Modern Pathol. 2009; 
22(10):1303–1311. doi:10.1038/modpathol.2009.96

35.	 Yang Q, Mas A, Diamond MP, Al-Hendy A. The mechanism and func-
tion of epigenetics in uterine leiomyoma development. Reprod Sci. 
2016;23(2):163–175. doi:10.1177/1933719115584449

36.	 Moravek MB, Bulun SE. Endocrinology of uterine fibroids: Steroid hor-
mones, stem cells, and genetic contribution. Curr Opin Obstet Gynecol.  
2015;27(4):276–283. doi:10.1097/GCO.0000000000000185

37.	 Stelzer G, Rosen N, Plaschkes I, et al. The GeneCards Suite: From 
gene data mining to disease genome sequence analyses. Curr Protoc  
Bioinformatics. 2016;54:1.30.1–1.30.33. doi:10.1002/cpbi.5

38.	 Marugo M, Centonze M, Bernasconi D, Fazzuoli L, Berta S, Giordano G.  
Estrogen and progesterone receptors in uterine leiomyomas.  
Acta Obstet Gynecol Scand. 1989;68(8):731–735. doi:10.3109/00016348 
909006147

39.	 Valladares F, Frías I, Báez D, et al. Characterization of estrogen recep-
tors alpha and beta in uterine leiomyoma cells. Fertil Steril. 2006; 
86(6):1736–1743. doi:10.1016/j.fertnstert.2006.05.047

40.	 Jakimiuk AJ, Bogusiewicz M, Tarkowski R, et al. Estrogen recep-
tor α and β expression in uterine leiomyomas from premenopaus-
al women. Fertil Steril. 2004;82:1244–1249. doi:10.1016/j.fertnstert. 
2004.02.130

41.	 Shao R, Fang L, Xing R, Xiong Y, Fang L, Wang Z. Differential expres-
sion of estrogen receptor α and β isoforms in multiple and solitary 
leiomyomas. Biochem Biophys Res Commun. 2015;468(1–2):136–142. 
doi:10.1016/j.bbrc.2015.10.145

42.	 Zhai Y, Bommer GT, Feng Y, Wiese AB, Fearon ER, Cho KR. Loss of estro-
gen receptor 1 enhances cervical cancer invasion. Am J Pathol. 2010; 
177(2):884–895. doi:10.2353/ajpath.2010.091166

43.	 Bakas P, Liapis A, Vlahopoulos S, et al. Estrogen receptor α and β  
in uterine fibroids: A basis for altered estrogen responsiveness.  
Fertil Steril. 2008;90(5):1878–1885. doi:10.1016/j.fertnstert.2007.09.019

https://www.doi.org/10.1007/s00404-022-06597-y
https://www.doi.org/10.1007/s00404-022-06597-y
https://www.doi.org/10.1093/humrep/14.1.190
https://www.doi.org/10.1136/mp.54.5.281
https://www.doi.org/10.1038/s41581-020-00359-2
https://www.doi.org/10.3390/ijms20246151
https://www.doi.org/10.3390/ijms20246151
https://www.doi.org/10.18632/oncotarget.4341
https://www.doi.org/10.1593/neo.05502
https://www.doi.org/10.1167/iovs.07-1668
https://www.doi.org/10.1158/0008-5472.CAN-04-0925
https://www.doi.org/10.1136/jcp.2005.034389
https://www.doi.org/10.1111/jcmm.14082
https://www.doi.org/10.1111/jcmm.14082
https://www.doi.org/10.1016/j.genrep.2019.100501
https://www.doi.org/10.1111/joim.12690
https://www.doi.org/10.1038/ng.2846
https://www.doi.org/10.1038/ng.2846
https://www.doi.org/10.1038/s41416-021-01317-w
https://pubmed.ncbi.nlm.nih.gov/24294372
https://www.ncbi.nlm.nih.gov/pmc/articles/3843266
https://www.doi.org/10.1038/s41467-018-06812-y
https://www.doi.org/10.1016/j.pan.2021.03.012
https://www.doi.org/10.1186/s13048-022-01048-3
https://www.doi.org/10.3390/genes12020269
https://www.doi.org/10.3390/genes12020269
https://www.doi.org/10.3390/ijms22126434
https://www.doi.org/10.3390/ijms20112767
https://www.doi.org/10.1074/jbc.M210899200
https://www.doi.org/10.1101/cshperspect.a001008
https://www.doi.org/10.3390/jcm9061752
https://www.doi.org/10.1038/s41598-017-18323-9
https://www.doi.org/10.1038/s41598-017-18323-9
https://www.doi.org/10.12688/f1000research.14227.2
https://www.doi.org/10.1016/j.cancergencyto.2010.07.134
https://www.doi.org/10.1016/j.cancergencyto.2010.07.092
https://pubmed.ncbi.nlm.nih.gov/3843266
https://www.doi.org/10.1073/pnas.1518752113
https://www.doi.org/10.3389/fgene.2019.00511
https://www.doi.org/10.3389/fgene.2019.00511
https://www.doi.org/10.1016/S0002-9440(10)63091-X
https://www.doi.org/10.1038/modpathol.2009.96
https://www.doi.org/10.1177/1933719115584449
https://www.doi.org/10.1097/GCO.0000000000000185
https://www.doi.org/10.1002/cpbi.5
https://www.doi.org/10.3109/00016348909006147
https://www.doi.org/10.3109/00016348909006147
https://www.doi.org/10.1016/j.fertnstert.2006.05.047
https://www.doi.org/10.1016/j.fertnstert.2004.02.130
https://www.doi.org/10.1016/j.fertnstert.2004.02.130
https://www.doi.org/10.1016/j.bbrc.2015.10.145
https://www.doi.org/10.2353/ajpath.2010.091166
https://www.doi.org/10.1016/j.fertnstert.2007.09.019


Adv Clin Exp Med. 2026 11

44.	 Flake GP, Andersen J, Dixon D. Etiology and pathogenesis of uterine 
leiomyomas: A review. Environ Health Perspect. 2003;111(8):1037–1054. 
doi:10.1289/ehp.5787

45.	 Commandeur AE, Styer AK, Teixeira JM. Epidemiological and genetic  
clues for molecular mechanisms involved in uterine leiomyoma 
development and growth. Hum Reprod Update. 2015;21(5):593–615. 
doi:10.1093/humupd/dmv030

46.	 Ramdzan ZM, Nepveu A. CUX1, a haploinsufficient tumour suppres-
sor gene overexpressed in advanced cancers. Nat Rev Cancer. 2014; 
14(10):673–682. doi:10.1038/nrc3805

47.	 McNerney ME, Brown CD, Wang X, et al. CUX1 is a haploinsufficient 
tumor suppressor gene on chromosome 7 frequently inactivated 
in acute myeloid leukemia. Blood. 2013;121(6):975–983. doi:10.1182/
blood-2012-04-426965

48.	 Schoenmakers EFPM, Bunt J, Hermers L, et al. Identification of CUX1 
as the recurrent chromosomal band 7q22 target gene in human 
uterine leiomyoma. Genes Chromosomes Cancer. 2013;52(1):11–23. 
doi:10.1002/gcc.22001

49.	 Quintana DG, Thome KC, Hou ZH, Ligon AH, Morton CC, Dutta A. 
ORC5L, a new member of the human origin recognition complex, 
is deleted in uterine leiomyomas and malignant myeloid diseases. 
J Biol Chem. 1998;273(42):27137–27145. doi:10.1074/jbc.273.42.27137

50.	 Ptacek T, Song C, Walker CL, Sell SM. Physical mapping of distinct 7q22 
deletions in uterine leiomyoma and analysis of a recently annotated 
7q22 candidate gene. Cancer Genet Cytogenet. 2007;174(2):116–120.  
doi:10.1016/j.cancergencyto.2006.11.018

https://www.doi.org/10.1289/ehp.5787
https://www.doi.org/10.1093/humupd/dmv030
https://www.doi.org/10.1038/nrc3805
https://www.doi.org/10.1182/blood-2012-04-426965
https://www.doi.org/10.1182/blood-2012-04-426965
https://www.doi.org/10.1002/gcc.22001
https://www.doi.org/10.1074/jbc.273.42.27137
https://www.doi.org/10.1016/j.cancergencyto.2006.11.018

