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ABSTRACT

Uterine leiomyoma (LM), also known as uterine fibroids, are common gynecological tumors and can reach a prevalence of 70% among
women by the age of 50 years. Notably, the LM burden is much higher in Black women with earlier onset, a greater tumor number,
size, and severity compared to White women. Published knowledge shows that there are genetic, environmental, and lifestyle-based
risk factors associated with racial disparity for LM. Significant strides have been made on genomic, epigenomic, and transcriptomic
data levels in Black and White women to elucidate the underlying pathomolecular reasons of racial disparity in LM development.
However, racial disparity of LM remains a major area of concern in gynecological research. This review highlights risk factors of LM
and their role in different races. Furthermore, we discuss the genetics and uterine myometrial microenvironment in LM develop-
ment. Comparative findings revealed that a major racial difference in the disease is linked to myometrial oxidative burden and
altered ROS pathways which is relevant to the oxidized guanine in genomic DNA and MED12 mutations that drive the LM genesis.
Considering the burden and morbidity of LM, we anticipate that this review on genetic risk and myometrial microenvironment will
strengthen understanding and propel the growth of research to address the racial disparity of LM burden.
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ity / transcriptome

Introduction

Uterine leiomyomas (LMs), also known as fibroids, are the most
common uterine smooth muscle tumors in reproductive-aged
women and affected approximately 226 million women world-
wide in 2019 (Global Burden of Disease Collaborator Network,
2020). The estimated incidence of uterine LM is 40-60% among
women under the age of 35 years and 70-80% among women
over 50 years (HunscHe et al.,, 2022). Clinically, they are benign
monoclonal neoplasms originating from the myometrium of the
uterus (Donnez and Dolmans, 2016). LM range in size from a few
millimeters to massive growth of 20 cm or more in diameter and
up to hundreds of tumors in a single uterus (Williams, 2017;
Jayes et al., 2019). About 30% of LM patients show various symp-
toms that cause significant morbidity, including heavy menstrual
bleeding, pelvic pain, dyspareunia, anemia, abdominal bloating,
and even infertility (Wise and Laughlin-Tommaso, 2016).

LM has significant societal and financial impact associated
with medical care as well as a considerable loss in quality of life.
Most non-invasive treatment options for LM give temporary relief
of symptoms; however, surgical procedures such as hysterec-
tomy or myomectomy are considered the final option to alleviate
symptoms and morbidities (Stewart, 2015; Hartmann et al., 2019).
LM is the leading cause of approximately 600 000 hysterecto-
mies/myomectomies per year in the USA and the medical cost
for treatment of LM including medication, physician visits, and

hospital admissions is at least $34.4 billion annually (Catherino
etal., 2011; Cardozo et al., 2012).

Racial disparity is observed in LM incidence and severity.
Black women are more likely to have earlier onset, more LM,
larger tumor size at diagnosis, more severe symptoms (Charifson
et al., 2022), and higher rates of surgery for LM than other races
(Becker et al., 2005; Yap et al., 2022). Black women tend to have a
three times higher rate of myomectomy and a seven times higher
hysterectomy rate for LM than White women (Eltoukhi et al.,
2014). Currently available federal drug agency (FDA) approved
therapies are based on hormonal treatments. Elagolix, and com-
bination therapy with relugolix are the main oral gonadotropin-
releasing hormone antagonist medicines. These drugs effectively
suppress the ovarian sex hormone production and reduce uterine
LM-related morbidities including bleeding (Schlaff et al., 2020; Al-
Hendy et al., 2021). Given the recognized disparity in LM inci-
dence, the pathological conditions, severity and morbidity, have
made investigating in the occurrence, diagnosis, and treatment
of this disease difficult (Wang et al., 2020).

Although the exact reason of LM genesis and racial disparity
for LM remains largely unknown, recent studies on the global ge-
nomic landscape and uterine microenvironment have uncovered
important findings related to racial differences in tumor myome-
trial cells and LM. In this narrative review, we assess and report
the current state of knowledge of risk factors behind these
disparities and the possible mechanisms of LM genesis. We
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anticipate that this review article will strengthen understanding
and increase research to address the racial disparity in uter-
ine LM.

General risk factors for racial difference

in LM

Although the exact mechanism of racial disparity is still un-
known, there are several well-established risk factors that are
strongly associated with the occurrence and race differences in
LM. These factors are categorized into genetic (non-modifiable)
and environment/lifestyle (modifiable).

Age

Of the non-modifiable factors, age is the most significant factor
for the development of LMs. LM is known as a disease of child-
bearing age; the risk of being diagnosed with LM is positively cor-
related with age, peaking at 50years (Miriello et al., 2021).
Genome-causal mediation analysis has identified genetic loci as-
sociated with uterine LMs which, importantly, are mediated by
age at menarche (Tai et al., 2022). The onset of LM development
was observed earlier in Black women than in White women. By
35years of age, 60% of Black women will have LMs, increasing to
80% by the age of 50 years. Comparatively, in White women, only
40% will have developed LMs by the age of 35 years, with this
number jumps to and 70% by the age of 50 years (Baird et al.,
2003) (Table 1). LMs do not occur before puberty and the fre-
quency of the disease decreases after menopause (Giannubilo
et al., 2015). This is consistent with hormone-driven tumorigene-
sis for LM development, but what causes racial differences in
age-related changes remains largely unknown.

Genetic and somatic gene alterations

Genetic predisposition is considered as the second leading factor
in the development of LM. A family history of LM development is
correlated with significantly higher risk for the onset of LM (Van
Voorhis et al., 2002). A series of genome-wide association studies
(GWAS) in different populations have uncovered the differences
in the genetic risk of different ancestries and elaborated genetic
alterations as risk factors (Table 2, Fig. 1). GWAS was performed
in African American (Bray et al., 2017, 2018; Hellwege et al., 2017),
Caucasian American (Edwards et al., 2013; Aissani et al., 2015),
and Japanese (Sakai et al.,, 2020), and identified several loci and
candidate genes strongly associated with racial differences in LM

Table 1. Prevalence of leiomyoma and general risk factors in
Black and White women.

Prevalence (% of population)

Factor Black White Reference
Leiomyoma presence
At age 35years 60% 40% Baird et al., 2003
At age S50years 80% 70%
MED12mut 79% 68% Lietal., 2023
75% 66% Heetal., 2022
Sex hormones and enzymes
CYP17 A2/A2 45% 15% Othman and
Al-Hendy, 2008
COMT Val/Val 50% 19% Othman and
Al-Hendy, 2008
ERa-P/P 36% 17% Al-Hendy and

Salama, 2006

COMT, catechol-O-methyltransferase; ERa-PP, estrogen receptor alpha
polymorphism.

risk (Table 2). However, the exact mechanism of these genetic
variants in LM development remains unclear.

Studies on cytogenetic analyses revealed that 40% of LMs har-
bor specific chromosomal abnormalities (Sandberg, 2005; Bridge,
2014). In the past decade, a number of studies concluded that
single gene alterations were strongly associated with the origin of
LM. It has been found that FH biallelic inactivation, MED12,
HMGA2, CYPIA, COL4A6, SCRAP subunit, YYPIB1, proto-
oncogenes like p27, p53, and signaling pathways (e.g. PI3K-AKT-
MTOR) were related to functional alterations involved in LM de-
velopment (Mékinen et al., 2011; Mehine et al., 2013; Styer and
Rueda, 2016; Berta et al., 2021; Valimaki et al., 2023). Three main
mutations, MED12, HMGAZ2, and FH, can be found in LM tumors,
at a rate of 70%, 10%, and 1%, respectively (Mékinen et al., 2017).
The MED12 protein is a component of the complex of 26 subunits
that regulate transcription initiation and elongation by bridging
regulatory elements in gene promotors to the RNA polymerase II
initiation complex (Mékinen et al., 2011; Bertsch et al., 2014). This
protein is known to regulate smooth muscle cell function (Beyer
et al., 2007). In cancer studies, mutations in MED12 have been ob-
served in tumors from women of diverse racial and ethnic ori-
gins, including those of North American, European, African,
Asian, and Middle Eastern descent, with increased frequency in
women of African as opposed to non-African descent (Makinen
et al., 2011; Sadeghi et al., 2016; Park et al.,, 2018; He et al., 2022).
Regarding uterine fibroid-linked mutations in MED12, all are lo-
cated within exons 1 or 2, and in particular, occurring more fre-
quently in exon 2 than in exon 1, with the latter accounting for
~6% of pathogenic alterations reported in uterine LM (Kampjarvi
et al., 2014). Most of these mutations are missense with a smaller
proportion corresponding to small in-frame deletions and inser-
tions (Li et al., 2022). MED12 mutations drive uterine fibroid-like
transcriptional and metabolic programs by a genome-wide chro-
matin compartmentalization switch (Buyukcelebi et al., 2023) al-
though the molecular basis by which pathogenic mutations in
MED12 drive uterine fibroid formation is presently unclear. More
importantly, an observable racial difference in LM with MED12
mutations has been reported in association studies (Table 1) (He
et al., 2022; Li et al., 2023). The molecular basis by which MED12
mutations drive LM formation is under intensive investigation.

Sex hormones

In general, LMs are considered a disease of endocrine disruption.
Environmental exposures to endocrine disrupting compounds
(EDC) such as phthalates, Bisphenol A (BPA) plasticizers, diethyl-
stilbestrol (DES), genistein (GEN), perfluoroalkyl substances
(PFAS), and parabens in personal care products during critical
periods of development, increase LM risk by modulating the epi-
genomic plasticity in progenitor cells and developing tissues
(Greathouse et al., 2012; Katz et al., 2016; Bariani et al., 2020).

LM growth is dependent on the ovarian hormones estradiol
and progesterone in women (Bulun, 2013; Omar et al., 2019)
through their promoting growth factors (Borahay et al., 2015).
Population studies from the USA showed that Black women have
higher levels of sex hormones than White women (Wise et al.,
2004; Assari et al., 2020). A few studies suggest that genetic poly-
morphisms in sex steroid hormone receptors and their metabolic
enzymes are highly relevant to sex steroid hormone functions
and racial disparity in LM (Table 1). For example, CYP17 encodes
for the cytochrome P450C17a enzyme. This enzyme functions at
steroidogenesis and is linked to high levels of serum estradiol.
The genotype A2/A2, a polymorphism at 5'URT of CYP17 has
been linked to the risk of LM in Black women and large tumor
size (Othman and Al-Hendy, 2008). Another estrogen catalyzing
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Table 2. Loci and candidate genes strongly associated with racial differences in Leiomyoma risk in genome-wide association studies.

Population Study No. of patients No. of controls Loci Region Genes
African American Hellwege et al., 2017 3399 4764 15739187 22q13.1 CYTH4
Bray et al., 2018 1520 5115 157542984 5q34 MAT2B
Bray et al., 2017 609 5115 rs12219990 10g21.1 IPMK
Caucasian American Aissani et al., 2015 1018 1549 156001794 22q13.1 TNRC6B
Edwards et al., 2013 - - 152280543 11p15.5 BET1L
Japanese Sakai et al., 2020 5720 17 492 rs17033114 12923.2 LINCO00485
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Figure 1. Illustration of racial differences of genetic, epigenetic, and
environmental factors in the myometrium. GWAS, genome wide
association study. Red arrow: increased; blue arrow: baseline.
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enzyme, Catechol-O-methyltransferase (COMT) has a functional
genetic polymorphism at codon 158 resulting in a valine to me-
thionine substitution and significantly decreases in enzymatic
activity. The genotype of Val/Val in COMT is significantly higher
in Black women (50%) than in White women (19%) (Othman and
Al-Hendy, 2008). Interestingly, a study showed that estrogen re-
ceptor alpha polymorphism (ERa-PP) is significantly correlated
with risk of LM in Black women (36%) in comparison to White
women (17%) (Al-Hendy and Salama, 2006). The exact relation-
ships between these genes, sex steroid hormones, and LMs re-
main to be determined.

It is a well-established fact that the level of the sex hormones,
estrogen and progesterone are positively associated with LM de-
velopment through proinflammatory factors (cytokine), growth
factors (IGF1, IGF2, TGF-B3, and B-FGF), and cellular apoptosis
inhibitors (Manta et al., 2016). Myometrium with LM (MyoF) has a
high expression of PR as compared to myometrium without LM

(MyoN) (Li et al., 2023). Furthermore, in MyoF, P-4 responsive
genes including Bcl2, FOXO1A, SCGB2A2, CYP26al, and MMP11 ex-
hibit a P4-hyper responsiveness, suggesting that MyoF is primed
and at risk for LM transformation (Omar et al., 2019). A study of
evaluating progenitor/stem cells exposed to endocrine disrupting
compounds (EDC) demonstrates that the inflammatory pathways
are activated by enhancing the expression of critical
inflammatory-related genes (IRGs) in the myometrial stem cells
and myometrium. Those reprogrammed IRGs may result in a
hyper-inflammatory phenotype and an increase in hormone-
dependent risk of LM as a second hit later in life (Yang
etal., 2023).

Myometrium of different races: genetic,
epigenetic, and environmental factors for LM
development

LMs are considered monoclonal neoplasms, derived from a single
myometrial cell. The mechanism of neoplastic transition of a
myometrial cell into LM is largely unknown. Investigations on
the biology of myometrial cells and functional and molecular fin-
gerprints are necessary for understanding their transformation
into LM. The human myometrium is the muscular wall of the
uterus that is formed by an intricate network of different
Millerian smooth muscle lineages and extracellular matrix dis-
persed throughout connective tissues of vessels, fibroblasts, and
niche of inflammatory cell network (Goad et al., 2022). As a tissue
that is poised to regenerate, the myometrium sustains continu-
ous dynamic change—initial expansion during puberty, fluctuat-
ing proliferation and apoptosis during cyclic hormonal
fluctuations, robust expansion, and terminal differentiation dur-
ing pregnancy and postpartum involution (Shynlova et al., 2006).

It has been noted that early life adverse environmental expo-
sures can impose serious adult diseases and, more specifically,
the female reproductive tract has been deemed a target for devel-
opmental programming during early life hormone exposure
(Silbergeld and Patrick, 2005; Mas et al., 2017b). Regarding the dis-
parity of myometrial cell transitions to LM, studies showed that
Black women have an increased likelihood of experiencing haz-
ardous exposures (during uterus development and in later adult-
hood) to environmental chemicals such as endocrine disrupting
compounds (Greathouse et al., 2012; Katz et al., 2016; Bariani et al.,
2020). Other environmental pressures, such as racism and dis-
crimination can also affect personal well-being and health in
many ways (Williams and Mohammed, 2009). Studies have
shown a positive association between self-reported experiences
of racial discrimination and the incidence of uterine LM
(Geronimus et al., 2006; Wise et al., 2007; Van Dyke et al., 2020).
These findings clearly postulate that environmental exposures
and pressures can increase risk of LM development in Black
women, but more studies are needed.
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Susceptibility of myometrium for LM
development

Recent advanced multi-omics approaches on characterizing the
molecular genomics profiling of progenitor cells have added in-
sight into the susceptible myometrium. It has been shown that
mutational errors in scaffold proteins known as the SRCAP com-
plex lead to abnormal growth of myometrium cells. The SRCAP
proteins complex is an important player that controls the re-
placement of H2A with histone variant H2A.Z in the nucleosome
during DNA packing. As a result, these inactivating mutations in
SRCAP complex genes lead to a defect in H2A.Z loading that ulti-
mately alters protein expression in the myometrium to drive its
neoplastic transformation (Berta et al., 2021). Irrespective of an-
cestry, a comprehensive study of 728 LM patients and 2263 fresh-
frozen tumors with matched myometrium tissues (MyoF) dem-
onstrated that tumors bearing germline mutations in the SRCAP
members YEATS4 and ZNHIT1 showed defective deposition of
the histone variant H2A.Z. In these tumors, open chromatin
emerged at transcription start sites where H2A.Z was lost, which
was associated with upregulation of genes. These findings de-
scribe myometrial cell transition into LM through an aberrant
differentiation program driven by deranged chromatin, emanat-
ing from a small number of mutually exclusive driver mutations.
Furthermore, these findings open new avenues to determine
whether these mutations can be involved in racial disparity in
LM incidence (Berta et al., 2021).

Myometrial stem cells for LM development

Several studies link myometrium transition into LM from tissue-
specific stem cell divisions and self-renewal (Ono et al., 2013; Mas
etal., 2017a; Fernung et al., 2018). In particular, the somatic muta-
tions in myometrial stem cells (MyoSCs) convert them into
tumor-initiating cells, leading to LM development. Based on the
Eker rat model, the MyoSCs were defined as STRO-1+/CD44+
cells in the myometrium (Mas et al., 2017a). Investigation of a
large number of myometrial samples found that the MyoF con-
tained higher numbers of STRO-1+/CD44+ than MyoN (Fernung
et al., 2018). Furthermore, the myometrium of Black women had
higher STRO-1+/CD44+ MyoSCs than that of White women.
They observed a positive correlation of MyoSCs with parity and
number of LM, which fluctuated with menstrual cycle hormone
changes and age (Fernung et al., 2018). As a key candidate, STRO-
1+/CD44+ MyoSCs population may affect the risk for LM
development.

Altered DNA methylation in myometrium of
different races

Aberrations in gene expression through epigenetic modifications,
caused by exposure to environmental factors such as diet, exer-
cise, drugs, and chemicals, have been implicated in the develop-
ment of many disorders, including LMs (Moosavi and
Motevalizadeh Ardekani, 2016). When such influences can be
changed, these are termed as modifiable risk factors. It is pro-
posed that physical and environmental stresses in a person’s life
can contribute to physical ailments (Forde et al., 2019). Events
like economic hardship, psychological stress, alcohol consump-
tion, low physical activity, poor diet, and vitamin D deficiency
can erode an individual’s health and have been associated with
LM development (Vijayan and Karuna, 2019; Hajhashemi et al.,
2019; Tinelli et al., 2021; VanNoy et al., 2021). Altered or dysfunc-
tional hormone levels, oxidative burden, inflammation, and
other common stressors on the uterus may impact the rate of ge-
nomic instability and result in somatic gene mutations. Certain

risk factors including oxidative stress are apparently a higher
burden in Black women than in White women. In serum and hu-
man umbilical vein endothelial cells culture-based studies, it has
been found that Black women have higher oxidative stress as
compared to Caucasian women (Feairheller et al., 2011; Morris
etal., 2012).

DNA methylation, a heritable epigenetic mark involving the
covalent transfer of a methyl group to the C-5 position of the cy-
tosine ring of DNA by DNA methyltransferases (DNMTs) (Jin et al.,
2011), causes alterations in gene expression without altering the
sequence. Hypermethylation of the CpG Island in the promoter
regions of tumor suppressor genes and genes involved in DNA re-
pair has been associated with gene silencing, causing an increase
in genome instability and inducing the growth of tumor cells
(Wajed et al., 2001). The discovery of TET1 (ten-eleven transloca-
tion proteinl) (Tahiliani et al., 2009) led to a series of genome-
wide DNA methylation and transcriptional studies uncovering
molecular events in human disease. In early studies, DNMT
enzymes, responsible for methylation, were shown to be deregu-
lated in LM suggesting that DNA methylation was involved in lo-
cal changes of DNA (Yamagata et al.,, 2009). Hypermethylation
within promoter regions is usually associated with repression of
gene expression, while hypomethylation leads to gene expres-
sion. Altered DNA methylation patterns have been implicated in
LM (Carbajo-Garcia et al.,, 2022). The aberrant patterns of DNA
methylation were due to abnormal expression of DNMTs that
resulted in the differential expression of associated genes in LM
compared to matched myometrium (Li et al.,, 2003; Wtodarczyk
et al.,, 2022). A study has shown the aberrant methylation pat-
terns in LM, and found considerable alterations in promoter
methylation, leading to the downregulated expression of various
genes, including EFEMP110, WNT2B5, ADH1B4 GATA26, and
KLF47 (Mlodawska et al., 2022). Maekawa et al. (2013) identified
differential DNA hypomethylation at the promotor regions of
collagen-related genes involved in extracellular matrix, in addi-
tion to hypermethylation of DAPK1 (death associated protein ki-
nase 1) in the LM compared to matched myometrium, suggesting
that DNA methylation can alter gene expression associated with
LM development.

Although methylation and epigenetic alterations in LM have
been characterized (Yang et al., 2016), a genome-wide DNA meth-
ylation analysis in tumor myometrium from both Black and
White women was only recently performed. Notably, uteri of
Black women were more susceptible to increased altered methyl-
ation patterns (Paul et al., 2022; Liet al., 2023). The study found re-
markable differences in the methylation profiles in the
myometrium of Black and White women (Paul et al., 2022).
Analysis of differentially methylated regions (DMRs) in the myo-
metrium of Black and White women discovered a significant ra-
cial difference of DMR-associated genes, and same findings were
present in LM (Paul et al., 2022). In CpG probe analyses, 327 gene-
associated probes were shown to be hypomethylated whereas
495 genes were hypermethylated in the myometrium and LM by
>10% in Black women compared to White women (Table 3,
Fig. 1). Given a high incidence of LM in young Black women
(Table 1), an altered methylation profile in the myometrium of
Black women strongly suggest a role of epigenomic aging for the
risk of LM (Wang et al., 2022). Further analysis revealed that two
genes, VWF (Von Willebrand Factor, a blood glycoprotein in-
volved in platelet adhesion) and CD9 (modulates the cell adhe-
sion), at approximately 60kb upstream of the transcription start
sites, were hypomethylated in myometrium from Black women
compared to White women (Paul et al, 2022). Overall, these
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Table 3. Molecular differences in myometrium of Black versus White women with leilomyoma.

Number of genes

Factor Upregulated
Gene expression changed >2-fold 270
922
Hypermethylation
Methylation changed >10% 495
ROS pathway
Oxidative stress Enriched
Enriched

Downregulated Reference
374 Lietal, 2023
489 Paul et al., 2022
Hypomethylation
327 Paul et al., 2022
Oxidized guanine (8-OHdG)
Increased Lietal, 2023

Paul et al., 2022

ROS, reactive oxygen species; 8-OHdG, 8-hydroxy-2’-deoxyguanosine.

findings shed new light on race-specific patterns of DNA methyl-
ation in both LM tissue and the adjacent myometrium.

Intriguingly, it has been reported that epigenomic DNA meth-
ylation can be influenced by exogenous and endogenous factors.
Among the exogenous/environmental risk factors, smoking is a
common factor which affects both global and gene-specific DNA
methylation. In recently published studies, it has been shown
that smoking mediates alteration in DNA methylation status and
is associated with LM development (Domingo-Relloso et al., 2023;
Wesselink et al., 2023). Similarly, alcohol abuse and low physical
activity are potent drivers of DNA methylation and in incidence
and growth of LM genesis (FOhr et al., 2023; Zheng et al., 2023).
Epigenetic processes like DNA methylation may underlie associa-
tions between air pollution and increased risk of LM with other
negative health outcomes (Wesselink et al., 2021; Holliday et al.,
2022; Messingschlager et al., 2023).

Likewise, several endogenous risk factors like aging, oxidative
stress, inflammation, metabolic disorders, and hormone dys-
function have strong associations with DNA methylation status
and onset of tumorigenesis. DNA methylation and aging are
linked in a positive manner and are considered the signature of
each other (Carlund et al., 2023). Additionally, factors such as
chronic inflammation or infection can influence the patterns of
DNA methylation in the myometrium and determine the differ-
ence in prevalence of LM (Kabodmebhri et al., 2022).

Transcriptomic landscaping in myometrium of
different races

Transcriptomics has provided an excellent tool to study the func-
tional implications of genetic variability. Race-based clustering of
RNA seq data from myometrium and LM (mutant MED12) sam-
ples indicated that myometrial samples were significantly associ-
ated with race, while LM samples did not correlate with race.
This suggests that transformed LM cells gain similar tumor geno-
mic identities in both Black and White tumors, while in the myo-
metrium, there is a clear division of gene expression between the
two groups (Paul et al., 2022). A total of 489 genes were downregu-
lated and 922 genes were upregulated in the myometrium of
Black compared to White women (Table 3, Fig. 1). In contrast,
fewer genes were differentially regulated in the LM of Black and
White women (97 genes down and 101 upregulated) (Paul et al.,
2022). Gene set enrichment analysis identified 23 LM hallmark
pathways (TGFb signaling, Wnt/b-catenin signaling, p53, myo-
genesis, hypoxia, and reactive oxygen species (ROS)) that were
enriched in the myometrium of Black women compared to White
women (Table 3). A similar study that compared the transcrip-
tomic profiles of the myometrium of Black and White women
with LM found 270 upregulated and 374 downregulated genes

differentially expressed between these groups (Table 3). Gene en-
richment and gene ontology analysis revealed that the ROS path-
way as well as the oxidation-reduction process, organ
development, cell adhesion, inflammation, hypoxia, and oxida-
tive phosphorylation pathways were significantly associated
with the myometrium of Black women with LM compared to
samples from White women with LM (Table 3) (Li et al., 2023).

Taken together, the transcriptomic and DNA methylation pro-
files of the myometrium of Black versus White women has eluci-
dated important information; the molecular composition of the
myometrium was strongly clustered by race in both transcrip-
tome and methylation profiles, as opposed to LM samples which
were not. The findings indicated that a progenitor associated
with racial disparity begins in the myometrium prior to the devel-
opment of LM and that racial differences in methylation and
transcriptomic patterns in myometrium may determine the fate
of LM development.

Oxidative burden in the myometrium for LM
development

Oxidative stress plays an important role and is tightly regulated
in the uterus of reproductive-aged women (Foksinski et al., 2000;
Vidimar et al., 2016; Fletcher et al,, 2017; Torres et al., 2018).
Studies demonstrate that Black women experience a higher base-
line level of endothelial cells and serum oxidative stress than
White women both in vitro and in vivo (Feairheller et al., 2011;
Morris et al., 2012). Unregulated, increased oxidative stress can
increase susceptibility to neoplasia (Zhang et al., 2019). Oxidative
stress levels can be impacted by lifestyle factors such as diet,
physical activity, and psychosocial variables. A higher burden of
oxidative stress in the myometrium leads to DNA damage and
increases proteins associated with oxidative DNA damage and re-
pair (Table 3) (Li et al., 2023). ROS is a product of cell metabolism
with important physiological roles, yet when redox homeostasis
is disturbed (due to an imbalance between production and neu-
tralization) oxidative stress arises. Importantly, myometrial cells,
in response to high oxidative stress, may play a critical role in the
risk of LM development.

Role of myometrial ROS in racial disparity for LM

There is a growing body of literature linking ROS to the develop-
ment of uterine LM. A decreased ability to scavenge superoxide
by acetylated manganese superoxide dismutase (MnSODK122Ac)
results in oxidative stress (Sies et al., 2017). Clinical findings indi-
cate that serum protein markers of oxidative stress in women
with LM are significantly higher compared to women without
LM, in addition to correlating with the severity of the disease
(Santulli et al., 2013; Vidimar et al.,, 2016). In line with these
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findings, high ROS accumulation mediates the oxidation of
nucleotides in genomic DNA. In particular, modified guanine
8-OHdAG (8-hydroxy-2’-deoxyguanosine) (Table 3, Fig. 1)
(Sekiguchi and Tsuzuki, 2002; Poetsch, 2020) increases the misre-
pair rate of 8-OHAG and other modified nucleotides that cause
an increase in DNA mutations (Aggarwal et al., 2019). It was
reported that 8-OHdG mediated gene mutation in different onco-
genes, e.g. K-Ras (controls cell growth, maturation, and death)
and p53 (controls cell cycle arrest, DNA repair, and apoptosis),
further support the development of ROS-mediated tumors
(Olivier et al., 2010; Ziech et al., 2011).

ROS burden may contribute to the MED12 mutation rate, lead-
ing to the development of LM (Li et al., 2022, 2023). LMs experi-
ence a high level of oxidative stress due in part to ROS-related
metabolic defects (Vidimar et al, 2016; Xie et al., 2018). Age-
matched myometrial tissues from women with LM have higher
immunoreactivity for 8-OHdG compared to myometrial tissues
without LM (Li et al., 2022). Age-matched myometrium in Black
women with LM have higher detectable levels of 8-OHdG in the
genomic DNA than in White women with LM (Li et al., 2022). The
expression of proteins associated with oxidative DNA damage
and repair, 8-OHdG, 8-oxoguanine glycosylase (OGG1), heme
oxygenase-1 (HO-1), and kelch-like ECH-associated protein 1
(KEAP1) were higher in LM and matched myometrium of Black
women (Li et al., 2023). Along with increased oxidative stress in
the myometrium of Black women there were increases in DNA
damage through 8-OHdD formation and misrepair. This is consis-
tent with the findings of a higher rate of MED12 mutations in the
LM of Black women versus White women (Li et al., 2022;
Buyukcelebi et al., 2023).

ROS-mediated MED12 mutations in racial
disparity for LM

In a study of 529 LM samples from different races, MED12 muta-
tions were significantly higher in the LM from Black women
(79.7%) than White women (68%) (Li et al., 2022). A meta-analysis
containing data from 25 studies indicated that MED12 mutations
were more common in Black women (74.5%) than in White
women (65.8%) (He et al., 2022) (Table 1, Fig. 1). Insertion, dele-
tion, and point mutations in MED12 all occurred at a higher rate
in tumors of Black women (Lagana et al., 2017; Galindo et al.,
2018; Griffin et al., 2019; Zyla and Hodgson, 2021). This signifi-
cantly higher rate of MED12 mutations could provide a potential
explanation for the racial disparity observed in LM incidence.
Several pathological and clinical studies have investigated the
association of genetic mutations in HMGA2 and FH with LM de-
velopment (Lagana et al., 2017; Galindo et al., 2018; Griffin et al.,
2019; Zyla and Hodgson, 2021), however, no noticeable pattern
linking race and mutations within these genes to the develop-
ment of LM has been observed.

DNA damage plays a significant role in mutation, genetic in-
stability, and epigenetic changes. 8-OHdG is the key target of oxi-
dative stress toward DNA damage and is used as a biomarker to
measure DNA damage (Asare et al., 2016). These mutations may
lead to a mismatch between adenine and guanine (G) and medi-
ate the transversion of regular pairs of adenine and thymidine
(A:T), or cytosine and guanine(C:G), which is the hallmark of mu-
tagenicity in LM (Cheng et al., 1992; Ziech et al., 2011). It is impera-
tive to investigate how increased ROS promotes MED12 mutation
in myometrial cells through the oxidation of guanine nucleotides,
ultimately leading to misrepair. It was shown that Paraquat (PQ),
a chemical widely used to stimulate superoxide production in

cell culture conditions, caused high DNA oxidation and DNA
damage in primary myometrial cells (Xie et al., 2018). The level of
yH2AX (histone family member x), detected by immunofluores-
cent staining, was significantly increased when primary LM cells
were treated with PQ (Li et al., 2022) signifying increased DNA
damage. PQ-treated myometrial cells induced genes associated
with ROS, hypoxia, DNA repair, p5S3, estrogen response, and AKT
signaling pathways (Li et al., 2022). The targeted replacement of
guanine with 8-OHdG at MED12 c.130 by CRISPR/cas9 signifi-
cantly increased the misrepair of G>T, further supporting the no-
tion of oxidized guanine misrepair in target genes (Li et al., 2022).
Most significantly, myometrial cells treated with PQ in vitro
caused an increase in the rate of MED12 mutations in exon 2 at
€.130-131 (Li et al.,, 2022) which are the mutations that are fre-
quently found in LM. These data showed that ROS can induce
DNA damage in the myometrium and can induce MED12 muta-
tions in vitro. As Black women exhibit increased oxidative stress
in the myometrium, this correlates with the increased MED12
mutations in LM in vivo.

The consistency of the findings from DNA methylation, tran-
scription, and ROS-based MED12 mutations is exciting because
they provide new insight into the disparity in LM development
between Black and White women. Further investigations are
needed to identify the molecular trigger points where these
events are initiated. Current findings demonstrate a key role of
ROS and highlights race-specific differences in the myometrial
microenvironment.

To date, published data on uterine LMs have been insufficient
to elucidate the reasons for racial disparities. However, basic and
mechanistic research in recent years has significantly enhanced
our understanding of the mechanisms underlying LM develop-
ment which could be explored in tumors of Black and White
women. Furthermore, these findings enable the research com-
munity to begin thinking about new and improved diagnostic
and therapeutic approaches. Specifically, the hormonal dysfunc-
tion, MED12 mutation, and oxidative stress emerge as potential
target sites for treating or preventing the disease. Undoubtedly,
further studies will be needed to develop novel therapeutic tools
that can mitigate risk factors and reduce racial disparities in
LM genesis.

Conclusion

In conclusion, LM can be attributed to a combination of genetic
predisposition and epigenetic changes influenced by environ-
mental and lifestyle factors, shaping the epigenomic plasticity of
myometrial smooth muscle cells. Racial disparities in LM are evi-
dent at the biological level, as seen in marked differences in the
transcriptomic and epigenomic profiles of the myometrium de-
rived from Black and White patients with LM. Evidence suggests
that elevated ROS may serve as a potential driver of MED12
mutations and LM development. Taking into account both modi-
fiable and non-modifiable risk factors provide a more compre-
hensive understanding of the mechanisms associated with LM
development and growth.
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