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ABSTRACT

Introduction:  Uterine fibroids are the most 
common benign gynecological tumors, affecting 
up to 70–80% of women, yet still lack clinically 
validated biomarkers for disease stratification, 
monitoring, or therapeutic targeting. Advances 
in multi-omics technologies offer unprecedented 
opportunities for biomarker discovery; however, 
their application in fibroid research remains 
fragmented across platforms, biological sam‑
ples, and study designs, limiting translational 
progress.

Methods:  The PubMed, Embase, and Scopus 
databases were searched from 2000 to July 15, 
2025, to identify relevant studies. Original, peer-
reviewed articles using high-throughput omics 
technologies to discover fibroid-associated bio‑
markers were included. A narrative synthesis 
approach was employed to summarize the find‑
ings of included studies and map candidate bio‑
markers to their biological pathways. The meth‑
odological quality of the studies was assessed 
using the QUADOMICS tool. The protocol of 
this review was registered in PROSPERO plat‑
form (registration number CRD420251125813).
Results:  Thirty‑two studies met the inclusion 
criteria, including genomics (n = 10, 31.3%), 
transcriptomics (n = 8, 25.0%), epigenomics 
(n = 3, 9.4%), proteomics (n = 4, 12.5%), metab‑
olomics (n = 3, 9.4%), and multi‑omics (n = 4, 
12.5%) approaches for biomarker discovery of 
uterine fibroids. Single‑omics designs predomi‑
nated (87.5%) over integrated multi‑omics 
(12.5%). Six convergent pathways emerged 
across the different omics layers—extracellu‑
lar matrix remodeling, hormone signaling, cell 
cycle regulation, apoptosis resistance, oxida‑
tive stress/metabolism, and genome stability—
anchored by recurrent biomarker candidates.
Conclusion:  This review provides the first sys‑
tematic synthesis of high-throughput omics-
based biomarker discovery in uterine fibroids 
across multiple biological samples. The conver‑
gence of multi‑omics findings on a small set of 
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interconnected pathways supports the view of 
fibroids as a systems‑level disease and highlights 
tractable molecular targets that could inform 
non‑invasive biomarker panels and guide the 
translation of new pathway‑directed therapeu‑
tics beyond surgery. Critical gaps still include 
insufficient utilization of non-invasive samples, 
limited integration of multi-omics data, and 
inconsistent validation. Future research requires 
large-scale, integrated approaches that prioritize 
circulating biomarkers for clinical translation.

Keywords:  Biomarkers; Multi-omics; Precision 
MEDICINE; Translational research; Uterine 
fibroids

Key Summary Points 

Uterine fibroids are the most common 
benign tumors in women, yet they still lack 
clinically validated biomarkers, with diagno‑
sis and management relying largely on imag‑
ing and surgical intervention rather than 
biomarker-guided molecular stratification, 
disease monitoring, or personalized therapeu‑
tic strategies.

Omics-based studies in uterine fibroids 
remain dominated by single-omics, tissue-
based approaches, with limited integration of 
multi-omics data and minimal use of non-
invasive biological samples.

Across genomics, epigenomics, transcriptom‑
ics, proteomics, metabolomics, and multi-
omics studies, six convergent pathways—
including extracellular matrix remodeling, 
hormone signaling, cell cycle regulation, 
oxidative stress, genome stability, and apop‑
tosis resistance—emerge as core drivers of 
fibroid biology.

Recurrent biomarker candidates and path‑
ways spanning multiple omics layers suggest 
possible targets for novel, targeted therapeu‑
tics beyond surgery and highlight the poten‑
tial for composite, systems-level biomarker 
panels rather than single-marker strategies.

Future progress in uterine fibroid manage‑
ment will require large-scale, integrated 
multi-omics studies that prioritize non-
invasive samples, standardized validation, 
and pathway-informed biomarker panels to 
enable biomarker-guided diagnosis, monitor‑
ing, and precise therapy strategies.

INTRODUCTION

Uterine fibroids (UFs), also known as leiomyo‑
mas or myomas, are the most common benign 
tumors of the female reproductive system, 
affecting up to 70–80% of women by age 50 
[1–3]. Although the etiology of fibroid devel‑
opment remains incompletely understood, it 
is thought to involve a complex interplay of 
genetic susceptibility and environmental fac‑
tors [4]. While many fibroids are asymptomatic, 
approximately 25–50% of affected women expe‑
rience significant morbidity, including heavy 
menstrual bleeding, pelvic pain, infertility, and 
pregnancy complications, resulting in a substan‑
tial reduction in quality of life [3]. Despite the 
high prevalence and burden, early diagnosis of 
UFs remains challenging because of the lack of 
early symptoms and validated, non-invasive bio‑
markers for early detection, disease stratification, 
or treatment monitoring [5]. It is also important 
to note that the delayed diagnosis and treatment 
of UF is multifactorial and not solely biological. 
Although the absence of validated non-invasive 
biomarkers contributes to delayed detection, it 
represents only one component of a system-level 
clinical challenge. Delays in fibroid diagnosis are 
also influenced by healthcare access disparities, 
normalization or underrecognition of symp‑
toms, and social stigma surrounding menstrual 
and reproductive health, which may discourage 
early clinical evaluation [3, 6, 7].

Diagnosis currently relies on imaging modali‑
ties such as transvaginal ultrasound and MRI, 
which effectively detect fibroids anatomically 
but cannot inform on disease progression, 
recurrence risk, or underlying molecular sub‑
types [5, 8]. Importantly, UFs are biologically 
and clinically heterogeneous, varying widely 
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in molecular subtype, tumor size, number, and 
anatomical location, as well as in symptom 
severity and reproductive impact [9–11]. This 
heterogeneity underscores the limitations of sin‑
gle-marker approaches and highlights the need 
for comprehensive molecular profiling strategies 
capable of capturing the complex biology under‑
lying fibroid development and progression. The 
identification of reliable non-invasive biomark‑
ers could facilitate not only early detection but 
also guide personalized, pathway‑directed thera‑
pies, ultimately leading to reduced dependence 
on surgery, most notably hysterectomy, which 
is associated with both short- and long-term 
health and psychological risks [5, 8, 12]. In 
addition to potential medical side effects, cur‑
rent treatment strategies also largely conflict 
with many patients’ reproductive goals. Surgi‑
cal options such as hysterectomy permanently 
eliminate fertility, while hormonal therapies 
can suppress ovulation or require prolonged 
treatment courses that are not always compat‑
ible with pregnancy planning. Consequently, 
there is a critical clinical need for non-invasive 
tools and individualized management strategies 
that better align with reproductive preferences 
[13–15].

Recent advances in omics technologies, 
including genomics, epigenomics, transcriptom‑
ics, proteomics, and metabolomics, have trans‑
formed the ability to comprehensively character‑
ize the molecular landscape of complex diseases 
[16, 17]. These high-throughput approaches can 
identify differentially expressed genes, proteins, 
and metabolites that may serve as biomarkers 
for early diagnosis, prognosis, or therapeutic 
targeting [17]. Preliminary studies have identi‑
fied candidate biomarkers for fibroids, including 
PLP1, FOS, LDH, and IGF-1 [18–20]. In relation 
to each omic layer, transcriptomic profiling can 
reveal dysregulated signaling pathways that 
drive fibroid growth, while proteomic analysis 
can uncover extracellular matrix components 
that contribute to tumor stiffness and symptom 
severity [9, 21, 22]. Additionally, metabolic stud‑
ies can highlight altered metabolic pathways 
that sustain fibroid proliferation. On the other 
hand, integrative multi-omics approaches offer 
additional advantages by linking genomic altera‑
tions, such as the most studied fibroids variants 

MED12 mutations and HMGA2 rearrangements, 
to downstream epigenetic regulation, transcrip‑
tional changes, protein expression, and meta‑
bolic phenotypes. By jointly interrogating mul‑
tiple molecular layers, multi-omics strategies can 
elucidate how known UF pathways such as dys‑
regulated extracellular matrix (ECM) remodeling 
and estrogen–progesterone signaling interact 
to drive fibroid growth, hormonal responsive‑
ness, and clinical heterogeneity, all of which are 
relationships that single-omics studies cannot 
capture [9, 23, 24]. Despite these advances, the 
application of multi-omics approaches in fibroid 
research remains limited, and most studies rely 
on invasive tissue samples, with relatively few 
investigating circulating biomarkers from non-
invasive biological specimens.

In this systematic review, we systematically 
synthesize current omics-based studies to iden‑
tify candidate biomarkers associated with uter‑
ine fibroids across multiple molecular layers, 
including genomics, epigenomics, transcrip‑
tomics, proteomics, metabolomics, and inte‑
grated multi-omics approaches. Specifically, we 
characterize the distribution of omics platforms 
and biological sample types used in fibroid bio‑
marker discovery and map reported candidate 
biomarkers to their key biological pathways. 
Through this integrative analysis, we highlight 
convergent molecular pathways underlying 
fibroid pathophysiology and identify critical 
gaps that must be addressed to advance bio‑
marker-guided diagnosis, patient stratification, 
and future therapeutic development.

METHODS

Ethical Approval

This article is based on previously conducted 
studies and does not contain any new studies 
with human participants or animals performed 
by any of the authors.

Search Strategy

This systematic review was conducted follow‑
ing the Preferred Reporting Items for Systematic 
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Reviews and Meta-Analyses (PRISMA) 2020 
Statement [25]. The review was also registered in 
the International Prospective Register of System‑
atic Reviews (PROSPERO) platform (registration 
number CRD420251125813), with the protocol 
available online (https://​www.​crd.​york.​ac.​uk/​
PROSP​ERO/​view/​CRD42​02511​25813).

A study search was conducted using three 
databases: PubMed, Embase, and Scopus. All 
English publications from the year 2000 until 
15 July 2025 were searched without any restric‑
tion on the population’s country of study. No 
additional restrictions were applied to the search 
in order to capture the broadest possible range 
of relevant studies and ensure comprehensive 
coverage of the literature. The search strategy 
employed used a combination of relevant con‑
trolled keywords and Boolean operators such 
as “uterine fibroids” or “leiomyoma” and “bio‑
marker” or “diagnostic marker” and “omics” or 
“proteomics “or “metabolomics” or “transcrip‑
tomics” or “epigenomics” or “genomics”. The 
full search strategy for each database is provided 
in Table  S1 in the electronic supplementary 
material.

Eligibility Criteria and Selection of Studies

Original, peer-reviewed studies that used high-
throughput omics technologies to discover bio‑
markers in uterine fibroids were included. The 
study’s primary objective is to identify, vali‑
date, or characterize biomarkers associated with 
fibroids for diagnostic, prognostic, classifica‑
tion, or therapeutic purposes. Therefore, eligible 
studies met the following inclusion criteria: (a) 
the use of at least one omics-based technique, 
such as genomics, transcriptomics, proteomics, 
metabolomics, or epigenomics; (b) the study 
analyzes primary human biological samples, 
including tissue, blood, plasma, or urine; and 
(c) the study must clearly show that fibroids are 
the primary condition of interest for biomarker 
identification.

In addition, studies were excluded if they 
met any of the following conditions: (a) did 
not include any omics-based methodology 
or relied solely on low-throughput molecular 
techniques without prior omics discovery; (b) 

used exclusively non-human data, such as cell 
lines or animal models, without validation in 
human samples; (c) were not original research 
articles, including reviews, editorials, con‑
ference abstracts without full methodology; 
(d) studies that lacked a clearly defined com‑
parison between fibroid cases and appropriate 
controls (e.g., normal myometrium or healthy 
individuals).

Data Collection and Extraction

All retrieved articles were uploaded into End‑
Note reference management software, and 
duplicates were removed prior to screening. 
Two reviewers independently assessed titles and 
abstracts for relevance. A second round of full-
text review was then conducted on all studies 
that met the inclusion criteria. Data extraction 
was performed using a standardized Excel form. 
One reviewer independently extracted data from 
the full-text articles, and a second reviewer veri‑
fied the accuracy of the extracted information. 
Disagreements or discrepancies in data interpre‑
tation were resolved through discussion.

For each included study, the following infor‑
mation was extracted: (a) the identity of can‑
didate biomarkers proposed or validated in 
the results, (b) the omics technique used (e.g., 
genomics, transcriptomics, proteomics, metabo‑
lomics, or epigenomics), (c) the type of biologi‑
cal sample analyzed (e.g., tissue, blood, plasma, 
urine), (d) the comparison group (e.g., fibroid 
vs. normal myometrium), (e) the number of 
samples analyzed, and (f) the year of publica‑
tion. Only biomarkers explicitly stated as statis‑
tically significant or validated biologically were 
included in the extraction results table. In cases 
of missing or unclear data, attempts were made 
to contact the corresponding authors for clarifi‑
cation or additional information.

Study Risk of Bias and Quality Assessment

The methodological quality and risk of bias 
of the included studies were assessed using 
the QUADOMICS methodology criteria, spe‑
cifically designed to evaluate studies that 
apply omics-based technologies [26]. Quality 

https://www.crd.york.ac.uk/PROSPERO/view/CRD420251125813
https://www.crd.york.ac.uk/PROSPERO/view/CRD420251125813
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assessment was conducted independently by 
two reviewers. The QUADOMICS tool consists 
of a 16-item checklist, and each study was 
evaluated against these criteria using a Yes/No/
Unclear scoring system, where Yes received a 
single point and No or Unclear received zero 
points. A total quality score was then calcu‑
lated for each study, with scores of 13–16 clas‑
sified as high quality, scores of 9 or below as low 
quality, and scores in between considered mod-
erate quality. In addition to assigning an over‑
all score per study, the proportion of studies 
fulfilling each individual criterion was calcu‑
lated, providing a comprehensive overview of 
the methodological strengths and weaknesses 
across all included studies.

Data Synthesis and Visualization

Given the diversity of study designs and out‑
comes, a  narrative synthesis approach  was 
employed. This synthesis highlighted the most 
promising biomarker candidates within each 
omics layer. Studies were grouped into syn‑
thesis categories according to the omics layer 
investigated: genomics, epigenomics, transcrip‑
tomics, proteomics, metabolomics, and multi-
omics. Extracted study data were entered into 
a standardized Excel spreadsheet and harmo‑
nized to ensure consistency in terminology and 
format. The results of biomarker discovery were 
organized in summary tables for each omics 
category, detailing key study characteristics, 
sequencing methods, validation status, and 
identified biomarker candidates. Additionally, 
visual representations were generated, includ‑
ing bar charts that illustrate the distribution of 
biological sample types, the number of stud‑
ies conducted per omics layer, and Sankey plot 
for pathway convergence across all included 
studies.

Heterogeneity among studies was explored 
qualitatively, focusing on differences in omics 
platforms, biological sample sources, and the 
geographical origin of study populations. This 
approach allowed the identification of meth‑
odological trends and gaps that may inform 
future research priorities.

Omics Category Definitions and Classification 
Rules

Omics classifications were defined according to 
the primary molecular layer directly interrogated 
in biological samples rather than downstream 
computational interpretation. In this review, 
genomics studies were defined as those iden‑
tifying DNA-level variation such as genome-
wide association studies (GWAS), whole-exome 
sequencing (WES), single nucleotide polymor‑
phism (SNP) genotyping, and candidate gene 
polymorphism analyses. In silico functional 
analyses derived from genetic variants, including 
expression quantitative trait loci (eQTL) map‑
ping and transcriptome-wide association stud‑
ies (TWAS), were also classified under genomics 
because they infer transcriptional consequences 
from genotype. Transcriptomics studies included 
those that directly quantified RNA expression in 
biological samples using techniques such as RNA 
sequencing, microarrays, or targeted expres‑
sion profiling. Epigenomics comprised studies 
assessing DNA methylation or chromatin regu‑
latory modifications in fibroid-related samples. 
Proteomics and metabolomics included studies 
directly measuring proteins and metabolites, 
respectively. Multi-omics studies were defined 
as investigations experimentally measuring 
two or more molecular layers within the same 
biological samples. Computational integration 
of independent datasets without simultaneous 
experimental measurement was not classified as 
multi-omics. To avoid inflation of study num‑
bers, multi-omics studies were counted exclu‑
sively within the multi-omics category and were 
not duplicated across individual omics layers.

Additional Sensitivity Search for Genomics 
Studies

To assess whether the use of the term ‘bio‑
marker’ in the primary search strategy may have 
excluded genomics studies—such as GWAS, tar‑
geted genetic association studies, and candidate 
gene studies reporting statistical associations 
without explicitly using biomarker-related ter‑
minology—we conducted an additional sen‑
sitivity targeted genomics search. This search 
was performed in the same primary databases 
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in PubMed, Embase, and Scopus (2000–15 July 
2025) using the original search strategy with 
the sole removal of the term ‘biomarker’ and 
its related synonyms (Table S1). This analysis 
was undertaken to determine whether the bio‑
marker-focused search restriction would influ‑
ence the genomics biological interpretation and 
pathway convergence reported in this review.

RESULTS

Study Selection and Characteristics

The detailed flowchart of the study selection 
process is shown in Fig.  1. A total of 2730 

records were identified from three databases: 
PubMed (n = 905), Embase (n = 953), and Sco‑
pus (n = 872). After removal of 1667 duplicates, 
1063 unique records were retained for title and 
abstract screening. Of these, 919 were excluded. 
The remaining 144 articles were retrieved for 
full-text assessment. Following full-text review, 
112 articles were excluded. Ultimately, 32 stud‑
ies met the inclusion criteria and were included 
in the synthesis. More details of the screening 
process are in the PRISMA flow diagram (Fig. 1).

The included studies spanned five omics 
categories: genomics (n = 10; 31.2%), transcrip‑
tomics (n = 8; 25.0%), epigenomics (n = 3; 9.4%), 
proteomics (n = 4; 12.5%), metabolomics (n = 3; 
9.4%), and multi-omics (n = 4; 12.5%). Single-
omics approaches predominated (87.5%), with 

Fig. 1   PRISMA 2020 flow diagram summarizing the study selection process for the systematic review
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only 12.5% employing integrated multi-omics 
analyses. Biological sample sources varied, 
with tissue being the most common (n = 18), 
followed by blood (n = 11), a combination of 
tissue and blood (n = 2), and saliva (n = 1). Nota‑
bly, no included studies utilized urine as a bio‑
logical sample for fibroid biomarker discovery 
using omics (Fig. 2). The full details of study 
characteristics for all 32 included papers are 

found in Table S2 in the electronic supplemen‑
tary material.

According to the QUADOMICS tool’s scor‑
ing, of the included studies, 7 were ranked high 
quality, 18 moderate quality, and 7 low quality. 
Several methodological criteria were strongly 
adhered to across the studies; 93.8% of the 
studies clearly described their selection criteria, 
and 84.4% used a range of well-representative 
patient sample types. In addition, 81.2% of 

Fig. 2   Overview of study characteristics: distribution of 
omics and biological samples across included studies. a Pro-
portion of studies applying single omics versus multi-omics 

approaches. b Distribution of biological sample types used 
across studies. c Distribution of omics layers investigated 
across the included studies
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studies reported handling and pre-analytical 
procedures in detail. However, several weak‑
nesses were also evident across the studies. The 
lowest-performing domains were blinding of the 
index test to the reference standard (only 9.4%), 
detailed reporting of diagnostic and treatment 
procedures (40.6%), and the failure of most 
studies (62.5%) to report failed/invalid samples, 
masking potential selection bias. These short‑
comings suggest potential risks of bias, particu‑
larly in the study’s execution and data analysis. 
A full breakdown of the detailed quality scoring 
for each included study is provided in Table S3 
in the electronic supplementary material.

Genomics: Diverse Genetic Technologies 
Reveal Fibroid Susceptibility Loci

Across the ten included genomics studies 
(Fig.  3), diverse genetic technologies were 
applied. Two studies (20%) used GWAS [27, 28], 

one study (10%) analyzed WES [29], 3 studies 
(30%) used targeted SNP genotyping [30–32], 
and 4 studies (40%) used PCR-based polymor‑
phism detection [33–36]. Regarding biological 
samples, seven studies (70%) used blood sam‑
ples, one (10%) used saliva, one (10%) used tis‑
sue only, and one (10%) used both tissue and 
blood. Across these studies, direct biological 
validation of candidate biomarker variants was 
largely absent, except for one study (10%) [29], 
which incorporated molecular validation, while 
the remainder relied solely on statistical signifi‑
cance (see Table S4 in the electronic supplemen‑
tary material for details).

Collectively, the primary genomic stud‑
ies have revealed an interplay between inher‑
ited susceptibility loci and somatic alterations, 
converging on biological pathways related to 
hormone signaling, cell proliferation, genome 
stability, and ECM remodeling, which serve as 
consistent genetic candidate markers of fibroid 
risk. Notably, candidate variants such as WT1 
(transcriptional regulation), ESR1 (estrogen 
receptor alpha), CDC42/WNT4 (cell signal‑
ing pathway), OBFC1 (telomere maintenance), 
LIN28B (apoptosis inhibition/PI3K/AKT path‑
ways), YEATS4 (p53 pathway inhibition/cell 
proliferation), and ZNHIT1 (p53-mediated DNA 
damage response) were all linked to fibroids 
risk across the different studies [28–31, 34]. In 
addition, polymorphisms in colocalization with 
the vitamin D receptor (VDR) genes, such as 
DHCR7 and ASIP, were also proposed as genetic 
markers of fibroid risk [32]. A multi‑ancestry 
GWAS further identified novel associations at 
VIP and FOXO3, implicating vasoactive and 
stress‑response transcriptional programs: VIP 
variants may link fibroid risk to vascular tone, 
blood‑pressure regulation, and fibrosis, while 
FOXO3 is connected to estrogen‑related receptor 
signaling and TP53‑mediated cell cycle control, 
reinforcing cross talk between hormonal, pro‑
liferative, and tumor‑suppressor networks [27]

Interestingly, one large multi‑ancestry GWAS 
meta‑analysis included 74,294 fibroid cases and 
465,810 controls (27.7% non‑European), ena‑
bling ancestry‑stratified analyses in European, 
East Asian/Central/South Asian, and African 
ancestry populations [27]. Using an LDAK Sum‑
Her approach, the authors estimated SNP‑based 

Fig. 3   Integration of multi-omics studies on biomarker 
discovery of uterine fibroids. (a) Each sector represents 
one omics layer, highlighting the primary techniques used, 
the types of biological samples, and the selected candidate 
biomarkers. The central hub illustrates the convergence 
of omics findings onto key dysregulated biological path-
ways. (b) Sankey plot illustrating convergence of biologi-
cal pathways across omics layers in uterine fibroids. Each 
ribbon links an omics layer (left) to a key dysregulated 
biological pathway (right). Pathways include hormone 
signaling, genome stability, cell cycle regulation, oxidative 
stress/metabolism, ECM remodeling, and apoptosis resist-
ance. Ribbon widths indicate the relative number of bio-
markers mapped to each pathway. SNP single nucleotide 
polymorphism, WES whole-exome sequencing, GWAS 
genome-wide association study, PCR polymerase chain 
reaction, circRNA circular RNA, miRNA microRNA, 
lncRNA long noncoding RNA, RNA-seq RNA sequenc-
ing, MALDI TOF/TOF matrix-assisted laser desorption/
ionization time-of-flight, iTRAQ-LC–MS/MS isobaric 
tags for relative and absolute quantitation-liquid chroma-
tography–mass spectrometry, Nano LC–MS/MS nano 
liquid chromatography–mass spectrometry, ESI–MS elec-
trospray ionization mass spectrometry, HPLC–MS high-
performance liquid chromatography–mass spectrometry, 
LC–MS liquid chromatography–mass spectrometry, ECM 
extracellular matrix

◂
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heritability at 5% in the combined multi‑ances‑
try sample and 7% in Europeans, with a nota‑
bly higher estimate of 15.9% in African‑ancestry 
individuals, highlighting a substantial inherited 
component of fibroid risk in this population. 
Ancestry‑stratified analyses replicated WT1 as a 
fibroid risk gene in African‑ancestry individuals 
and identified a novel association at COL22A1, 
a collagen gene upregulated in fibroid tissue, 
linking African‑ancestry genetic risk to ECM 
remodeling processes observed in other omics 
layers [27].

Moreover, an additional targeted sensitivity 
search was performed to address the possibility 
that requiring ‘biomarker/diagnostic marker’ 
as a search term may have underrepresented 
genomics studies such as GWAS and targeted 
genetic association analyses. This search yielded 
3223 (PubMed), 1941 (Embase), and 1818 (Sco‑
pus) records. After deduplication and title/
abstract screening prioritizing genomics‑focused 
designs (GWAS, SNP‑based genetic association, 
candidate gene studies), 32 full‑text articles were 
assessed against the original eligibility criteria, 
and four additional genomics studies met inclu‑
sion criteria and were incorporated further into 
the synthesis (Table S4). The additional sensitiv‑
ity targeted genomics search identified further 
genetic association studies reporting susceptibil‑
ity loci without explicit biomarker terminology. 
These studies also consistently highlighted loci 
related to hormone signaling (GREB1, WNT4/
CDC42), proliferative/inflammatory pathways 
(WNT4, WT1, MED12, TNRC6B, BET1L, COX-
2), and genome stability/telomere maintenance 
(TERT, TP53) [37–40], reinforcing the same bio‑
logical themes observed in the primary analy‑
sis. Large-scale association analyses similarly 
linked fibroid risk to hormone-responsive and 
tumor-suppressor pathways. Importantly, the 
inclusion of these additional genomics studies 
did not alter the pathway convergence or the 
primary interpretation of genomic contributions 
to fibroid biology described in this review.

Altogether, the genomic biomarker variants 
described in this review mechanistically contrib‑
ute to fibroid pathogenesis through disrupted 
transcriptional regulation (e.g., WT1), estrogen 
hypersensitivity (e.g., ESR1), aberrant Wnt/β-
catenin signaling (e.g., CDC42/WNT4), telomere 

maintenance defects (e.g., OBFC1, TERT), and 
p53 pathway inhibition (e.g., YEATS4, ZNHIT1), 
creating a proliferative, survival-advantaged cel‑
lular state. Vitamin D pathway polymorphisms 
(e.g., DHCR7, ASIP) may impair antiproliferative 
effects, while ECM collagen variants (COL22A1) 
can link genetic risk to the fibrotic phenotype, 
establishing inherited susceptibility as a founda‑
tional driver of fibroid molecular heterogeneity.

Epigenomics: DNA Methylation and 
Chromatin Remodeling as Biomarker 
Signatures

Regarding epigenomics, three studies investi‑
gated DNA methylation changes in fibroids, 
with a primary focus on genome-wide methyla‑
tion profiling and targeted methylation analysis 
of candidate biomarker genes. Across the three 
studies (100%), the methylation changes impli‑
cated genes involved in transcriptional regu‑
lation, cell signaling, and hormonal response 
[41–43]. Notably, unlike genomic studies, these 
epigenomic investigations consistently incorpo‑
rated various types of biological validation for 
candidate biomarkers (see Table S5 in the elec‑
tronic supplementary material for details). All 
the epigenomics studies (100%) used patient-
matched paired tissue samples [41–43]

Overall, epigenetic studies consistently impli‑
cated aberrant DNA methylation and chroma‑
tin regulation as candidate markers in fibroid 
development. Across genome-wide and candi‑
date-gene analyses, both hypermethylation and 
hypomethylation patterns emerged, with recur‑
rent alterations affecting regulatory genes, such 
as GATA2 and NTRK2 [42], as well as X-linked 
loci, including FAM9A and CPXCR1 [43]. These 
changes converged on pathways related to cell 
adhesion, transcriptional regulation, and cell 
signaling, processes tightly linked to prolifera‑
tion and differentiation [41, 43]. Importantly, 
differential methylation signatures distinguished 
fibroids from matched myometrial tissues, iden‑
tifying significant biomarker candidates, such 
as TSPYL2 (an assembly protein required for 
cell cycle maintenance under stress) and OCRL 
(inositol 5-phosphatase), in 68.2% and 50% of 
fibroid specimens, respectively [41]. Despite 
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methodological heterogeneity, the findings col‑
lectively highlight epigenetic remodeling as a 
hallmark of fibroid biology. Mechanistically, 
epigenomic alterations silence tumor suppres‑
sors (e.g., TSPYL2) and activate growth signaling 
(e.g., GATA2, NTRK2) through hyper/hypometh‑
ylation, disrupting cell cycle maintenance and 
adhesion. Chromatin remodeling creates herit‑
able transcriptional memory that sustains the 
pro-proliferative, ECM-producing fibroid pheno‑
type independently of coding mutations.

Transcriptomics: Noncoding RNAs and 
Differential Gene Expression in Fibroid 
Pathogenesis

This systematic review included eight studies 
that used transcriptomics. Of these, two stud‑
ies (25%) analyzed circular RNAs (circRNAs) [44, 
45], one using a global [44] and one a targeted 
[45] approach. One study (12.5%) utilized a 
DNA microarray of gene expression screening 
[46], two studies (25%) analyzed microarray 
miRNA/mRNA gene expression [47, 48], two 
studies (25%) analyzed long noncoding RNAs 
(lncRNAs) [49, 50], and one study (12.5%) 
used RNA-sequencing (RNA-seq) [51]. Regard‑
ing the biological samples, in all eight papers 
(100%), the core expression analysis and bio‑
marker discovery were tissue-based (Fig. 3). In 
seven studies, differential expression findings 
were biologically validated using techniques 
such as quantitative RT‑PCR, western blotting, 
immunohistochemistry, in situ hybridization, 
and functional in vitro assays in primary fibroid 
cells or leiomyoma cell lines, whereas one study 
relied solely on statistical significance without 
experimental validation. Notably, none of the 
included transcriptomic papers incorporated 
in vivo animal models; all functional follow‑up 
was limited to ex vivo human tissue or in vitro 
cellular systems (see Table S6 in the electronic 
supplementary material for details).

Overall, transcriptomic studies consistently 
implicated dysregulation of ECM organiza‑
tion, cell cycle regulation, and metabolic path‑
ways in fibroid pathogenesis, with noncoding 
RNAs (ncRNAs), particularly circRNAs and 
lncRNAs, emerging as promising biomarker 

classes [44, 45, 49, 50]. Circular RNA profil‑
ing identified a panel (hsa_circ_0083920, 
hsa_circ_0056686, hsa_circ_0062558, hsa_
circ_0020376, hsa_circ_0043597) with high 
diagnostic sensitivity and specificity accuracy 
[44], while hsa_circ_0060927 was ectopically 
expressed in one-third (33.33%) of fibroids 
but absent in controls [45]. In addition, inte‑
grated miRNA/mRNA microarray analysis 
identified hub differentially expressed genes 
(DEGs) (e.g., ASPM, SNAI2, COL3A1) and hub 
differentially expressed molecules (DEMs) 
(hsa-miR-181b-5p, hsa-miR-381-3p) linked to 
cell cycle progression, ECM remodeling, and 
epithelial–mesenchymal transition (EMT), vali‑
dated via qRT-PCR and functional assays (pro‑
liferation, migration, apoptosis) (see Table S6 
in the electronic supplementary material for 
details) [47]. Concurrent lncRNA profiling 
revealed widespread dysregulation of lncRNAs 
in leiomyoma versus normal myometrium. 
In RNA‑seq studies, many dysregulated miR‑
NAs in leiomyoma are reported to target genes 
involved in angiogenesis, inflammation, ECM 
accumulation, and tissue fibrosis, and to link 
progesterone signaling to altered lipid metabo‑
lism, all of which are characteristic processes 
of leiomyoma [51, 52]. Another lncRNA study 
further shows that lncRNA‑mediated sponging 
of miR‑29c and miR‑200c increases COL1A1, 
COL3A1, and FN1 protein levels, directly pro‑
moting collagen‑rich ECM deposition and 
fibrotic remodeling in fibroid smooth muscle 
spheroids [53]. Protein-coding transcriptomics 
further highlighted changes associated with 
metabolism and the ECM [42].

Collectively, transcriptomic dysregula‑
tion mechanistically drives ECM deposition 
through collagen upregulation (e.g., COL1A1, 
COL3A1) and lncRNA/miRNA sponging, cell 
cycle acceleration via CCNB2/BIRC5/FOXM1 
overexpression, and EMT promotion (e.g., 
SNAI2, miR-181b-5p). Noncoding RNAs (cir‑
cRNAs, lncRNAs) form regulatory hubs that 
maintain fibrotic stiffness, proliferation, and 
survival signaling, positioning them as master 
regulators linking genetic predisposition to 
the extracellular and proliferative hallmarks 
of fibroid tumors.
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Proteomics and Metabolomics: Protein and 
Metabolic Signatures of Fibroid Biology

This systematic review included seven studies 
on the discovery of fibroid biomarkers using 
proteomics and metabolomics: four studies 
(57.1%) used proteomics, and three studies 
(42.9%) used metabolomics techniques.

With regards to proteomics, all the included 
studies (100%) used mass spectrometry-based 
platforms as the core technology for protein 
identification and quantification, with varia‑
tions in labeling strategies and fractionation 
methods such as MALDI-TOF/TOF [54], iTRAQ-
LC–MS/MS [55], Nano LC–MS/MS [56], and 
2D-DIGE/MALDI-TOF MS [57]. Three of the 
studies used unbiased approaches, while one 
focused on targeted chaperone proteins (Fig. 3). 
In addition, two studies used paired tissue sam‑
ples [45, 46], while two used serum or plasma 
[56, 57] for proteomic identification. Collec‑
tively, the studies’ findings depict a proteomic 
shift toward a pro-growth, pro-angiogenic, and 
apoptosis-resistant fibroid phenotype [54–56]. 
This was evident by the altered expression of 
chaperones (CALR, HSPA5, PDIA3, VCP) [54], 
apoptosis regulators (TRADD) [55], secreted 
proteins (MASP2, lumican, ficolin-2, kallista‑
tin, EMSY) [56], as well as transportation/coag‑
ulation proteins such as apolipoprotein A-I, 
fibrinogen chains, serotransferrin, and vita‑
min D-binding protein [57]. These proteins 
were implicated in cell proliferation, evasion 
of apoptosis, ECM remodeling, and angiogen‑
esis. All proteomics candidates were experi‑
mentally validated using various methods, 
including western blot, immunohistochem‑
istry, RT-qPCR, and bio-layer interferometry 
(see Table S7 in the electronic supplementary 
material for details). The recurrent detection of 
ECM-related and apoptosis-regulatory proteins 
across different proteomics platforms and sam‑
ple types strengthens their potential as candi‑
date biomarker and therapeutic targets.

Similarly, across all three metabolomics studies 
(100%), unbiased mass spectrometry-based plat‑
forms were used to characterize the metabolic alter‑
ations associated with uterine fibroids. One study 
utilized electrospray ionization mass spectrometry 

(ESI–MS) for tissue samples and high-performance 
liquid chromatography–mass spectrometry 
(HPLC–MS) for plasma [58]. The other study used 
tissue samples, which were analyzed by liquid 
chromatography–mass spectrometry (LC–MS) 
[59], and the last study analyzed plasma by gas 
chromatography–mass spectrometry (GC–MS) 
[60]. Only one study incorporated biological vali‑
dation, while the others relied solely on statistical 
significance (see Table S7 in the electronic sup‑
plementary material for details). Collectively, the 
metabolomics findings reveal consistent metabolic 
signatures associated with lipid remodeling, energy 
metabolism, and oxidative stress pathways during 
fibroid development. Metabolite candidates, such 
as phosphatidylcholines, sphingomyelins, and 
cholesterol esters, were proposed as biomarker 
candidates for fibroids [58]. Additional alterations 
included reduced plasma levels of branched-chain 
amino acids (l-isoleucine, l-valine), pyroglutamic 
acid, fatty acids (arachidonic, palmitic, stearic 
acids, α-tocopherol), and carbohydrates (myo-ino‑
sitol, d-threitol), alongside increased α-linolenic 
acid and l-glutamine. These metabolite shifts sug‑
gest systemic metabolic reprogramming that may 
underpin the growth, recurrence, and progression 
of fibroids [59, 60].

Overall, proteomic shifts toward chaperone-
mediated growth (e.g., CALR, HSPA5), apopto‑
sis evasion (e.g., TRADD downregulation), and 
angiogenic ECM remodeling (e.g., lumican, 
MASP2) create a pro-tumorigenic niche, while 
metabolomic signatures reveal lipid repro‑
gramming (phosphatidylcholines, sphingomy‑
elins) and oxidative stress (BCAA depletion, 
α-tocopherol reduction) that fuel proliferation 
and survival. These protein/metabolite altera‑
tions reflect systems-level adaptation to hor‑
monal/growth stimuli characteristic of fibroid 
pathophysiology.

Multi‑omics Integration: Convergent 
Biomarker Pathways Across Omics Layers

This review included four studies that used multi-
omics approaches to discover fibroid biomarkers. 
All four (100%) studies included transcriptomics as 
one of their layers. Two studies (50%) investigated 
genomics and transcriptomics [61, 62], one study 
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(25%) utilized transcriptomics and epigenomics 
[63], and the last study employed three omics lay‑
ers: genomics, transcriptomics, and epigenomics 
[64]. Moreover, three studies (75%) analyzed tis‑
sue samples, while one (25%) used blood samples. 
Similarly, only one study (25%) employed biologi‑
cal validation, while the rest (75%) relied solely on 
statistical significance, which limits confidence 
that the findings reflect true biological mechanisms 
and potentially reduces their reproducibility (see 
Table S8 in the electronic supplementary material 
for details).

Collectively, the multi-omics findings converge 
to biomarker candidates related to oxidative stress, 
telomere regulation, ECM remodeling, and hor‑
mone signaling as central pathways in fibroids. 
Transcriptome–Mendelian randomization identi‑
fied oxidative stress-related biomarkers (ANXA1, 
CD36, MICB, PRDX6) [61] as mediators of fibroid 
development. Large-scale genomic analyses 
revealed susceptibility loci linked to telomere main‑
tenance (TERT, TERC, OBFC1, TP53, ATM) and hor‑
mone-regulated pathways (WNT4, WT1, MED12, 
ESR1, FOXO1) [64]. Integrative analyses also pin‑
pointed PTGS2 and TACSTD2 as key genetic bio‑
markers connecting prostaglandin metabolism and 
epithelial adhesion to fibroid biology [63]. Subtype-
specific markers further refined disease heterogene‑
ity, where ZMAT3, a tumor-suppressor-associated 
gene that works downstream of p53, was upregu‑
lated across all fibroids [62]. Together, multi-omics 
integration mechanistically links genetic risk vari‑
ants (e.g., TERT, ESR1) to downstream oxidative 
stress (e.g., ANXA1, PRDX6), telomere dysregula‑
tion (e.g., OBFC1), and hormone-responsive ECM 
deposition (e.g., PTGS2), revealing causal pathways 
from germline susceptibility through epigenomic/
transcriptomic mediation to proteomic/meta‑
bolic phenotypes that sustain fibroid growth and 
persistence.

Biological Pathways Convergence: 
Systems‑Level Insights into Fibroid 
Pathophysiology

To synthesize findings across the included 
studies, we mapped candidate biomarkers 
from genomics, epigenomics, transcriptomics, 
proteomics, metabolomics, and multi-omics 

investigations to their key biological pathways. 
Results showed a convergence in pathways 
related to hormone signaling, genome stability, 
cell cycle regulation, oxidative stress/metabo‑
lism, ECM remodeling, and apoptosis resist‑
ance. A Sankey plot (Fig. 3b) illustrates how each 
omics layer contributes to multiple pathways, 
emphasizing the systems-level dysregulation 
characteristic of uterine fibroids.

Genomic variants and epigenetic changes 
were most frequently linked to hormone sign‑
aling  and  genome stability. Transcriptomic 
and proteomic data converged strongly on cell 
cycle regulation, apoptosis resistance, and ECM 
remodeling, reflecting proliferative and survival 
phenotypes. Proteomic and metabolomic stud‑
ies highlighted oxidative stress and metabolic 
reprogramming.

DISCUSSION

To our knowledge, this review is the first sys‑
tematic synthesis focused specifically on omics-
based biomarker discovery in uterine fibroids. 
By consolidating findings across genomics, epi‑
genomics, transcriptomics, proteomics, metab‑
olomics, and multi-omics studies, a compre‑
hensive overview of molecular candidates and 
pathways implicated in fibroid pathogenesis was 
provided. Unlike previous narrative reviews that 
have separately highlighted genetic or molec‑
ular alterations, our study integrates evidence 
from multiple omics layers, thereby offering 
an updated landscape of candidate biomarkers 
and mechanisms underlying fibroids develop‑
ment. Importantly, this integrative perspective 
reframes fibroid biomarker discovery as a trans‑
lational tool to support non-invasive diagnosis, 
molecular subtyping, and the rational develop‑
ment of targeted medical therapies beyond sur‑
gical management.

Six primary pathways consistently emerged 
across multiple omics platforms, demonstrat‑
ing a cross-layer validation in fibroid bio‑
marker research. ECM remodeling has emerged 
as a common pathway, present across nearly 
all omics layers. Transcriptomic analyses 
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revealed upregulation of multiple collagen 
genes (COL3A1, COL11A2, COL4A5, COL4A6), 
while proteomic investigations detected altered 
expression of lumican and other ECM-related 
proteins. From a novel therapeutics view, mod‑
ulators of transforming growth factor (TGF)-β 
signaling, which regulate ECM deposition, have 
been investigated in preclinical studies and show 
promise in reducing fibroid size and prolifera‑
tion [65]. Functional studies using in vitro and 
animal models have validated the role of spe‑
cific ECM proteins, such as collagen and lumi‑
can, in promoting fibroid cell proliferation and 
ECM accumulation, supporting their relevance 
as both mechanistic biomarkers and potential 
intervention points [66–69]. The cross-layer con‑
sistency suggests that ECM dysregulation has a 
translational potential and represents a funda‑
mental pathophysiological mechanism driving 
fibroid growth and tissue architecture changes, 
extending beyond simple structural alterations 
to encompass complex regulatory networks 
governing cellular adhesion, migration, and 
differentiation.

Hormone signaling pathways have also dem‑
onstrated cross-omics validation, appearing in 
genomic studies through ESR1 (estrogen recep‑
tor alpha) and LIN28B variants, in epigenomic 
investigations via hormone-responsive gene 
methylation patterns, and in multi-omics anal‑
yses that identify ESR1, FOXO1, and related 
hormone-regulated pathways. This convergence 
highlights the well-established role of hormonal 
regulation in fibroid biology, while also reveal‑
ing previously unrecognized layers of hormonal 
control through genetic predisposition, epige‑
netic modification, and metabolic reprogram‑
ming. Clinically, these insights align with the 
efficacy of hormone‑targeting therapies such 
as gonadotropin-releasing hormone (GnRH) 
antagonists and selective progesterone receptor 
modulators, which shrink fibroid volume and 
reduce bleeding by suppressing estrogen–proges‑
terone signaling [70, 71]. Functional studies in 
fibroid cells and animal models show that block‑
ing progesterone and estrogen receptors reduces 
proliferation, induces apoptosis, and down‑
regulates ECM‑related and inflammatory genes 
[70–73]. Supporting the translational value of 
targeting hormonal pathways are the phase III 

clinical trials of relugolix combination therapy. 
This oral GnRH antagonist regimen has demon‑
strated significant symptom control and fibroid 
volume reduction while substantially lowering 
overall healthcare costs compared with standard 
care, offering a medical alternative to invasive 
procedures [74].

The consistent identification of cell cycle 
regulation and proliferation pathways across 
omics layers, from genomic variants in WT1 
and YEATS4 to transcriptomic upregulation of 
CCNB2, BIRC5, and FOXM1, to proteomic alter‑
ations in chaperone proteins, provides mecha‑
nistic insight into the proliferative advantage 
characteristic of fibroids. From a translational 
perspective, this convergence supports phar‑
macologic targeting of proliferative signaling, 
as experimental inhibition of dysregulated 
chaperones reduces leiomyoma cell growth and 
promotes apoptosis [54]. Although CDK4/6 
inhibitors such as palbociclib have so far been 
evaluated mainly in leiomyosarcoma and other 
sarcomas, where they induce G1 arrest and 
reduce proliferation via RB‑dependent block‑
ade of the CDK4/6–RB pathway, these agents 
provide a proof‑of‑concept for pharmacologic 
targeting of cyclin–CDK‑driven cell cycle dys‑
regulation that could be repurposed or adapted 
for high‑proliferation fibroid subtypes in future 
trials [75–77].

Similarly, apoptosis and cell death path‑
way dysregulation, evidenced by YEATS4 and 
ZNHIT1 genomic alterations, CASP1 transcrip‑
tomic changes, and TRADD proteomic downreg‑
ulation, suggests that fibroid persistence results 
from coordinated resistance to programmed cell 
death across multiple regulatory levels. Trans‑
lationally, several agents have been shown to 
partially reverse this apoptosis resistance: selec‑
tive progesterone receptor modulators such as 
ulipristal acetate and asoprisnil increase cleaved 
caspase‑3, reduce BCL‑2 expression, and sig‑
nificantly raise apoptosis indices in fibroid cells 
and myoma tissue, in parallel with reductions in 
fibroid volume and vascularity [78, 79]. In addi‑
tion, small molecules such as fisetin, EGCG, and 
anthocyanin‑rich strawberry extracts induce cas‑
pase‑dependent apoptosis and cell cycle arrest in 
leiomyoma cells, supporting pro‑apoptotic path‑
ways and markers such as CASP1 and TRADD as 
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mechanistic biomarkers and promising targets 
for future anti‑fibroid therapies [80–82].

The emergence of oxidative stress and meta‑
bolic pathways across metabolomic studies and 
multi-omics analyses (including genes ANXA1, 
CD36, MICB, and PRDX6) indicates that fibroids 
may exert systemic metabolic effects extending 
beyond local uterine tissue. These insights sup‑
port antioxidant and metabolic‑targeted strate‑
gies. Clinical and preclinical data show that vita‑
min D and polyphenol‑rich compounds such as 
green tea extract and fisetin can reduce fibroid 
burden and improve oxidative stress markers in 
leiomyoma cells [81, 83, 84]. In line with this, an 
in vivo leiomyoma model in Wistar rats demon‑
strated that vitamin D supplementation attenu‑
ated oxidative stress, reinforcing the potential 
of targeting oxidative‑metabolic imbalance as a 
disease‑modifying strategy in fibroids [85].

Finally, this review also showed a consistent 
alteration in genome stability and DNA repair 
mechanisms (OBFC1, TERT, TERC, TP53, ATM), 
suggesting that fibroid pathogenesis involves fun‑
damental disruptions to cellular homeostasis that 
may have broader physiological consequences. 
Although no DNA‑repair-targeted drugs are yet 
approved specifically for fibroids, preclinical work 
in uterine fibroid smooth muscle cells indicates 
that mTOR inhibition (e.g., rapamycin) and seno‑
lytic or telomerase‑modulating strategies can influ‑
ence telomere maintenance, growth arrest, and 
senescence, highlighting genome‑stability path‑
ways as an emerging therapeutic axis that may be 
exploitable using agents already in development 
for other proliferative and DNA‑damage-driven 
disorders [86]

From another translational perspective, the 
recurrence of specific biomarker candidates across 
omics layers underscores the opportunity to move 
toward composite biomarker panels rather than 
single-molecule approaches. When integrated, 
these markers could enhance diagnostic accuracy, 
stratify fibroid subtypes, and provide a foundation 
for tailoring interventions to individual patients. 
Such an approach aligns directly with the goals of 
precision medicine, offering the potential not only 
to improve detection but also to guide prognosis 
and therapy in a condition that has long been 
dominated by surgical management. The clinical 
importance of biomarker development is further 

underscored by the limitations of current treat‑
ment approaches. Many available therapies are 
now symptom-directed rather than disease-mod‑
ifying, and both surgical and hormonal options 
may be incompatible with reproductive goals for 
a substantial proportion of patients [14, 15]. Non-
invasive biomarkers could therefore support ear‑
lier intervention, monitoring of progression, and 
fertility-preserving management strategies rather 
than reliance on late-stage surgical treatment.

Although this review presents valuable insights, 
the findings reveal a significant gap between cur‑
rent research practice and clinical needs, particu‑
larly regarding the sample types used. Our find‑
ings reveal a significant disconnect between the 
predominant use of tissue samples (58% of studies) 
and the clinical need for non-invasive diagnostic 
approaches. This gap reflects fundamental chal‑
lenges in biomarker translation that must be sys‑
tematically addressed. The biological validity ques‑
tion centers on whether tissue-derived biomarkers 
accurately reflect systemic disease signatures detect‑
able in circulation. For fibroids, emerging evidence 
suggests the disease may have systemic metabolic 
and vascular manifestations [87, 88], indicating 
that circulating biomarkers may indeed capture 
meaningful disease signatures. The technical trans‑
lation challenge involves developing assays that 
can detect molecular changes and biomarkers in 
the more dilute, heterogeneous environment of 
blood or urine. This requires not only analytical 
sensitivity improvements but also an understand‑
ing of which molecular classes (proteins, metabo‑
lites, circulating nucleic acids) best preserve disease-
specific signatures during transition from tissue to 
circulation.

There also remains a lack of true multi-omics 
integration, with most studies analyzing individual 
omics layers in isolation. This reduces the poten‑
tial to uncover synergistic mechanisms or cross-
validated biomarkers. Also, validation strategies 
were inconsistent across studies, with many relying 
solely on statistical associations rather than func‑
tional or experimental confirmation, thereby limit‑
ing the robustness of proposed biomarkers. This is 
specifically important when interpreting the can‑
didate variants of genomics. While many genomics 
findings originate from statistical association stud‑
ies, several loci demonstrate progression toward 
biological relevance through functional annotation 
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and cross-omics concordance. In particular, eQTL 
overlap, expression concordance with transcrip‑
tomic datasets, and replication across independent 
cohorts support the likelihood that a subset of sus‑
ceptibility loci represents biologically meaningful 
candidates rather than isolated statistical signals. 
Nevertheless, only a limited number of variants 
have undergone direct experimental validation, 
and most remain candidate biomarkers requiring 
further functional and clinical confirmation. An 
additional consideration is the potential overlap of 
study populations across large association analyses. 
Some investigations build upon shared cohorts or 
previously published datasets, meaning reported 
loci may not represent entirely independent dis‑
coveries. Consequently, recurrence of specific vari‑
ants across studies should be interpreted as sup‑
portive rather than strictly independent evidence, 
highlighting the need for prospective validation in 
well-characterized populations.

A major strength of this review lies in its com‑
prehensive, omics-wide approach, which ena‑
bled the integration of findings across genomics, 
epigenomics, transcriptomics, proteomics, and 
metabolomics and facilitated the identification of 
recurrent molecular pathways implicated in uterine 
fibroid biology. An additional strength is the strict 
adherence to PRISMA and QUADOMICS criteria, 
ensuring methodological rigor, transparency, and 
consistency in study identification, selection, and 
quality assessment. Despite these strengths, sev‑
eral limitations must be acknowledged. First, the 
small number of included studies may limit the 
generalizability of results. Another key limitation 
is methodological heterogeneity across included 
studies, including diverse omics platforms (GWAS 
vs. WES vs. SNP arrays), biological sample types 
(tissue, blood, saliva), study designs (discovery vs. 
validation), and analytical approaches (unbiased 
vs. targeted). This heterogeneity prevented quanti‑
tative meta-analysis, restricting the ability to derive 
pooled estimates of biomarker performance. Addi‑
tionally, many candidate biomarkers were identi‑
fied through association-based analyses without 
independent validation cohorts, reducing imme‑
diate clinical applicability. In addition, population 
ancestry differences across studies may influence 

genetic findings and biomarker generalizability. 
Therefore, while convergent biological pathways 
were consistently observed, individual biomarkers 
should be interpreted cautiously pending stand‑
ardized validation studies. Finally, the additional 
targeted search specifically evaluated the impact of 
biomarker-related terminology on genomics stud‑
ies, where association analyses frequently omit 
such terminology. Although other omics fields 
more commonly describe findings using molecu‑
lar measurement terms, we cannot exclude the 
possibility that some studies across other omics 
layers were not captured because of differences in 
terminology.

Looking forward, the integration of multi-
omics holds the greatest promise for advancing 
biomarker discovery in fibroids. Future work 
should include larger cohort studies, the inclu‑
sion of circulating matrices (plasma/urine) with 
appropriate normalization, and externally vali‑
dated models that report sensitivity, specificity, 
and calibration. Combining genetic risk vari‑
ants, epigenetic signatures, protein expression 
patterns, and metabolic alterations could enable 
early disease detection, patient stratification, and 
the development of tailored interventions within 
a precision medicine framework. Nevertheless, 
many critical questions remain unanswered, 
including (1) which multi-omics biomarkers can 
be validated to reliably detect uterine fibroids, 
predict clinical outcomes, or be translated to 
a novel therapeutic; (2) whether non-invasive 
circulating biomarkers accurately reflect tissue-
level disease biology; and (3) whether non-inva‑
sive circulating biomarkers accurately reflect 
the molecular and functional heterogeneity of 
fibroids observed in tissue. Large, well-designed 
prospective studies are needed to validate candi‑
date biomarkers and establish causality through 
longitudinal designs. Integrative multi-omics 
pipelines should be adopted to better capture 
the complexity of fibroid biology, while prior‑
itizing non-invasive sampling approaches to 
enhance translational potential. Importantly, 
future research should also incorporate diverse 
populations to account for ethnic variability in 
fibroid prevalence and biology.
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CONCLUSION

This systematic review synthesized current 
evidence from high-throughput omics studies 
investigating candidate biomarkers in uterine 
fibroids and provided an integrated overview of 
the emerging molecular landscape of the disease. 
Across genomics, epigenomics, transcriptomics, 
proteomics, metabolomics, and multi-omics 
investigations, convergent biological pathways—
including ECM remodeling, hormone signaling, 
cell cycle regulation, oxidative stress, genome 
stability, and apoptosis resistance—were consist‑
ently implicated. The recurrence of these path‑
ways across multiple molecular layers supports a 
systems-level view of uterine fibroids. Although 
most identified biomarkers remain at an early 
discovery stage and methodological heterogene‑
ity persists, the collective findings highlight the 
potential of omics-based approaches to advance 
understanding of fibroid pathophysiology and 
to inform future biomarker development. Future 
research should focus on large, well-characterized 
cohorts, incorporate circulating biological matri‑
ces, and adopt integrated multi-omics pipelines 
coupled with functional validation to enable the 
development of clinically actionable biomarker 
panels. Such efforts are essential to bridge the 
gap between discovery-level findings and bio‑
marker-guided precision medicine approaches 
that enable personalized, nonsurgical manage‑
ment of uterine fibroids.
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