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Abstract 

Background  Uterine leiomyomas (UL) are the most common benign tumor in women of reproductive age. Their 
pathology remains unclear, which hampers the development of safe and effective treatments. Raising evidence sug‑
gests epigenetics as a main mechanism involved in tumor development. Histone modification is a key component in 
the epigenetic regulation of gene expression. Specifically, the histone mark H3K4me3, which promotes gene expres‑
sion, is altered in many tumors. In this study, we aimed to identify if the histone modification H3K4me3 regulates the 
expression of genes involved in uterine leiomyoma pathogenesis.

Methods  Prospective study integrating RNA-seq (n = 48) and H3K4me3 CHIP-seq (n = 19) data of uterine leiomyo‑
mas versus their adjacent myometrium. Differentially expressed genes (FDR < 0.01, log2FC > 1 or < − 1) were selected 
following DESeq2, edgeR, and limma analysis. Their differential methylation and functional enrichment (FDR < 0.05) 
were respectively analyzed with limma and ShinyGO.

Results  CHIP-seq data showed a global suppression of H3K4me3 in uterine leiomyomas versus their adjacent myo‑
metrial tissue (p-value< 2.2e-16). Integrating CHIP-seq and RNA-seq data highlighted that transcription of 696/922 
uterine leiomyoma-related differentially expressed genes (DEG) (FDR < 0.01, log2FC > 1 or < − 1) was epigenetically 
mediated by H3K4me3. Further, 50 genes were differentially trimethylated (FDR < 0.05), including 33 hypertrimethyl‑
ated/upregulated, and 17 hypotrimethylated/downregulated genes. Functional enrichment analysis of the latter 
showed dysregulation of neuron-related processes and synapsis-related cellular components in uterine leiomyomas, 
and a literature review study of these DEG found additional implications with tumorigenesis (i.e. aberrant proliferation, 
invasion, and dysregulation of Wnt/β-catenin, and TGF-β pathways). Finally, SATB2, DCX, SHOX2, ST8SIA2, CAPN6, and 
NPTX2 proto-oncogenes were identified among the hypertrimethylated/upregulated DEG, while KRT19, ABCA8, and 
HOXB4 tumor suppressor genes were identified among hypotrimethylated/downregulated DEG.

Conclusions  H3K4me3 instabilities alter the expression of oncogenes and tumor suppressor genes, inducing aber‑
rant proliferation, and dysregulated Wnt/β-catenin, and TGF-β pathways, that ultimately promote uterine leiomyoma 
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progression. The reversal of these histone modifications may be a promising new therapeutic alternative for uterine 
leiomyoma patients.

Keywords  Histone modification, H3K4me3, Gene expression, Proliferation, Wnt/β-catenin, Uterine leiomyoma

Background
Uterine leiomyomas (ULs), or uterine fibroids, are benign 
tumors arising from smooth muscle cells located in the 
myometrium (MM). This highly prevalent gynecological 
disorder affects up to 70% of Caucasian women and more 
than 80% of women of African descent [1, 2]. However, 
only 30% of affected women present symptoms such as 
excessive uterine bleeding, dyspareunia, dysmenorrhea, 
infertility, and poor obstetrical outcomes [2]. Although 
the development of ULs has been associated with several 
dysregulated mechanisms involving genetic mutations 
[3], dysregulation of steroid hormones [4], Wnt/β-catenin 
[5], and TGF-β signaling pathways [6], the pathogenesis 
of this condition remains unclear. Nonetheless, other risk 
factors such as race, diet, age, body mass index (BMI), 
and parity [7] suggest the potential involvement of epige-
netics in UL development.

The gold standard treatments for patients who suffer 
from this disorder are hysterectomy or myomectomy, 
despite the economic and personal consequences these 
surgeries impose [2]. Less invasive hormonal treatments 
are also currently available, however, they may cause 
menopausal side effects or hepatic damage [8] and are 
not as efficient [i.e., when treatment is discontinued the 
leiomyomas enlarge again [9]]. For these reasons, there 
exists a need for an alternative and effective UL treatment 
with minimal side effects. Broadening the knowledge of 
UL pathophysiology could lead to the identification of 
new molecular mechanisms involved in its pathogenesis, 
and consequently, the development of new treatments.

Epigenetics is defined as the variations in gene expres-
sion that are not caused by changes in the DNA sequence. 
The main epigenetic processes are DNA methylation, his-
tone modification, and regulation by non-coding RNAs 
[10]. These modifications are inherited somaticlly and are 
reversible, thus becoming potential therapeutic targets. 
Specifically, histone modifications occur at the N-termi-
nal tail of the globular domains of the core histones [11] 
and include acetylation, methylation, phosphorylation, 
ubiquitination, and SUMOylation. Varying combinations 
of histone modifications comprise a histone code, that 
directs biological processes via the recruitment of specific 
chromatin-associated proteins, which lead to distinct 
gene expression patterns [12]. Methylation in histone 
3 (H3) has been associated with the regulation of gene 
transcription. Unlike DNA methylation which has sup-
pressive effects on gene expression, histone methylation 

has variable effects on gene expression depending on the 
specific histone protein and amino acid residue modified 
[13]. In particular, a single methylation mark of histone 3 
at the 4th lysine (H3K4) is associated with the activation 
of gene expression [14], while trimethylation of the same 
loci (H3K4me3) promotes gene transcription [15, 16]. In 
fact, H3K4me3 has been found altered in many tumors 
(e.g., breast, colon, and cervical cancer), however, its role 
in UL pathogenesis requires further investigation. To 
date, another study has analyzed the histone modification 
profile and mRNA expression in UL compared to MM 
[17], but they did not evaluate the specific interaction of 
H3K4me3 with the gene expression. Thus, we aimed to 
describe whether the histone mark H3K4me3 regulates 
key pathways and driver genes involved in UL patho-
genesis, through an in-depth integrative analysis of the 
transcriptome and H3K4me3 CHIP-seq profiles in ULs 
compared to their adjacent MM, regardless their muta-
tional subtype. With this study, we describe for the first 
time the functional implications of differential H3K4me3 
promotor status on gene expression of DEGs in UL com-
pared to its adjacent MM.

Methods
Data collection
Datasets from RNA-seq (GSE192354 and GSE142332) 
and H3K4me3 CHIP-seq (GSE142332) analyses of ULs 
and their adjacent MM were downloaded from the GEO 
database (https://​www.​ncbi.​nlm.​nih.​gov/​geo/). Of note, 
GSE192354 contained transcriptomic data of 31 matched 
tissues taken from Caucasian premenopausal women 
(aged 31–48) who had not received any hormonal treat-
ment for the previous 3 months and who were undergo-
ing myomectomy or hysterectomy due to symptomatic 
UL.  GSE142332 contained RNA-seq and CHIP-seq 
H3K4me3 data of matched UL and MM tissues from 21 
patients (aged 41–52) with diverse ethnicity (comprising 
6 African-Americans, 9 Caucasian, and 6 with unknown 
status). 10 of these 21 patients were on hormonal treat-
ment before surgery.

Analysis of H3K4me3 CHIP‑seq data
For the analysis of the histone mark H3K4me3 using 
CHIP-seq data from GSE142332, bioinformatic analysis 
was carried out using R/Bioconductor (version 4.1.1.). 
The biomaRt package was used to annotate genes from 
Ensembl to R. A matrix with the fold-enrichment for 
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each signal value was created for those peaks up to 2 kb 
upstream/downstream from the transcription start sites 
(TSS) of a known human gene, which were considered 
target sites of histone modification. Fold-enrichment of 
signal values corresponding to peaks provided by CHIP-
seq were normalized by standardization (value-median/
standard deviation), and a Principal Component Analy-
sis (PCA) and heatmap analysis were carried out. The 
boxplot of H3K4me3 histone mark status in UL and the 
MM was generated with the ggplot2 package. To assess 
the stability of the H3K4me3 status in ULs vs the MM, 
a Wilcoxon test was performed (p < 0.05 was considered 
significant). Of note, two samples (L19 and L21) were 
removed for insufficient quality, as demonstrated by 
their low sequence depth, as well as their corresponding 
myometrium.

Identification of differentially expressed genes in uterine 
leiomyomas
The raw count matrix from the RNA-seq data libraries 
obtained from GSE192354 was processed and analyzed 
using R/Bioconductor (version 4.1.1.). A PCA was per-
formed to analyze the concordance of the DNA libraries. 
Two libraries of GSE192354 (MM4 and MM20) resulted 
in very different PCA values (supplementary material, 
Fig. S1) and quality control metrics, and were not con-
sidered satisfactory and were therefore filtered out from 
downstream processing to avoid biased results. Dif-
ferentially expressed genes (DEGs) were identified and 
analyzed using the DESeq2, edgeR, and limma packages, 
increasing the accuracy of the analysis. Following analy-
sis of both RNA-seq data libraries, all DEGs with FDR-
adjusted p-value< 0.01, log2FC > 1 or < − 1, and whose 
expressed was shared between both datasets, were con-
sidered relevant for UL pathogenesis and selected for fur-
ther analysis.

Assessment of H3K4me3 stability among differentially 
expressed genes
The selected DEGs were refined following integration 
with CHIP-seq data. Briefly, DEGs that had a CHIP-seq 
peak in the promoter region (TSS ± 2 kb) were chosen. 
A boxplot representing H3K4me3 status for downregu-
lated and upregulated genes in UL and MM was created 
with the ggplot2 package. A Wilcoxon test was carried 
out to examine differences between H3K4me3 status 
in our samples (p < 0.05 was considered significant). 
Differential peak enrichment analysis was completed 
employing a linear model with the limma package for 
those normalized peaks that are present in the pro-
moter region of the DEGs previously selected. Peaks 
within the regulator regions of the DEGs which had a 
FDR-adjusted p-value< 0.01 were considered to have a 

significantly unstable H3K4me3 status between ULs and 
the MM. Hypotrimethylated/downregulated and hyper-
trimethylated/upregulated were represented in a Venn 
diagram.

Gene ontology enrichment analysis
Following the assessment of H3K4me3 stability, a Gene 
Ontology (GO) enrichment analysis was performed 
on the 50 DEGs which presented a differential status 
of H3K4me3 (17 hypomethylated/downregulated and 
33 hypermethylated/upregulated genes) via Shiny Go 
(version 0.741) [18]. Biological processes and cellular 
components with FDR < 0.05 were considered to be epi-
genetically modified by H3K4me3.

Validation cohort sample collection
For gene expression validation experiments, ULs and 
their adjacent MM matched tissues (n = 10) were 
obtained from a distinct cohort of Caucasian premeno-
pausal women (aged 31–48 and BMI < 30). Two frag-
ments of 2 cm3 each one corresponding to UL and MM 
were obtained during  hysterectomy and smaller frag-
ments of MM during myomectomy due to symptomatic 
UL indications at the Hospital Universitario y Politéc-
nico (HUP) La Fe (Valencia, Spain). Adjacent MM was 
collected at a distance around 3 cm from the macro-
scopically observed tumor. The origin of these tissues 
was confirmed through haematoxylin/eosin staining by 
examination of a pathologist. This study was approved 
by the Clinical Ethics Committee of the HUP La Fe 
(ref. 2018/0097), and all participants provided written 
informed consent.

qRT‑PCR validation of gene expression
The gene expression of DEGs selected after the inte-
gration of RNA-seq and histone mark analysis was val-
idated by quantitative real-time PCR (qRT-PCR) in a 
different set of samples to underline their importance 
in UL pathogenesis. TRIzol™ Reagent (Thermo Fisher 
Scientific, Waltham, MA, USA) was used to extract 
RNA from UL and MM samples, and complemen-
tary cDNA was synthesized using the PrimeScript RT 
reagent kit (Takara, Kusatsu, Japan). The expression 
of CAPN6, NPTX2, SATB2, SHOX2, ST8SIA2, DCX, 
ABCA8, HOXB4, and KRT19 genes was analyzed by 
qRT-PCR, using the PowerUp™ SYBR™ Green Master 
Mix (Thermo Fisher Scientific) in a StepOnePlus™ sys-
tem (Applied Biosystems, Waltham, MA, USA). These 
genes were selected from all hypermethylated/upreg-
ulated and hypomethylated/downregulated genes 
based on their roles in tumorigenesis and reported 
association(s) with the enriched functions. The Primer 
Quest Tool (Integrated DNA Technologies, Coralville, 
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IA, USA) was used to design primers (Supplemental 
Table 1). Gene expression was normalized to GAPDH 
housekeeping gene expression, and fold change (FC) 
was calculated using the ΔΔCt method.

Statistical analysis
Bioinformatics analyses were performed utilizing R 
(version 4.1.1.). Graphics were generated applying the 
R core package and packages plots, ggplot2, as well 
as GraphPad Prism 8.0. Validation analysis was con-
ducted with GraphPad Prism 8.0, using the Student’s 
t-test or Wilcoxon test. P < 0.05 was considered statis-
tically significant.

Results
H3K4me3 status in uterine leiomyomas compared to their 
adjacent myometrium
To describe the overall profile of the histone mark 
H3K4me3 in human UL compared to adjacent MM tis-
sue, we performed an exploratory analysis of all peak 
signal values. In the preliminary PCA, we found similari-
ties between ULs and their adjacent MM tissue (Fig. 1A). 
Clustering analysis also showed common patterns in UL 
and MM samples, which was corroborated by the heat-
map analysis (Fig.  1B). Following the identification of 
genes that presented the H3K4me3 mark in their pro-
motor region, the boxplot analysis showed a reduc-
tion in global H3K4me3 peak enrichment levels in ULs 

Fig. 1  Overall H3K4me3 profile in uterine leiomyoma compared to adjacent myometrium tissues. Based on data extracted from GSE142332. A 
Principal component analysis of global H3K4me3 status in uterine leiomyomas (ULs; violet) and adjacent myometrium (MM; gray) (n = 19/group). B 
Heatmap representing the fold-enrichment score of genes with a CHIP-seq H3K4me3 peak in the promotor region after unsupervised clustering of 
ULs (violet) and MM (gray) (n = 19/group). The color scale ranges from red, for a higher normalized fold-enrichment score, to blue, for lower levels. C 
Boxplot analysis of the distribution of normalized fold-enrichment score for each peak in ULs (violet) compared to the adjacent MM (gray) samples 
(n = 19/group), representing the H3K4me3 profile
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compared to MM tissue (p-value < 2.2e-16), indicating a 
global suppression of H3K4me3-mediated regulation of 
UL genes (Fig. 1C).

Identification of significant differentially expressed 
genes in uterine leiomyoma tissue compared 
to adjacent myometrium
To identify which DEGs could be implicated in UL 
pathogenesis, we integrated the transcriptomic data 
obtained by RNA-seq from two previous studies using 
independent patient cohorts [17, 19]. The gene expres-
sion count matrix from the GSE192354 dataset revealed 

1837 significant DEGs (FDR-adjusted p-value< 0.01) with 
a substantial difference in expression between ULs and 
MM tissue (log2FC > 1 or < − 1), including 1175 upregu-
lated and 662 downregulated genes. Likewise, 1998 sig-
nificant DEGs (FDR-adjusted p-value< 0.01; log2FC > 1 
or < − 1) were identified from the GSE142332 dataset, 
including 1106 upregulated and 892 downregulated 
genes. Integrating the DEGs obtained from both data-
sets unveiled 922 genes (of which 559 were upregulated 
and 363 downregulated) that were shared between ULs 
and the MM (Fig.  2A) and were selected for further 
analysis.

Fig. 2  Selection of differentially expressed genes and description of their H3K4me3 status in ULs compared to MM tissue. A Venn diagram 
representing common DEGs (FDR-adjusted p-value< 0.01, log2FC > 1 or < − 1) between GSE192354 (n = 28) and GSE142332 (n = 19) datasets. 
B Principal component analysis of global H3K4me3 profile. C Heatmap based on the fold-enrichment score of selected DEGs shared between 
GSE192354 and GSE142332, whose promoter region presented a peak after unsupervised clustering of CHIP-seq data from uterine leiomyomas 
(ULs; violet) and their adjacent myometrium (MM; gray) (n = 19/group). The color scale ranges from red, for a higher normalized fold-enrichment 
score, to blue, for lower levels. D Boxplot analysis of the distribution of normalized fold-enrichment score for each peak of downregulated and 
upregulated genes in ULs (violet) compared to their adjacent MM (gray) samples (n = 19/group), representing the H3K4me3 status in each group of 
genes
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Aberrant H3K4me3 mediates genomic instability in uterine 
leiomyomas
To assess the downstream impact of H3K4me3 in UL 
pathobiology, we analyzed the genes whose expression 
was altered in ULs concerning their adjacent MM due 
to H3K4me3 instabilities in the promoter region. Of the 
922 DEGs selected following transcriptomic analysis, 
696 presented the histone mark H3K4me3 around the 
promotor region. A PCA of the CHIP-seq data of these 
696 DEGs showed a strong separation of UL and adjacent 
MM sample agruppations (Fig. 2B), indicating an unsta-
ble  H3K4me3 profile in UL-relevant DEGs, which was 
corroborated by the heatmap (Fig. 2C). Subsequently, we 
analyzed the H3K4me3 status (hypermethylation/hypo-
methylation) of the 696 DEGs that presented the histone 
mark H3K4me3 based on whether they were down-
regulated or upregulated. The boxplot of the H3K4me3 
signals revealed that upregulated genes exhibited sig-
nificantly enhanced H3K4me3 signals in ULs versus the 
MM (Hypermethylation/upregulation; p-value < 2.2e-16), 
whereas downregulated genes presented significantly 
suppressed signals in ULs versus the MM (Hypomethyla-
tion/downregulation) p-value < 2.2e-16) (Fig. 2D). Finally, 
differential peak enrichment analysis indicated that, 
among these 696 DEGs, 50 DEGs presented differential 
trimethylation of H3K4 (FDR < 0.05) in ULs compared to 
the MM, including 33 hypertrimethylated/upregulated 
and 17 hypotrimethylated/downregulated regions (Sup-
plemental Table 2).

Functional implications of the aberrant H3K4 
trimethylation in uterine leiomyomas
Gene ontology enrichment analysis of the 50 DEGs with 
fluctuating trimethylation of H3K4 in ULs revealed that 
neuron-related biological processes (Fig.  3A) and syn-
apsis-related cellular components (Fig.  3B) were dys-
regulated. Beyond neuronal processes, these 50 genes 
have also previously been associated with tumorigenesis 
mechanisms such as aberrant proliferation, invasion, and 
dysregulation of Wnt/β-catenin and TGF-β pathways 
(Fig. 3C).

Validation of hypotrimethylated/downregulated 
and hypertrimethylated/upregulated differentially 
expressed genes
To highlight the significance of the 50 genes selected with 
our in silico analyses, we selected nine genes with a dif-
ferential H3K4me3, that we deemed most relevant for 
UL pathogenesis following a literature review [20–33]. 
Validation by qRT-PCR corroborated the significant 
upregulation of CAPN6 (FC = 91.79, p = 0.007), NTPX2 

(FC = 31.26, p = 0.015), SATB2 (FC = 11.53, p = 0.005), 
SHOX2 (FC = 27.62 p = 0.007), ST8IA2 (FC = 33.17, 
p = 0.009), and DCX (FC = 602.56, p = 0.026) in a sepa-
rate cohort of ULs compared to their adjacent MM 
(Fig.  4A–F). Likewise, qRT-PCR respectively confirmed 
the downregulation of ABCA8 (FC = 0.19, p = 0.015), 
HOXAB4 (FC = 0.41, p = 0.0004), and KRT9 (FC = 0.29, 
p = 0.002) (Fig. 4G-I).

Discussion
The role of epigenomic instability, via aberrant DNA 
methylation, has been recently considered for the onset 
and maintenance of ULs [19, 34–39]. Reversing the 
methylation could potentially restore gene expression 
and ultimately become a therapeutic alternative for 
women with ULs [19, 40]. The methylation in histones 3 
(H3) and 4 (H4) is widely accepted to regulate gene tran-
scription [13] and the profile of some histone modifica-
tion has been analyzed in UL [17] The trimethylation of 
H3K4 is emerging as a key epigenetic modification in 
several cancers [14–16]. Specifically, the implications 
of histone methylation H3K4me3 on the expression of 
genes involved in UL development have never been eval-
uated in-depth. Thus, we studied for the first time the 
influence of H3K4me3 on UL-relevant genes to identify 
key pathways and driver genes involved in UL pathogen-
esis, and discovered novel targets for UL progression. 
Our results showed that H3K4me3 regulates the expres-
sion of oncogenes and tumor suppressor genes involved 
in neuronal processes and synaptic components, as well 
as key processes related to UL pathogenesis such as pro-
liferation, dysregulation of the Wnt/β-catenin and TGF-β 
pathways).

In general, H3K4me3 activates gene expression. Using 
in silico analyses of the overall H3K4 trimethylation 
profile of gene promoter regions, we found significantly 
fewer H3K4me3 marks in ULs compared to their adja-
cent MM tissue, indicating a global hypotrimethylaion 
of H3K4 in UL and suggesting this epigenetic modifica-
tion may be involved in the tumorigenic phenotype of 
ULs. To uncover the downstream effects of H3K4me3 
on UL gene expression, we selected 922 relevant DEGs 
involved in UL development, following the integration 
of two independent RNA-seq datasets. Among these 
DEGs, 696 presented the histone mark H3K4me3 in 
their promoter region and 50 showed differential tri-
methylation of H3K4 in ULs compared to their adjacent 
MM tissue, including 33 hypertrimethylated/upregu-
lated and 17 hypotrimethylated/downregulated.

The functional enrichment analysis of the 50 DEGs dif-
ferentially affected by H3K4me3 revealed the most signif-
icantly enriched biological processes in UL were involved 
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Fig. 3  Functional enrichment of H3K4me3-mediated differential expressed genes with altered status in UL vs MM. The most significant (A) 
biological processes and (B) cellular components were obtained following functional enrichment analysis of common DEGs associated with 
H3K4me3 instabilities in UL vs MM tissues. C Functional implication of selected hypertrimethylated/upregulated oncogenes (blue squares) and 
hypotrimethylated downregulated genes (yellow squares). The genes that were not been previously related to UL are in bold
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in the regulation of neuron-related processes, such as 
neurogenesis, neuron differentiation, and neuron fate 
commitment. In addition, the DEGs played active roles in 
cellular synapsis, involving cell components such as the 
postsynaptic intermediate filament cytoskeleton, GABA 
receptor complex, and synaptic membranes. These find-
ings corroborate previous reports of the dysregulated 
expression of synaptic signaling and neuronal genes in 
the UL transcriptome [41, 42] and imply these genes 
are involved in UL-associated pain [42]. Furthermore, a 
recent in-depth review of the role of nerves in cancer not 
only highlighted their contribution to the tumor micro-
environment but also described the reactivation of nerve-
dependent developmental processes to promote cancer 
growth and survival [43].

Functional analysis of the hypertrimethylated/upregu-
lated genes associated with UL pathogenesis revealed that 
most were oncogenes involved in tumor development. 
Among UL-associated genes, we observed H3K4me3-
mediated regulation of CAPN6, NPTX2, SATB2, and 
DCX. The CAPN6 protein, which regulates cell prolifera-
tion and apoptosis, is overexpressed in UL and plays an 
important role in tumorigenesis [20, 21, 26]. Meanwhile, 
NPTX2 is a synaptic protein involved in malignancy via 
dysregulation of the cell cycle, apoptosis, and the Wnt/β-
catenin pathway, in ovarian carcinoma [27], colorectal 
cancer [28], and UL [41]. Further, SATB2 is hypermeth-
ylated and upregulated in most UL specimens, and acti-
vates the WNT/β-catenin and TGF-β signaling pathways 
which contribute to UL pathogenesis [29]. Finally, DCX 
is an oncogene implicated in the uncontrolled migration 

of cancer cells [30], which is upregulated in UL and lei-
omyosarcomas [21, 31]. Taken together, our findings 
suggest that the presence of the active histone mark 
H3K4me3 upregulates these genes in UL. Further, we 
identified for the first time two potential novel players in 
UL physiology, namely the hypertrimethylated/upregu-
lated DEGs SHOX2 and ST8SIA2, which are involved 
in tumorigenesis. The transcriptional regulator SHOX2 
plays a role in processing somatosensory information 
and is a known oncogene that regulates cell proliferation, 
apoptosis, WNT/β-catenin, and TGF-β signaling path-
ways in lung cancer [32]. On the other hand, ST8SIA2 is 
an oncogene associated with aggressive disease and poor 
clinical prognosis in different cancers, including small 
cell lung cancer (SCLC), pancreatic cancer, and neuro-
blastoma [33]. The latter has been proposed as a drug-
gable target, that has the potential to critically interfere 
with tumor cell dissemination in metastatic cancers [22, 
33]. Thus, considering that UL is a benign tumor that 
share features with malignant tumours, we propose that 
ST8SIA2 could be considered as a novel molecular target 
for UL treatment.

By examining the functions of hypotrimethylated/
downregulated genes, we were able to shed light on the 
downstream effects of the epigenetic regulation of ULs. 
In this regard, we described the histone hypotrimethyla-
tion of KRT19, a tumor suppressor gene that has been 
previously described in UL [25]. The latter regulates 
cell migration, invasion, and metastasis through direct 
interaction with β-catenin [46], and is regulated by his-
tone demethylase in prostate cancer cells [47]. Further, 

Fig. 4  Validation of RNA-seq results. mRNA expression levels of (A) CAPN6, (B) NPTX2, (C) SATB2, (D) SHOX2, (E) ST8SIA2, (F) DCX, (G) ABCA8, (H) 
HOXB4, and (I) KRT19 in a separate cohort of ULs compared to their adjacent MM matched tissues (n = 10). Relative gene expression was analyzed by 
qRT-PCR, quantified with the ΔΔCt method, and expressed as fold change. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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we revealed novel downregulated genes ABCA8 and 
HOXB4, that had not previously been associated with 
UL. The ABCA8 is a tumor suppressor gene whose down-
regulation transforms epithelium into mesenchyme, via 
the ERK/ZEB1 signaling pathway, promoting tumor pro-
gression [23]. Its low expression has been negatively cor-
related with prognosis in hepatocellular carcinoma [23], 
as well as ovarian cancer [24]. Alternatively, HOXB4 is 
a transcription factor that is downregulated in cervical 
cancer cells and activates the Wnt/β-catenin signaling 
pathway [25].

It has been previously reported an association between 
H3K4me3 and H3K27ac domains [44]. For this reason, 
we analysed the DEGs with altered status of H3K4me3 
and H3K27ac by comparing with our previous study 
[45]. We observed 13 DEGs with a differential status 
of H3K4me3 and H3K27ac, being 2 hypermethylated/
hyperacetylated/upregulated and 11 hypomethylated/
hypoacetylated/downregulated. Interestingly, KRT19, 
ABCA8 and HOXB4 also present hypoacetylation of 
H3K27 on their promotor region. From the genes high-
lighted in our H3K27ac analysis, DPT, an hypoacetylated/
downregulated is also hypomethylated, and regulates cell 
proliferation, TGF-β pathway and plays an important role 
in ECM [46]. Taken these studies together, we can sug-
gest the importance of histones interaction in UL patho-
physiology and its relevance for further studies.

Taken together, the dysregulated genes described in 
this study may be involved in the regulation of neuron-
related processes and cellular synapsis, in addition to UL 
progression by altering proliferation, invasion, Wnt/β-
catenin, and TGF-β signaling pathways. The Wnt/β-
catenin pathway appears to be involved in UL emergence 
[47], and its regulators have been postulated as promis-
ing therapeutic targets, due to their aberrant activation in 
UL cells compared to MM cells [40, 48, 49]. On the other 
hand, the TGF-β signaling pathway is overexpressed in 
ULs compared to their adjacent MM tissue and is directly 
responsible for the development of the UL fibrotic phe-
notype through the increase of ECM deposition and cell 
proliferation [50–52]. Interestingly, treatment with the 
histone deacetylase inhibitor suberoylanilide hydroxamic 
acid (SAHA) inhibits the TGF-β signaling pathway and 
has proved to be a promising treatment for UL treatment 
[53]. Our findings open insights to the study of the rela-
tionship between H3K4me3 and Wnt/ β-catenin or TGFβ 
pathways and the regulation of these signaling pathways 
by this histone mark. Targeting H3K4me3 could alter 
both the Wnt/β-catenin and TGF-β pathway dysregu-
lation in UL, as well as aberrant proliferation and inva-
sion, providing an alternative therapeutic approach for 
UL treatment. This is a transcriptomic and epigenomic 
study that analyse the regulation of gene expression by 

H3K4me3 in which functional approaches were not per-
formed. However, our findings pave the way to further 
functional studies, such as proteomic analysis, to assess 
the impact of this histone modification in UL pathogen-
esis and treatment.

Conclusions
We revealed hypermethylation/upregulation of onco-
genes such as CAPN6, NPTX2, SATB2, SHOX2, ST8SIA2, 
and DCX, in addition to hypomethylation/downregula-
tion of tumor suppressor genes such as ABCA8, HOXB4, 
and KRT1 in UL, that are not only involved in neuronal 
processes and with components of cell synapsis, but also 
elucidated underlying factors of UL pathogenesis, as 
aberrant proliferation, invasion, and Wnt/β-catenin and 
TGF-β pathways. These findings suggest that H3K4me3-
mediated regulation of gene expression is involved in UL 
pathogenesis, and the reversion of this histone modifica-
tion may be a promising therapeutic alternative for UL 
patients.
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