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Introduction

Uterine fibroids are the most common tumors in wo-
men, accounting for approximately 52% of the benign 
tumors of the female reproductive system, and the preva-
lence rate is as high as 60% in child-bearing age women 
and more than 70% in women after menopause (1-3). It is 
produced by muscular stem cells altered by a single gene 
alteration under the influence of gonadal hormones and 
developed in the muscle layer of the smooth muscle tissue 
of the uterus with single or multiple lesions and varying 
size (4,5). The symptoms of uterine fibroids usually mani-
fest as abnormal uterine bleeding, pelvic hypertrophy, and 
ultimate infertility (6-8). Therefore, uterine fibroids have a 
serious negative impact on society and the life quality of 
women (9).

Although pharmaceutical therapies and minimally 
invasive surgery are widely adopted to deal with uterine 
fibroids, these therapies are not curative (10). Currently, 
approximately 30-40% of performed hysterectomies are 
caused by uterine fibroid (10,11). As time progresses, in-
creasing advances have been made in order to explore less 
invasive techniques as well as non-surgical treatments to 
cure uterine fibroids (11).

With the development of high-throughput sequencing 
technology, transcriptome sequencing (RNA-seq) is in-
creasingly used in the life sciences to study gene-gene as 

well as gene-symptom relationships (12,13). Since RNA-
seq opens new avenues for exploring effective treatment 
for uterine fibroids, Li et al. (14) found that transcription 
factor XBP1 can regulate ITGA2, affect the downstream 
PI3K/AKT signaling pathway, and eventually adjust the 
proliferation of uterine fibroids. Carbajo-García et al. (15) 
found that the instability of H3K4me3 changes the expres-
sion level of oncogenes as well as tumor suppressor genes, 
and finally induces the aberrant proliferation of uterine 
fibroids, in which dysregulated Wnt/β-catenin, and TGF-β 
pathways are participated. Besides, Carbajo-García et al. 
(16) also revealed that the acetylation of H3K27 regulates 
the expression of genes involved in proliferation, cell si-
gnaling, cell transport, angiogenesis and extracellular ma-
trix formation of uterine fibroids. Since the entire number 
of participants of uterine fibroids has not been revealed, 
an extensive study based on a larger sample size was of 
urgent need.

Virtually, all cells in an organism contain the same 
genetic information, however, not all genes are expressed 
simultaneously by all cell types (17). Methylation, an 
important type of epigenetic regulation that mediates the 
diversified gene expression, refers to the transfer of active 
methyl groups to the target location catalyzed by methyl-
transferase without altering DNA sequence composition 
(17). Recent technical developments have made it possible 
to perform genome-wide DNA methylation analysis. For 
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example, Li et al (18). previously revealed that aberrant 
methylation of the E-cadherin gene may participate in the 
formation of uterine fibroids.

However, the combined application of RNA-seq and 
DNA methylation in the uterine fibroids field has not been 
studied, which could provide a series of latent pathogenic 
mechanisms. As a result, we collected all public RNA-seq 
and DNA methylation data from public databases and per-
formed pooled analysis to reveal the mechanism of DNA 
methylation in uterine fibroids. Besides, just as with other 
tumors, immune infiltration plays a significant role in the 
occurrence and development process (2). Thus, this study 
mainly focused on the effect of DNA methylation on im-
mune infiltration of uterine fibroids.

Materials and Methods

RNA-seq data collection and analysis
Using the keyword “uterine fibroids”, we collected the 

GSE199849 transcriptome data from the GEO database 
(https://www.ncbi.nlm.nih.gov/geo). A total of 10 nor-
mal uterine samples and 31 samples from uterine fibroids 
were involved in this study. The reads count was collec-
ted to generate the expression matrix. The SVA package 
of R software (v4.2.2) was used for batch correction of 
RNA-seq data. Deseq2 software (https://github.com/mike-
love/DESeq2) was used to conduct differential expression 
analysis according to the expression levels of the control 
group and the patient group, based on padj<0.05, log2Fold-
Change>1 or log2FoldChange<-1. The pheatmap package 
of R software was used to draw the heatmap according to 
the normalized data, and the ggplot2 package was used to 
draw the volcano plot according to the P value and fold-
change value in the differential expression analysis results.

Methylation data collection and analysis
Methylation data of uterine fibroids, based on 

the keyword “uterine fibroids”, was extracted from 
GSE120854 in the GEO database. A total of 34 samples of 
myometrium were collected, including 10 normal subjects 
and 24 patients with uterine fibroids. Differential methy-
lation analyses were implemented in DMRcate software, 
with the parameters being P<0.05 and absolute beta-value 
> 0.2. Then, the results of differential methylation analy-
sis between the control group and the patient group were 
obtained.

Driver gene identification
We extracted the intersection genes of the differential 

genes in transcriptome and methylation results and used 
the sklearn module of Python to draw the receiver opera-
ting characteristic (ROC) curve for each intersection gene 
based on their respective expression levels. Genes with an 
area under curve (AUC) greater than 0.8 were selected as 
the driving genes for this uterine fibroid data. Based on 
the expression of the drive gene, the ConsensusCluster-
Plus package in R software was used to further cluster to 
obtain subgroups of uterine fibroids patients. The Prcomp 
package in R software was used for drawing PCA plots in 
order to visualize the clustered samples.

Analysis of mutation among clusters
Fastp software was used to conduct quality control for 

the fastq data from the GEO database, and the sequence 

with low quality was removed to obtain clean data. STAR 
software was used to map clean data to the hg19 genome. 
Samtools and varscan2 software were used for mutation 
identification. VEP was used for the functional annotation 
of mutations. The Maftools module of R software was used 
for summarizing and mapping mutations in each sample.

Analysis of differentially expressed genes among clus-
ters

For each cluster, deseq2 was used for pairwise differen-
tial expression analysis with the analysis parameter being 
padj<0.05, log2FoldChange>1 or log2FoldChange<-1. 
The difference expression between the two clusters was 
obtained. Then, the pheatmap package of R software was 
used to draw heat maps based on the normalized data, 
and the ggplot2 package was used to draw a volcano plot 
according to the results of the difference analysis of the P 
value and foldchange value.

Immune infiltration analysis
We use online analysis tools EPIC (https://gfellerlab.

shinyapps.io/EPIC_1-1/) based on the gene expression 
of each sample to analyze immune infiltration. Then, the 
result of samples related to immune infiltrate abundance 
was obtained. Cor.test function of R software was used to 
calculate the Spearman correlation of each cell and drive 
genes (P<0.05 means significant correlation).

Analysis of genes related to ferroptosis
A list from http://www.zhounan.org/ferrdb/current/ 

was collected to generate ferroptosis-related genes. After 
mapping to drive genes to obtain intersection genes, the 
obtained genes can be considered as ferroptosis-related 
driver genes.

WGCNA analysis
Based on the gene expression of each cluster, co-ex-

pression analysis was carried out using the WGNCA pac-
kage of R software, with default parameters. After selec-
ting key modules, a clusterprofiler package was used for 
GO analysis.

Results

Differentially expressed genes and methylated genes in 
uterine fibroids

According to the gene expression matrix of the control 
group and uterine fibroids group in the GSE199849 data-
set, 564 differentially expressed genes were obtained, of 
which 62 were up-regulated and 502 were down-regula-
ted. (Figure 1)

Based on the GSE120854 dataset, we obtained 13,364 
differential methylation probes belonging to 5623 genes. 
Among them, 8646 probes were hypermethylated and 
4718 were hypomethylated (Figure 2). The top 20 genes 
with the largest number of differential methylation probes 
were presented in Figure 2C.

Potential methylated driver genes of uterine fibroids
The differentially expressed genes and differentially 

methylated genes in uterine fibroids were intersected to 
obtain the 155 intersection genes. (Figure 3A) After the 
intersecting, ROC curves were drawn for each intersection 
genes according to the expression level and group rela-
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were counted and presented in Figure 4. Thereinto, splice-
site mutations of prohibitin 2 (PHB2) and frameshift insert 
mutation of RPL22 (a ribosomal protein component of the 
large 60S subunit) were conservative mutations in clus-
ter1. On the other hand, a multi-hit mutation of EIF5B (a 
eukaryotic translation initiation factor) was usually detec-

tionship, and a total of 36 genes with AUC≥0.8 were selec-
ted as driver genes (Figure 3B). The top three driver genes 
with the highest AUC were shown in Figure 3C. That is, 
the methylation of ICAM4 (RNA-seq: log2FoldChange= 
-1.0426; padj= 0.0012), SPECC1L (RNA-seq: log2Fold-
Change= -1.8487; padj= 0.0042), and NOXO1 (RNA-seq: 
log2FoldChange= -1.6454; padj= 0.0014) could be dee-
med as the important participant in the pathogenetic pro-
cess of uterine fibroids.

According to the expression levels of 36 driver genes, 
a heatmap with clustering was drawn to preliminarily dif-
ferentiate all samples of uterine fibroids (Figure 3D). The 
uterine fibroids can be divided into two clusters according 
to the clustering situation. Further PCA analysis also ve-
rify these two cluster (Figure 3E).

The difference of gene mutation for the two clusters of 
uterine fibroids

Single nucleotide mutation, insertion mutation and de-
letion mutation were analyzed for each sample. The genes 
with significant differences in mutation between clusters 

Figure 1. Differential gene expression pattern of uterine fibroids. (A) 
Heat map of differentially expressed genes in uterine fibroids. Each 
column represents a sample and each row represents a differentially 
expressed gene. Each square represents the amount of the gene ex-
pressed in that sample. From blue to red, the darker the color, the 
higher the gene expression. (B) In the volcano map of differentially 
expressed genes, the ordinate was the logarithm absolute value of 10 
for the corrected P-value of differentially expressed genes, and the 
horizontal coordinate was the logarithm of 2 for Foldchange. Each 
red dot represented an up-regulated gene, the blue dot represented 
a down-regulated gene, and the gray dot represented a gene with no 
significant differentially expressed genes.

Figure 2. Differential gene methylation pattern of uterine fibroids. 
(A) Heat map of gene methylation pattern in uterine fibroids. (B) 
The volcano map of differential gene methylation pattern in uterine 
fibroids. (C) The top 20 genes with the largest number of differential 
methylation probes.

Figure 3. Potential methylated driver genes of uterine fibroids. (A) 
Venn diagram of differentially expressed genes and differentially 
methylated genes in uterine fibroids. (B) A total of 36 genes with 
AUC≥0.8 according to the expression level and group relationship 
were selected as driver genes. (C) ROC curves of the top three driver 
genes with the highest AUC. The ordinate is the true positive rate and 
the abscissa is the false positive rate. The larger the AUC area, the 
higher the accuracy for using the gene to distinguish the two subtypes 
of uterine fibroids. (D) The heatmap of gene expression levels of 36 
driver genes for uterine fibroids sample. (E) PCA plot of 36 driver 
genes for uterine fibroids sample. Different colors represent different 
clusters of samples.



176

Yafei Zhu et al. / ICAM4 and NOXO1: Uterine fibroid formation, 2023, 69(11): 173-179

ted in cluster 2.

Differential gene expression of the two uterine fibroids 
clusters

After conducting further differential gene expression 
analysis of the 31 uterine fibroids samples, we obtained 
two clusters and a total of 17 significantly differentially 
expressed genes. Compared with cluster 1, cluster 2 pre-
sented down-regulated TPSAB1, CARTPT, CXCL13, 
ESYT3, CPA4, CDC7, and PENK and up-regulated 
SLC35F1, RGS9, KLF2, EGR1, FOS, IER2, FOSB, 
PPP1R15A, JUN, and ZFP36 (Figure 5A-B). No driver 
gene (AUC≥0.8) was found in differentially expressed 
genes. 

After mapping the differentially expressed gene to fa-
miliar cell fate, we found that ferroptosis-related NRG3 
and TP63 were significantly down-regulated in uterine 
fibroid (Figure 5C). However, when compared with clus-
ter 1, cluster 2 of uterine fibroid presented up-regulated 
ferroptosis related KLF2, JUN, EGR1, and ZFP36 (Figure 
5D).

Differential immune cell infiltration pattern of the two 
uterine fibroids subtype

There is a great relationship between immune infiltra-
tion and prognosis. We used the EPIC tool to analyze the 
gene expression data of each sample to obtain the abun-
dance of immune cells of each sample. Then, according 
to the expression levels of 152 driver genes, the correla-
tion between each gene and the abundance of each cell 
species was calculated. A total of 149 driver genes were 
significantly correlated with immune infiltration. The cell 
type differences between clusters were analyzed using the 
student T-test with P < 0.05.

Uterine fibroids are mainly infiltrated by CAFs, CD4+ 
T cells, CD8+ T cells, and endothelial cells (Figure 6B). 
Among various immune cells, B cells and macrophages 
presented significant differences for the two uterine fibroids 
subtype (Figure 6C). According to |R|>0.3 and p<0.05, we 
found NOXO1 and ICAM4 present intimate correlation to 

immune cell infiltration (Figure 6D-E). It's worth noting 
that NOXO1 and ICAM4 were potential drive genes in the 
pathogenetic process of uterine fibroids.

WGCNA analysis
According to gene expression levels between clus-

ters, WCGNA software was used for co-expression ana-
lysis to obtain co-expression networks and genes in each 
module (Figure 7). A total of 16 modules were obtained, 
and cluster diagrams of these modules were also genera-
ted (Figure 7B). According to R and P values, genes in 
top three relevant modules (blue_M11 with cor=0.095 and 
p=0.016, orange_M15 with cor=0.45 and p=0.0052, and 
black_M6 with cor=0.35 and pxiaoyu) were selected for 

Figure 4. Analysis of gene mutation. (A) The amount and types of 
mutations of each gene in each cluster 1 sample. (B) The amount and 
types of mutations of each gene in each cluster 2 sample. (C) Statis-
tical analysis of gene variation in the number of mutations between 
the two clusters.

Figure 5. Differential gene expression of the two uterine fibroids 
subtypes. (A) Heat map of differential genes between clusters. (B) 
Volcano plot of clusters of differentially expressed genes. (C) Ferrop-
tosis-related gene in normal uterus and uterine fibroid. (D) Differen-
tial expression of ferroptosis-related genes in the two uterine fibroids 
subtype.

Figure 6. Differential immune cell infiltration pattern of the two ute-
rine fibroids subtypes. (A) The heatmap presented the abundance of 
each cell type in each sample. The number in each square represents 
the percentage of cells of that type in the sample. (B) Immune cell 
infiltration of uterine fibroids. (C) Differential immune cell infiltra-
tion pattern of the two uterine fibroids subtype. (D) The correlation 
between gene expression and immune cell abundance.
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GO pathway analysis. The results suggested that cluster 1 
presented higher gene expression of translation activator 
activity than cluster 2 (Figure 7E).

Discussion

DNA methylation of ICAM4 and NOXO1 are involved 
in the pathogenesis of uterine fibroids via regulating 
immune cell infiltration

Over the past years, comprehensive sequencing of hu-
man cancer has revealed the landscapes of genomic cha-
racteristics of cancer (19). This landscape is composed of a 
series of frequently and infrequently altered genes (19,20). 
Thereinto, 140 genes were revealed as the drive genes in 
the tumorigenesis (20). Generally, a cancer involves two to 
eight driver gene mutations (20). Driver genes can be dif-
ferentiated into three core functions of cellular processes: 
genome maintenance, cell survival, and cell fate (20).

In this study, we made a thorough data search in the 
public database to collect RNA-seq and DNA methylation 
data of uterine fibroids. A total of 41 RNA-seq were in-
cluded in this study, including 10 normal uterine samples 
and 31 uterine fibroids samples. Besides, a total of 34 DNA 
methylation data of myometrium were collected, including 
10 from normal subjects and 24 from patients with uterine 
fibroids. After taking the intersection of the differentially 
expressed genes in these two types of data and filtrating 
the candidate genes with AUC≥0.8, significantly down-
regulated ICAM4, SPECC1L, and NOXO1 were the top 
three methylated drive genes of uterine fibroids. 

Then, according to the expression levels of all 155 dri-
ver genes from RNA-seq data, the correlation between 
each gene and the abundance of each cell species was 

calculated. A total of 149 driver genes were significantly 
correlated with immune infiltration. According to |R|>0.3 
and p<0.05, we found NOXO1 and ICAM4 present an 
intimate correlation to immune cell infiltration. Coinci-
dentally, NOXO1 and ICAM4 were the top methylated 
drive genes of uterine fibroids. That is, DNA methylation 
of ICAM4 and NOXO1 are involved in the pathogenesis 
of uterine fibroids via regulating immune cell infiltration.

Kwangwoo et al. (21) previously found that variation 
in the ICAM4 locus is associated with the susceptibility of 
systemic lupus erythematosus, an autoimmune disease, in 
multiple ancestries. This finding just verified the correla-
tion between ICAM4 and immune cell infiltration. In addi-
tion, NOXO1 was previously reported to participate in the 
tumorigenesis of colon cancer (22) and gastric cancer (23). 

Classification of uterine fibroids based on transcrip-
tomic characteristics would promote its non-invasive 
treatment

According to the different locations of the fibroids, the 
traditional classification method divides uterine fibroids 
into three types, namely, intramural myomas, subserous 
fibroids, and submucosal fibroids (24). With the develop-
ment of minimally invasive technologies, the International 
Federation of Gynecology and Obstetrics (FIGO) classifi-
cation system further divided uterine fibroids into types 0-8 
based on the anatomical location, which can significantly 
improve the accuracy of clinical diagnosis and minimally 
invasive treatment (8). However, with the development of 
non-invasive treatment, targeted therapy could specifically 
resist uterine fibroid cells to eliminate tumor lesions with 
as little as possible insult to surrounding tissues, systemic 
hormones and fertility (25). Thus, further classification 
of uterine fibroids based on transcriptomic characteristics 
would promote its non-invasive treatment. In this study, 
it's worth noting that the 31 uterine fibroids samples could 
be clustered into two subtypes according to a total of 17 
significantly differentially expressed genes, including 7 
down-regulated genes and 10 up-regulated genes. 

Mast cells abound in all layers of the human endome-
trium and play a vital role in extracellular matrix remode-
ling and angiogenesis (26). Mast cells from humans, mice, 
and rat can express estradiol and progesterone receptors, 
and female hormones can activate mast cells (27). There-
fore, sexual steroids, in a dose-dependent manner, contri-
bute to the maturation of mast cells and directly induce 
degranulation (27,28). Activated mast cells liberate a se-
ries of factors that attract other inflammatory cells and lead 
to collateral damage to surrounding tissues, which leads 
to scar formation and fibrosis (29). Among the 17 signi-
ficantly differentially expressed genes in the two uterine 
fibroids clusters, TSAB1, the mast cells specific marker, 
was significantly up-regulated in cluster 1. That is, clus-
ter 1 could be deemed as a sexual steroids-related uterine 
fibroids subtype. Besides, Krüppel-like factor 2 (KLF2), 
which belongs to a family of zinc finger-containing trans-
cription factors and generally acts as an inhibitor of cell 
proliferation, was down-regulated in clusters 1 (26).

Since early growth response gene-1 (EGR1) was 
mainly reported to be significantly down-regulated in ute-
rine fibroids, cluster 2 seems to be an unusual subtype. 
It's worth noting that FOSB was significantly up-regula-
ted in cluster 2, which is consistent with the study made 
by Pilgrim et al. (30) FOSB was related to mechanical 

Figure 7. WGCNA analysis of the two uterine fibroids subtypes. 
(A) Gene clustering heat map. Different colors represent different 
modules, which contain a series of different genes. Gray represents 
genes that failed to cluster. (B) Cluster diagram of each module. (C) 
Correlation and significance between modules and different clusters. 
(D) The correlation between genes in the top three modules and ute-
rine fibroids subtypes. The higher the absolute value of cor, the greater 
the correlation was. (E) GO enrichment results of top three relevant 
module genes.



178

Yafei Zhu et al. / ICAM4 and NOXO1: Uterine fibroid formation, 2023, 69(11): 173-179

stretch, for example, Ramachandran et al. (31) found that, 
when suffering mechanical stretch, FOSB in the bladder 
smooth muscle would up-regulate and cause the expres-
sion of ECM proteins up-regulate. Recently, Mitchell et al. 
(32) revealed that static stretch in rat myometrial smooth 
muscle can lead to increased expression of FOSB. After 
induced by stretch or stress, up-regulated FOSB could 
participate in the mechano-transduction of uterine fibroids 
(31). This mechano-transduction may facilitate fibrosis, 
cause enhancive collagen 1A deposition, and attenuated 
fibronectin deposition. These alterations in the extra-
cellular matrix conduce to the dysregulation of collagen 
deposition, the stiffness of tissue, and the local microenvi-
ronment of the uterine fibroid. In addition, since Jin et al. 
previously found that mechano-transduction can promote 
ferroptosis in vascular smooth muscle cells, the difference 
in ferroptosis-related gene expression for the two clusters 
was consistent with the aforementioned deduction. That 
is, cluster 2 could be deemed as a biomechanics-related 
uterine fibroids subtype. Besides, since FOSB expression 
could be attenuated by macrophages (30), the significantly 
down-regulated macrophages infiltration pattern in cluster 
2 was met expectation.

In conclusion, we have demonstrated that DNA 
methylation of ICAM4 and NOXO1 are involved in the 
pathogenesis of uterine fibroids via regulating immune 
cell infiltration. Besides, further classification based on 
transcriptomic characteristics could divide uterine fibroids 
into sexual steroids-related and biomechanics-related sub-
types, which would promote its non-invasive treatment.
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