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Abstract: Uterine leiomyosarcoma (uLMS) is the most frequent subtype of uterine sarcoma that
presents a poor prognosis and high rates of recurrence and metastasis. The origin and molecular
mechanism underlying and driving its clinical and biological behavior remain largely unknown.
Recently, we and others have revealed the role of microRNAs, DNA methylation, and histone modifi-
cations in contributing to the pathogenesis of uLMS. However, the connection between reversible
m6A RNA methylation and uLMS pathogenesis remains unclear. In this study, we assessed the
role and mechanism of FTO m6A RNA demethylase in the pathogenesis of uLMS. Immunohisto-
chemistry analysis revealed that the levels of RNA demethylases FTO and ALKBH5 were aberrantly
upregulated in uLMS tissues compared to adjacent myometrium with a significant change by his-
tochemical scoring assessment (p < 0.01). Furthermore, the inhibition of FTO demethylase with its
small, potent inhibitor (Dac51) significantly decreased the uLMS proliferation dose-dependently via
cell cycle arrest. Notably, RNA-seq analysis revealed that the inhibition of FTO with Dac51 exhibited
a significant decrease in cell-cycle-related genes, including several CDK members, and a significant
increase in the expression of CDKN1A, which correlated with a Dac51-exerted inhibitory effect on cell
proliferation. Moreover, Dac51 treatment allowed the rewiring of several critical pathways, including
TNFα signaling, KRAS signaling, inflammation response, G2M checkpoint, and C-Myc signaling,
among others, leading to the suppression of the uLMS phenotype. Moreover, transcription factor (TF)
analyses suggested that epitranscriptional alterations by Dac51 may alter the cell cycle-related gene
expression via TF-driven pathways and epigenetic networks in uLMS cells. This intersection of RNA
methylation and other epigenetic controls and pathways provides a framework to better understand
uterine diseases, particularly uLMS pathogenesis with a dysregulation of RNA methylation machin-
ery. Therefore, targeting the vulnerable epitranscriptome may provide an additional regulatory layer
for a promising and novel strategy for treating patients with this aggressive uterine cancer.

Keywords: uterine leiomyosarcoma; RNA methylation; demethylase; DAC51; transcriptome analysis;
apoptosis; cell cycle; histone modifications; transcription factors; miRNAs

1. Introduction

Uterine leiomyosarcoma (uLMS) is a rare and aggressive uterine cancer, representing
1–2% of all uterine malignancies [1]. The annual incidence of uLMS is approximately 0.8 per
100,000 women. The five-year survival for all patients is between 25 and 76%, with survival
for women with metastatic disease at the initial diagnosis approaching only 10–15% [2].
Although irrespective of treatment, the uLMS is characterized by poor prognosis [3], and
presently, uLMS patients exhibit resistance to currently available therapies, as evidenced
by high recurrence and progression rates [4]. In addition, the origin and mechanism
underlying and driving its clinical and biological behavior remain unclear [5,6].

Among different chemical modifications in RNA, N6-methyladenosine (m6A), methy-
lated at the N6 position of adenosine, accounts for the most pervasive, abundant, and
conserved internal transcriptional modification within eukaryotic mRNAs, microRNAs,
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and long non-coding RNAs, and has emerged as a widespread regulatory mechanism that
controls gene expression in diverse physiological processes [7,8]. m6A modification can
stabilize RNAs and modulate their localization, transport, and post-translational regula-
tion. The process of RNA methylation is catalyzed by methyltransferases (also known
as “writers”), including methyltransferase-like 3 (METTL3), METTL14, and their cofac-
tors such as Wilms’ tumor 1-associated protein (WTAP) and RNA-binding motif protein
15 (RBM15) [9]. The m6A modification can be reversed by demethylases (also known as
“erasers”) such as fat mass and obesity-associated protein (FTO) and AlkB homologue
5 (ALKBH5) [10]. The m6A can influence post-transcriptional gene expression during
transcription through specific recognition by m6A-binding proteins (also known as “read-
ers”), such as YTH domain-containing proteins and IGF2BP1-3 [11,12]. Given the critical
oncogenic role of RNA demethylases in many types of cancers, the study of FTO and its
relevant products has attracted extensive interest [13]. Increasing evidence demonstrate
that FTO promotes the growth and metastasis of several types of cancer, including gastric
cancer [14,15], renal cell carcinoma [16], pancreatic cancer [17,18], esophageal cancer [19,20],
colorectal cancer [21], multiple myeloma [22], head and neck squamous cell carcinoma [23],
bladder cancer [24,25], endometrial cancer [26], liver cancer [27], lung cancer [28,29], breast
cancer [30], and acute myeloid leukemia [31], among others.

Gynecologic cancers start in woman’s reproductive organs, including cervical
cancer, ovarian cancer, uterine cancer, vaginal cancer, and vulvar cancer. So far, increas-
ing evidence demonstrates that FTO plays an oncogenic role in gynecological cancer,
including cervical and ovarian cancer. For example, FTO is overexpressed in human
cervical cancer tissues and facilitates the proliferation, migration, and invasion of
human cervical cancer cells [32,33]. In ovarian cancer, m6A RNA demethylases trigger
the pathogenesis of ovarian cancer [34,35] and promote ovarian metastasis [36]. These
studies emphasize the critical impact of abnormal FTO function on human diseases,
especially in cancer. Therefore, targeted inhibition of FTO may provide a promising
option for treating patients with gynecological cancer.

RNA demethylase inhibitors have been used in several experimental models and
preclinical studies and demonstrate that FTO can work as a potential drug target against
cancers [13,31,37,38]. Notably, treatments of tumor cells with RNA demethylase inhibitors
have multiple cellular effects, including cell cycle arrest, apoptosis, differentiation and
senescence, immune evasion, cancer stem cell self-renewal, epithelial–mesenchymal transi-
tion (EMT) pathway, and PI3K/AKT [31,37,39,40]. However, the role of RNA demethylases
in the pathogenesis of uterine cancer, uLMS, is entirely unknown. Therefore, we hypothe-
sized that RNA demethylases are dysregulated in uterine cancers and may play a crucial
role in the pathogenesis of uLMS. In this study, we assessed the expression pattern of RNA
demethylases in uLMS and myometrium tissues and characterized the role and mechanism
of FTO in the pathogenesis of uLMS. Deep diving into the molecular mechanism of uLMS
pathogenesis linking to RNA epigenetics would help improve these discriminated patients’
clinical management and health outcomes.

2. Results

2.1. The Expression Levels of FTO and ALKBH5 m6A RNA Demethylases Are Upregulated in
uLMS Tissues Compared to Adjacent Myometrium from Women with uLMS

To determine the differential levels of RNA demethylase proteins between uLMS and
MM (myometrium), IHC staining for FTO and ALKBH5 was performed. Figures 1 and 2
show that the FTO- and ALKBH5-positive cells were significantly higher in uLMS than
MM. The H-score of FTO and ALKBH5 was also significantly increased in uLMS (n = 9)
compared to MM (n = 7). These studies indicated the critical role of RNA methylation
erasers in the pathogenesis and progression of uLMS. Figure 2 (right column) revealed an
increase in the expression density of FTO and ALKBH5 in uLMS compared to MM.



Int. J. Mol. Sci. 2023, 24, 7957 3 of 17

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 17 
 

 

erasers in the pathogenesis and progression of uLMS. Figure 2 (right column) revealed an 
increase in the expression density of FTO and ALKBH5 in uLMS compared to MM. 

 

Figure 1. IHC staining of FTO and ALKBH5 in human uLMS tissues and adjacent my-
ometrium. IHC staining for FTO and ALKBH5 is presented with three representative 
cases. The right column shows the density map of FTO and ALKBH5 for the same repre-
sentative case. Blue color: negative; yellow color: low expression; brown color: moderate 
expression; red color: strong expression. Scale bars in black color: 100 µm; scale bars in 
red color: 1 mm; Pt: patient. 

 

Figure 2. Percentage of FTO- and ALKBH5-positive cells and H-score of RNA demethylase levels in 
uLMS vs. myometrium: (A,B) percentage of FTO- and ALKBH5-positive cells in uLMS and myom-
etrium tissues; (C,D) H-score of FTO and ALKBH5 in uLMS and myometrium tissues. * p < 0.05, *** 
p < 0.001, **** p < 0.0001. ns: no significant difference. 
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Figure 1. IHC staining of FTO and ALKBH5 in human uLMS tissues and adjacent myometrium. IHC
staining for FTO and ALKBH5 is presented with three representative cases. The right column shows
the density map of FTO and ALKBH5 for the same representative case. Blue color: negative; yellow
color: low expression; brown color: moderate expression; red color: strong expression.
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Figure 2. Percentage of FTO- and ALKBH5-positive cells and H-score of RNA demethylase lev-
els in uLMS vs. myometrium: (A,B) percentage of FTO- and ALKBH5-positive cells in uLMS
and myometrium tissues; (C,D) H-score of FTO and ALKBH5 in uLMS and myometrium tissues.
* p < 0.05, *** p < 0.001, **** p < 0.0001. ns: no significant difference.
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2.2. Inhibition of FTO Decreased the Cell Proliferation in uLMS Cells

Dac51, as a small, potent FTO inhibitor, has been shown to inactivate the activity of
FTO and synergize with the checkpoint blockade for better tumor control [41]. Therefore,
we selected Dac51 for our in vitro cell model to assess its effect on uLMS cell growth. The
trypan blue exclusion assay was performed in the SK-UT-1 cell line treated with dose ranges
from 1 to 25 µM. Treatment with FTO inhibitor (Dac51) for 48 h showed a dose-dependent
inhibitory effect on the proliferation of SK-UT-1 cells (Figure 3A).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 17 
 

 

2.2. Inhibition of FTO Decreased the Cell Proliferation in uLMS Cells 
Dac51, as a small, potent FTO inhibitor, has been shown to inactivate the activity of 

FTO and synergize with the checkpoint blockade for better tumor control [41]. Therefore, 
we selected Dac51 for our in vitro cell model to assess its effect on uLMS cell growth. The 
trypan blue exclusion assay was performed in the SK-UT-1 cell line treated with dose 
ranges from 1 to 25 µM. Treatment with FTO inhibitor (Dac51) for 48 h showed a dose-
dependent inhibitory effect on the proliferation of SK-UT-1 cells (Figure 3A). 

 
Figure 3. Treatment with Dac51 decreases uLMS cell proliferation and induces cell cycle arrest. (A) 
cell proliferation of SK-UT-1 cells in the presence or absence of Dac51; (B) flow cytometric analysis 
was performed to measure the cell cycle phase distribution in SK-UT-1 cells in the presence or ab-
sence of Dac51; (C) quantitative analysis of cell population in response to Dac51 treatment * p < 0.05; 
*** p < 0.001. 

2.3. Inhibition of FTO Induces Cell Cycle Arrest in uLMS Cells 
Dac51 treatment resulted in the increased accumulation of cells in the G1 phase and 

a corresponding decrease in the S phase, indicating the blockade of G1 progression (Figure 
3B,C). The percentage of cells in the G1 phase increased from 30.3% to 41.5% in response 
to 5 µM Dac51 treatment. Accordingly, the percentage of cells in the S phase decreased 
from 40.8% to 35.2% in response to the Dac51 treatment. These results suggest that Dac51 
treatment suppressed uLMS proliferation via cell cycle arrest. 

2.4. Dac51 alters the Transcriptome of uLMS Cells 
To characterize the Dac51-induced transcriptional changes in uLMS cells, RNA-se-

quencing analysis was performed in control (DMSO, n = 4) and Dac51-treated uLMS cells 
(n = 4). Dac51 treatment yielded 5615 DEGs (2633 down, 2982 up). Dac51 treatment up-
regulated 21.7% of gene expression and downregulated 19.16% of gene expression (Figure 
4A). Differential gene expression analysis was performed by limma-voom. Figure 4B re-
veals the distribution of DEGs between the Dac51 treatment and DMSO control groups. 
Figure 4C exhibits distinct expression patterns between Dac51 treated vs. DMSO groups. 
Notably, the Dac51 treatment did not significantly alter the expression of RNA demethyl-
ase genes, including FTO and ALKBH5, since Dac51 exerted an inhibitory activity on FTO 
demethylase activity [41] rather than transcriptional activity on FTO. 

Figure 3. Treatment with Dac51 decreases uLMS cell proliferation and induces cell cycle arrest.
(A) cell proliferation of SK-UT-1 cells in the presence or absence of Dac51; (B) flow cytometric analysis
was performed to measure the cell cycle phase distribution in SK-UT-1 cells in the presence or absence
of Dac51; (C) quantitative analysis of cell population in response to Dac51 treatment * p < 0.05;
*** p < 0.001.

2.3. Inhibition of FTO Induces Cell Cycle Arrest in uLMS Cells

Dac51 treatment resulted in the increased accumulation of cells in the G1 phase
and a corresponding decrease in the S phase, indicating the blockade of G1 progression
(Figure 3B,C). The percentage of cells in the G1 phase increased from 30.3% to 41.5% in
response to 5 µM Dac51 treatment. Accordingly, the percentage of cells in the S phase
decreased from 40.8% to 35.2% in response to the Dac51 treatment. These results suggest
that Dac51 treatment suppressed uLMS proliferation via cell cycle arrest.

2.4. Dac51 Alters the Transcriptome of uLMS Cells

To characterize the Dac51-induced transcriptional changes in uLMS cells, RNA-
sequencing analysis was performed in control (DMSO, n = 4) and Dac51-treated uLMS
cells (n = 4). Dac51 treatment yielded 5615 DEGs (2633 down, 2982 up). Dac51 treat-
ment upregulated 21.7% of gene expression and downregulated 19.16% of gene expression
(Figure 4A). Differential gene expression analysis was performed by limma-voom.
Figure 4B reveals the distribution of DEGs between the Dac51 treatment and DMSO control
groups. Figure 4C exhibits distinct expression patterns between Dac51 treated vs. DMSO
groups. Notably, the Dac51 treatment did not significantly alter the expression of RNA
demethylase genes, including FTO and ALKBH5, since Dac51 exerted an inhibitory activity
on FTO demethylase activity [41] rather than transcriptional activity on FTO.

2.4.1. Enrichment Pathway Analysis

Gene ontology analysis exhibited an enriched functional gene list of interest using
g:Profiler (https://biit.cs.ut.ee/gprofiler/, accessed on 2 December 2022). We demon-
strated that several gene sets were enriched in Dac51 vs. control group, including xeno-
biotic metabolism, UV response, TNFa signaling via NFkB, P53 pathway, MYC targets,
MTORC1 spindle, KRAS signaling, inflammatory response, G2M checkpoint, and E2F
targets, among others (Figure 4D,E). To gain further insight into the changes by FTO in-
hibition, the biological classification analysis of DEGs was performed using the DAVID
database (https://david.ncifcrf.gov/, accessed on 2 December 2022), including functional

https://biit.cs.ut.ee/gprofiler/
https://david.ncifcrf.gov/
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and pathway enrichment analyses. Sorting by p-value, the top twenty GO terms of the
BP, MF, and CC categories are shown in Figure 5. The upregulated genes were mainly
involved in regulating the cellular process, biological process, and signaling in the BP
category, mainly constituting the cytoplasm in the CC category and protein binding in the
MF category. The downregulated genes were mainly associated with cytoplasmic transla-
tion and the organonitrogen compound and cellular macromolecular metabolic process in
the BP category, constituted the cytoplasm in the CC category, and were associated with
protein binding and catalytic activity in the MF category. Figure S1 shows the results of the
Reactome pathway analysis of the RNA-seq data. The top five pathways with up-DEGs
genes in response to Dac51 treatment in the SK-UT-1 cells were signaling transduction,
signaling by receptor tyrosine kinase, effects of PIP2 hydrolysis, death receptor signaling,
and interleukin-10 signaling. In contrast, the top five pathways with the downregulation of
genes in response to Dac51 treatment included eukaryotic translation elongation, peptide
chain elongation, formation of a pool of free 40 S subunits, nonsense-mediated decay
independent of exon junction complex, and eukaryotic translation termi nation.
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hallmark MSigDB collection. DEGs: differentially expressed genes, FC: fold change.
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2.4.2. The Expression of Cell Cycle-Related Genes Is Altered upon Dac51 Treatment

To determine the molecular mechanism underlying Dac51-induced suppression of cell
cycle progression in uLMS cells, we compared the expression levels of cell-cycle-related
genes between control and Dac51-treated cells. As shown in Figure 6, Dac51 treatment
increased the expression of CDKN1A and reduced the expression of CDK2, CDK4, CDK5,
CDK14, CDK18, CDK19, and CCND2. Since CDKN1A and CDK members were critical in
cell cycle progression [42–44], our results suggested that these cell progression regulators
may play an essential role in DAC51-induced cell cycle arrest. In addition, we validated the
expression of two key cell-cycle-related genes (CDKN1A and CDK2) by q-PCR. The data
were consistent with RNA-seq data (Figure S2).

2.4.3. Dac51 Altered the Gene Expression Associated with Transcriptional Factors

Transcriptional factors play an important role in many biological processes, and
their control is disrupted in cancer cells [45]. It was reported that FTO knockdown and
inhibition repressed the E2F targets [37]. The dysregulation of these core TFs interconnected
transcriptional loops to establish and reinforce the abnormal gene expression program
in cancer cells [46]. To determine the transcriptional factors involved in the cell cycle
progression in response to Dac51 treatment, we employed Ingenuity Pathway Analysis
to determine the potential regulatory mechanism of E2F and SP1 transcription regulators
that may regulate cell-cycle-related genes. We filtered our dataset for upstream regulators
that target CDK2, CDK4, CDK5, and CCND2. We demonstrated that E2F1 is the upstream
regulator for CDK2, CDK4, CDK5, and CCND2. In addition, E2F2 is the upstream regulator
for CDK2, E2F4 is the upstream regulator targeting CDK2 and CDK4. Notably, SP1 is
the common upstream regulator that targets CDK2, CDK4, and CCND2. These analyses
demonstrate that Dac51 treatment may alter the expression of cell-cycle-related genes via
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transcription regulators, such as E2F and SP1, which may contribute to the inhibitory effect
of the FTO inhibitor on cell cycle and proliferation.

Figure 6. Dac51 altered cell cycle-related gene expression in uLMS cells. RNA-seq revealed the
upregulation of CDKN1A and downregulation of CDK2, CDK4, CDK5, CDK14, CDK17, CDK18, and
CDK19 in uLMS cells. * p < 0.05; **** p < 0.0001.

To understand the thematic association between TFs and transcriptional changes in
response to the Dac51 treatment, we performed gene list enrichment analysis using Enrichr
and TF enrichment analysis using the Encode/ChEA database. As a result, we identified
NR3C1, SUZ12, ZNF, MBD3, and LEF1 among the most enriched TFs with up-DEGs
(Table S1). In addition, ChEA with down-DEGs identified MYC, EGR1, E2F1, XRN2, and
CCND1 among the most enriched TFs (Table S2).

2.4.4. Dac51 Treatment Altered the Expression of Epigenetic Regulators

It has been reported that the dynamic interplay between DNA and RNA modification
plays a crucial role in orchestrating numerous biological processes [47–49]. Therefore, we
performed targeted gene analysis using our RNA-seq data and demonstrated that the
expression of genes that regulated the dynamic status of DNA methylation was modulated
in Dac51-treated SK-UT-1 cells. These DNA methylation/demethylation-related DEGs
included DNMT3A, DNMT3B, and TET1 (Figure 7A–C).

To determine the relationship between RNA methylation and histone acetylation, we
characterized the genes related to histone acetylation in SK-UT-1 cells after treatment with
Dac51. As shown in Figure 8A–D, the inhibition of FTO by Dac51 significantly modulated
the expression of HDAC1, HDAC10, SIRT1, and SIRT2.

We also revealed that Dac51 treatment modulated the expression levels of several
genes encoding histone methylation enzymes. These genes included SUV39H1, SETD6,
SETD1B, and SETD9 (Figure 8E–H). We also validated the expression of several epigenetic
genes, including SIRT1, SIRT2, HDAC10, and SUV39H1, by q-PCR. The data were consistent
with RNA-seq analysis (Figure S2). These analyses suggest that Dac51 treatment may alter
the transcriptome via epigenetic mechanisms.
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Figure 7. Dac51 altered DNA methylation-related genes in uLMS cells. RNA-seq revealed the
downregulation of DNMT3A (A), DNMT3B (B), and TET1 (C) in uLMS cells in response to Dac51
treatment. *** p < 0.001; **** p < 0.0001.
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RNA-seq revealed the altered expression of HDAC1 (A), HDAC10 (B), SIRT1 (C), SIRT2 (D), SUV39H1
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2.4.5. Dac51 Altered the Gene Expression Correlating with microRNA Regulation

We used TargetScan microRNA analysis in the Enrichr web server (https://maayanlab.
cloud/Enrichr/, accessed on 15 December 2022) to determine the association of miRNAs
with the input query gene set. The top 20 enriched human miRNAs are displayed based on
the −log10 (p-value). As shown in Tables S3 and S4, the miRNAs at the top have the most
significant overlap with the up-DEGs or down-DEGs, respectively.

3. Discussion

Uterine LMS is a highly aggressive tumor with high rates of tumor recurrence, pro-
gression, and metastasis [4]. The origin and molecular mechanism underlying and driving
its clinical and biological behavior remain unclear [5]. Although the dysregulation of FTO
contributing to tumorigenesis via an m6A-dependent mechanism has been identified, the
role of FTO in uLMS is entirely unknown. In this study, we demonstrated for the first
time that RNA demethylases FTO and ALKBH5 were aberrantly upregulated in uLMS
and exhibited an essential tumor-promoting role in uLMS. FTO could reprogram the onco-
genic and specific FTO inhibitors, such as Dac51, exhibit promising therapeutic efficacy in
treating uLMS.

Abnormal cell proliferation via decreasing cell cycle arrest and apoptosis is common in
many cancers [50–53]. We previously revealed that uLMS cells grow faster than myometrial
cells [54]. In this study, we revealed that the inhibition of FTO with Dac51 decreased
uLMS proliferation in a dose-dependent manner via cell cycle arrest. Notably, FTO as a
therapeutic target has been reported in many types of cancers and experimental models.
Accordingly, several FTO inhibitors have been developed, including GS1 and GS2 [31],
18077 and 18097 [13], 13a [55], C6 [39], Rhein [56], FB23-2 [16], and Dac51 [41]. The latter
showed a potent inhibitory effect as an FTO inhibitor. Furthermore, these pharmacological
inhibitors showed an anti-tumor effect with decreased cancer phenotype upon suppressing
FTO m6A demethylase activity [28,29]. All of these studies demonstrated the critical
role of RNA demethylases in cancer development, and the targeted inhibition of FTO
showed beneficial effects in many types of neoplasms, including gynecological cancer. Our
studies revealed the oncogenic role of RNA demethylases in uLMS, which were previously
identified in other gynecological cancers, including cervical and ovarian cancer.

To further determine the mechanisms associated with Dac51-induced inhibition, we
performed a genome-wide RNA-sequencing experiment comparing the profiles of DMSO-
treated with Dac51-treated uLMS cells. The transcriptome analysis revealed that the
targeted inhibition of FTO with Dac51 altered several critical biological pathways that may
contribute to uLMS pathogenesis. Notably, we demonstrated that the inhibitory effect of
Dac51 on uLMS cells is consistent with the altered expression levels of cell cycle-related
genes, concomitantly with the increased expression of CDKN1A and the decreased expres-
sion of CDK2, CDK4, CDK5, CDK14, CDK18, CDK19, and CCND2. Therefore, targeting FTO
with the small inhibitor Dac51 suppressed uLMS proliferation and induced cell cycle arrest
via CDK members and other cell-cycle-related proteins.

TFs play a central role in cancer progression. Some TFs alter multiple biological
processes, including DNA repair genes, cell proliferation, clonal heterogeneity of the dis-
ease, cellular stresses, and therapy resistance. TFs with co-activators and co-repressors
caused alterations in gene expression at specific sites in the genome [57]. By ChEA anal-
ysis, we demonstrated the altered network of TFs based on the overlapping targets and
binding site proximity, which may partially explain why the Dac51 treatment contributed
to the suppression of uLMS. For example, MYC is a key TF that plays an essential role
in cancer cell proliferation and survival and has an impact on tumor progression and
therapy resistance [58–60]. Our study showed that targeting FTO exhibited an association
between down-DEGs and MYC targets, providing a mechanism to alter the MYC-driven
gene expression without directly targeted MYC. E2F1 in our top list is a well-recognized
regulator of the cell cycle and a potent mediator of DNA-damage-induced apoptosis and
checkpoint response [61] and has been reported to play an important role in promoting

https://maayanlab.cloud/Enrichr/
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various cancers [62–64]. In addition, E2F1 is reported to be involved in uterine cancer
progression [65–67]. Notably, E2F1, its binding partner TFDP1, and E2F1 downstream
effectors in LMS were significantly upregulated compared to normal muscle [68]. Our
Ingenuity Pathway Analysis demonstrated that E2F1 is the upstream regulator targeting
CDK2, CDK4, CDK5, and CCND2. Therefore, Dac51-induced enrichment of a positive
association between E2F1 and its downstream genes suggests the important role that FTO
plays in controlling the transcriptional program via the E2F-regulated pathway in LMS.
Our studies are consistent with previous findings that the targeted inhibition of FTO with
FB23 and FB23-2, or FTO knockdown, repressed the MYC and E2F targets [37]. SP1, as a
transcriptional factor, plays an important role in cancer development [69] and regulates cell
cycle progression [70–72]. In this study, SP1 is the common upstream regulator that targets
CDK2, CDK4, and CCND2. Therefore, one may consider that FTO may disrupt the normal
cell cycle process in uLMS cells by altering the TF-driven pathways.

Notably, the interplay between RNA methylation and chromatin regulation has been
reported [73–75]. N (6)-methyladenosine of chromosome-associated regulatory RNA regu-
lates chromatin state and transcription [76]. The recent study by Wei J et al. demonstrated
that FTO mediates LINES m6A demethylation and chromatin regulation in mESCs and
mouse development. In this study, our results revealed that targeted inhibition of FTO
altered the expression of histone acetylation modulators, histone methylation enzymes, and
DNA-methylation-related epigenetic regulators, further demonstrating the strong intercon-
nection between RNA epigenetics and other epigenetic mechanisms. Our studies indicated
that the targeted inhibition of FTO might alter the transcriptome via reprogramming the
network of oncogenic epigenomes in uLMS. In the future, it is necessary to understand
other m6A regulators, including m6A writers and readers, that may contribute to the
occurrence and progression of uLMS through the dynamic RNA methylation mechanism.

As per our studies, we proposed a mechanism model for the targeted inhibition of
FTO in uLMS based on our novel findings that (1) RNA demethylases FTO and ALKBH5
are dysregulated in uLMS tumors; (2) targeting FTO with Dac51 alters the uLMS phenotype
with a decrease in cell proliferation and a modulation of cell-cycle-related genes and others;
(3) Dac51 reversed the phenotype of uLMS via different biological pathways including
TF-driven signaling; (4) RNA demethylases constitute a distinguished vulnerability in
malignant uLMS, and FTO inhibitors, such as Dac51, alter key pathways and reprogram
the oncogenic profiling and miRNA network to suppress the uLMS phenotype (Figure 9).

In conclusion, our study demonstrated for the first time that uLMS tumors exhibited
an aberrant upregulation of m6A RNA demethylase proteins, highlighting the important
role of m6A RNA methylation in the pathogenesis of uLMS. Targeted inhibition of RNA
m6A demethylase FTO may impart beneficial effects in uLMS and provide a promising and
novel strategy for treating patients with this aggressive uterine cancer.
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4. Materials and Methods
4.1. Uterine Leiomyosarcoma Samples

The uLMS tissues were obtained from the University of Chicago Tissue Bank. Ap-
proval from the Institutional Review Board (# 20-1414) at the University of Chicago was
obtained for the retrospective chart review of uLMS patients. Informed consent was ob-
tained from all the study participants before surgery. The cases with an initial diagnosis
of uLMS at the University of Chicago Hospital were reviewed, and the diagnosis was
confirmed by hematoxylin–eosin (H&E) evaluation and immunohistochemistry. A total of
nine cases with uterine uLMS were used as previously described [77].
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4.2. Immunohistochemistry

Immunohistochemistry (IHC) was performed as described previously [77]. The pri-
mary antibodies FTO (Abcam, Ab109411, Cambridge, UK) and ALKBH5 (Abcam, Ab
32117) were used for IHC. To determine the percentage and intensity of FTO- and ALKBH5-
positive cells, QuPath software (version 0.2.3) (https://qupath.github.io, accessed on 15
November 2022) was used with the positive cell detection command. Thresholds were
set to categorize cells according to nuclei staining intensity: negative, weak, moderate,
and strong intensity. The histochemical scoring (H-score) captures both the intensity and
the proportion of the FTO/ALKBH5-positive cells from the IHC image and comprises
values between 0 and 300 [78], thereby offering a dynamic range to quantify FTO/ALKBH5
abundance between myometrium and uLMS. Human testis tissues were used as positive
tissues for FTO and ALKBH5 staining.

4.3. Cells and Reagents

The culture condition of human uterine leiomyosarcoma cell line SK-UT-1 was
described previously [77].

FTO inhibitor Dac51 was purchased from Selleck Chemical (Cat# S9876, Houston, TX,
USA). The range of doses tested was 1–25 µM.

4.4. Proliferation Assay

A trypan blue exclusion assay was performed for cell proliferation measurement. Cells
were seeded into 12-well tissue culture plates and treated with the Dac51 at a dose range of
1–25 µM for 48 h. An equal amount of DMSO was used as vehicle control. After treatment,
the cells were trypsinized and collected by centrifuge. The cells were resuspended in a
serum-free medium. An equal volume of 0.4% trypan blue and cell suspension was mixed
and applied to a hemacytometer for cell counting. Viable cells were unstained. This assay
was performed in triplicate.

4.5. Measurement of Cell Cycle Phase Distribution

Cell cycle distribution was determined by flow cytometric analysis. Briefly, SK-UT-1
cells were cultured in the medium containing 5 µM of Dac51 for 48 h. Control cells were
cultured in a medium containing equal amount of DMSO. Cells were then washed with
PBS, fixed in 70% ethanol for at least 30 min, and hypotonically lysed in 0.2 mL of DNA
staining solution (0.05 mg/mL PI (Sigma, St. Louis, MO, USA) and 0.1% Triton X-100). The
cell cycle data were analyzed with an Epics XL-MCL flow cytometer (Beckman Coulter,
Miami, FL, USA), with System II (version 3.0) software (Beckman Coulter). Additional
analysis of cell cycle distribution was determined by using Modfit LT (Topsham, ME, USA).

4.6. RNA-Sequencing

The uLMS cell line (SK-UT-1) was treated with 5 µM Dac51 for 48 h. Cells were subjected
to RNA isolation using Trizol. RNA and library quality and quantity were assessed as described
previously [77]. An Illumina NovaSEQ6000 was used for library sequencing.

4.7. Transcriptome Profiles Analysis
4.7.1. Transcriptome Data Analysis

The classical alignment-based mapper STAR, version 2.6.1d (GitHub, Inc., San Fran-
cisco, CA, USA) (23) was used to map sequencing reads to a human reference transcriptome.
The results of STAR mapping were quantified by Salmon, version 1.4.0. Then, Bioconduc-
tor (https://bioconductor.org/packages/release/bioc/html/tximport.html, accessed on 2
December 2022) was used to read Salmon outputs into the R environment. Downstream
analyses were performed as described previously [77].

https://qupath.github.io
https://bioconductor.org/packages/release/bioc/html/tximport.html
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4.7.2. Differential Gene Expression Analysis

To identify the differentially expressed genes (DEGs) between treatment and control
groups, the algorithm was implemented in R packages Limma + voom [79]. We used
a cutoff of −1.5 > fold change > 1.5 and a p-value of 0.05. In addition, Benjamini and
Hochberg’s (BH) method was performed to control the false discovery rate of all the genes
with adjusted p-values less than 0.05.

4.7.3. Gene List Enrichment Analysis

Comprehensive gene set enrichment analysis for regulation machinery was carried
out using the Enrichr (version 3.1) [80] package in R (https://maayanlab.cloud/Enrichr/
(accessed on 2 December 2022). We used ChEA and TargetScan microRNA in Enrichr to
determine the mechanisms underlying the regulation of DEGs. We also used Ingenuity
Pathway Analysis (IPA) (Qiagen) to determine the link between TFs and cell-cycle-related
genes. The cutoffs of IPA are −1 to +1 for logFC, and 0.01 for adj. p. val, respectively.

4.8. cDNA Synthesis and Quantitative Real-Time Polymerase Chain Reaction

Total cellular RNA was isolated from frozen pellets using the PureLink RNA Mini Kit
(Ambion, Waltham, MA, USA). RNA integrity was measured by an Agilent bioanalyzer.
cDNA synthesis was performed in 20 µL reaction volume using RNA to cDNA EcoDry
Premix (Takara Bio USA, San Jose, CA, USA). The reaction mixture was incubated for 1 h at
42 ◦C and stopped by incubation at 70 ◦C for 10 min.

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed to mea-
sure the relative mRNA expression of genes listed in Table S5. Primers were purchased
from Integrated DNA Technologies (Coralville, IA, USA). An equal amount of cDNA from
each sample was added to the Mastermix containing appropriate primer sets and SYBR
green supermix (Bio-Rad, Hercules, CA, USA) in a 20 µL reaction volume. All samples were
analyzed in triplicate. Real-time PCR analyses were performed using a Bio-Rad CFX96.
Cycling conditions include denaturation at 95 ◦C for 2 min followed by 40 cycles of 95 ◦C
for 10 s and 60 ◦C for 30 s, followed by 65 ◦C for 5 s. Synthesis of a DNA product of the
expected size was confirmed by melting curve analysis. The expression of 18 S ribosomal
RNA was used as an endogenous control to normalize the expression data. Negative
control was performed by running the reaction without cDNA template. The relative RNA
expression was expressed as fold changes and calculated using the 2∆∆CT method.

4.9. Statistical Analysis

A comparison of the two and multiple groups was carried out as described pre-
viously [77]. Data were presented as mean ± standard error (SE), and the significant
difference was defined as p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms24097957/s1.
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