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1  |  INTRODUC TION

Uterine leiomyomas (ULs) are the most common gynaecologic tu-
mours, affecting approximately 70%–80% of women. They can 
cause heavy bleeding, pain and infertility.1 ULs are thought to 

originate from the transformation of myometrial stem cells into leio-
myoma stem cells which, in turn, undergo division for self-renewal 
which is necessary for the preservation of the stem cell niche; and 
differentiation to mature leiomyoma cells which contributes to tu-
mour growth.2
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Abstract
Uterine leiomyoma (UL) is the most common gynaecologic tumour, affecting an esti-
mated 70 to 80% of women. Leiomyomas develop from the transformation of myo-
metrial stem cells into leiomyoma stem (or tumour-initiating) cells. These cells undergo 
self-renewal and differentiation to mature cells, both are necessary for the mainte-
nance of tumour stem cell niche and tumour growth, respectively. Wnt/β-catenin and 
TGF-β/SMAD pathways, both overactive in UL, promote stem cell self-renewal, cross-
talk between stem and mature cells, cellular proliferation, extracellular matrix (ECM) 
accumulation and drive overall UL growth. Recent evidence suggests that simvastatin, 
an antihyperlipidemic drug, may have anti-leiomyoma properties. Herein, we investi-
gated the effects of simvastatin on UL stem cells. We isolated leiomyoma stem cells by 
flow cytometry using DyeCycle Violet staining and Stro-1/CD44 surface markers. We 
found that simvastatin inhibits proliferation and induces apoptosis in UL stem cells. In 
addition, it also suppressed the expression of the stemness markers Nanog, Oct4 and 
Sox2. Simvastatin significantly decreased the production of the key ECM proteins, 
collagen 1 and fibronectin. Finally, it inhibited genes and/or proteins expression of 
TGF-β1, 2 and 3, SMAD2, SMAD4, Wnt4, β-Catenin, LRP6, AXIN2 and Cyclin D1 in UL 
stem cells, all are key drivers of the TGF-β3/SMAD2 and Wnt4/β-Catenin pathways. 
Thus, we have identified a novel stem cell-targeting anti-leiomyoma simvastatin ef-
fect. Further studies are needed to replicate these findings in vivo.
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Leiomyoma stem cells, also called tumour-initiating cells, express 
high levels of stemness markers including Nanog, Oct4, Sox2 and 
KLF4, while showing low levels of oestrogen receptor, progesterone 
receptor and smooth muscle actin, in line with their undifferenti-
ated status.3,4 UL stem cells also have a shorter doubling time than 
myometrial progenitor cells.3 Several studies have proposed that a 
single myometrial stem cell undergoes tumorigenic transformation 
following hypoxia, MED12 mutations, abnormal methylation and/or 
aberrant steroid signalling.5-7

Leiomyoma stem cells have been identified using flow cytom-
etry.8 Stem cells highly express the transporter ABCG2 which rap-
idly pumps out cell-permeable DNA-binding dyes such as Hoechst 
33342 and DyeCycle Violet (DCV).9 Therefore, these cells appear 
dim and are identified as the side population (SP) on flow cytometry. 
Cells that do not exclude (efflux) the dye are called main popula-
tion (MP) and are mostly mature non-stem cells. Thus, certain flu-
orescent DNA stains can separate total leiomyoma cell population 
cells into SP that includes stem cells and MP that includes mature 
cells. In addition, specific cell surface markers such as Stro-1 and 
CD44 have been used to identify myometrial and leiomyoma stem 
cells since cells displaying these markers possess stem or progenitor 
cell features.4

Tumorigenic transformation of myometrial cells is known to be 
associated with overactive Wnt/β-catenin pathway.10,11 The Wnt/β-
catenin pathway has been shown to be essential for the interaction 
between leiomyoma stem cells and the neighbouring mature cells 
and tumour responsiveness to oestrogen and progesterone.12-14 
Additionally, this pathway stimulates transforming growth factor-
beta (TGF-β) expression, which promotes cell proliferation and 
extracellular matrix (ECM) formation.15,16 Mutations of MED12 
increase TGF-β receptor expression, which leads to aberrant acti-
vation of SMAD and MAPK, altering stem cell self-renewal, prolifer-
ation and fibrosis.17

Even though ULs are the most common cause of hysterectomies, 
current treatment options for UL are limited.18 An optimal treat-
ment strategy would target the pathways implicated in the devel-
opment and proliferation of leiomyoma stem cells, the origin of UL. 
Simvastatin, an antihyperlipidemic drug, has been widely used for 
treating hypercholesterolemia, atherosclerosis and coronary artery 
disease for more than 20 years.19 Evidence suggests it may have a 
therapeutic role in leiomyoma. In a nested case–control study, statin 
users had a lower risk and symptoms of leiomyoma than nonusers.20 
In uterine leiomyoma cells, simvastatin exerts beneficial effects 
through inhibiting cell proliferation, arresting cell cycle,21,22 inducing 
apoptosis and reducing ECM production.23 In addition, simvastatin 
significantly decreases leiomyoma growth in a patient-derived xeno-
graft mouse model.21 Based on the above studies, simvastatin might 
be a promising candidate for the treatment of uterine leiomyoma.24

In the present study, we sought to examine the effects of simvas-
tatin on leiomyoma tumour-initiating cells. We found that simvasta-
tin inhibits proliferation, induces apoptosis, reduces the expression 
of key pathways involved in promoting stem cell proliferation, stem-
ness, fibrosis, ECM accumulation and intracellular signalling. Thus, 

we identified a novel stem cell-targeting anti-leiomyoma therapeutic 
mechanism.

2  |  MATERIAL S AND METHODS

2.1  |  Human specimen collection and sample 
preparation

Leiomyoma tissues were collected from patients who underwent 
hysterectomy at the Department of Gynecology and Obstetrics at 
the Johns Hopkins Hospital, Baltimore, MD, USA and University 
of Illinois at Chicago, IL, USA. The Johns Hopkins University and 
University of Illinois Institutional Review Boards reviewed and ap-
proved the study and informed consents were obtained from pa-
tients. Buffer containing Hanks' Balanced Salt Solution (HBSS, 
Thermo Fisher Scientific, Waltham, MA) and 1% antibiotic–
antimycotic solution (Thermo Fisher Scientific) were used to wash 
tissues. Tissues were manually cut into small pieces (<1 mm3) and 
incubated in sterile HBSS (without phenol, calcium or magnesium) 
with collagenase (Worthington), deoxyribonuclease (DNase, Sigma-
Aldrich), antibiotic-antimycotic mixture and HEPES buffer solution 
(Thermo Fisher Scientific) on a shaker for 4 to 8 h at 37°C to digest 
the tissue.

2.2  |  Chemicals

Simvastatin, Pravastatin, Lovastatin, Atorvastatin and Fluvastatin 
(Cayman Chemical, Ann Arbor, MI, USA) stock solutions (10  mM) 
were prepared in dimethyl sulfoxide (DMSO; Sigma-Aldrich) and 
stored at −20°C until use. The rest of the chemicals and reagents 
used in the experiments were purchased from Sigma-Aldrich and 
Thermo Fisher Scientific.

2.3  |  Isolation of stem cells side population and 
antibody-based sorting by FACS

Flow cytometry using DCV and Stro-1 and CD44 antibodies was 
used to isolate stem cells from fresh human leiomyomas from 5 pa-
tients as previously described8 with minor modifications. Briefly, the 
tissue digest was filtered through a 100 µm filter and resuspended at 
a concentration of 1 × 106 cells/ml in calcium- and magnesium-free 
Hanks-balanced salt solution (HBSS) containing 2% foetal bovine 
serum (FBS). DCV (Invitrogen, Waltham, MA) was then added at a 
final concentration of 5 µM, and the sample was incubated at 37° 
C for 90 min with gentle vortexing every 15 min to allow maximum 
dye penetration. Extracellular DCV was washed away in 5x volume 
ice-cold PBS, resuspended in 1 ml of cold FACS solution, and further 
incubated with 2 μg/ml propidium iodide (PI, Sigma-Aldrich) to label 
the nonviable cells. The cells were always kept on ice after staining 
and were subjected to flow cytometric analysis by FACS-Aria (BD 
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Bioscience) to separate the SP and MP. After DCV staining, cells 
were immunolabelled with antibodies prior to flow cytometry. The 
cells were centrifuged for 7 min at 400 × g, 4°C and resuspended in 
HBSS. The desired biotinylated and conjugated antibodies to Stro-1 
(R&D Systems, Minneapolis, MN, USA) and CD44 (BD Biosciences) 
were added for 30  min on ice in the dark. The excess antibody 
was removed after washing with HBSS. Cells were sorted by BD 
FACSCalibur flow cytometer system (Beckman-Coulter), and data 
were analysed using FlowJo software (Tree Star Inc.). In this work, 
stem cells were identified as SP cells on DCV staining that were also 
Stro-1+/CD44+. For our experiments, we used stem cells isolated 
from different patients.

2.4  |  Cell culture and treatment

In our previous publications, the proliferation rate of leiomyoma 
stem cells was measured to determine the effect of FBS concentra-
tion.25 At 24, 48 and 72 h, with DMEM/F12 medium was supple-
mented with 0%, 3%, 6% or 12% FBS, leiomyoma stem cells did not 
proliferate differently from myometrium stem cells. Since we found 
that our cells grew well in DMEM/F12 medium containing 12% FBS 
and were able to complete previous experiments under this condi-
tion, we used this level of FBS supplementation in all in vitro ex-
periments. We cultured leiomyoma stem cells (Stro-1+/CD44+) in 
DMEM/F12 (Thermo Fisher Scientific) medium supplemented with 
12% FBS, and 1% antibiotic-antimycotic in collagen-coated dishes in 
a humidified atmosphere with 2% O2 and 5% CO2 at 37°C. The ma-
ture cells (Stro-1−/CD44−) and primary leiomyoma (total cell popula-
tion including both stem and mature) cells were separately cultured 
in DMEM/F12 medium with 10% FBS, and 1% antibiotic-antimycotic 
in a humidified atmosphere with regular 2% O2 and 5% CO2 at 37°C. 
Cells were maintained and treated with simvastatin or DMSO (vehi-
cle control) for 48 h.

2.5  |  Quantitative RT-PCR

RNA was extracted using the RNeasy plus mini kit (QIAGEN, 
Gaithersburg, MD) following the manufactures' protocol. cDNA 
was synthesized in a Bio-Rad Thermocycler using the iScript cDNA 
Synthesis Kit (Bio-Rad) according to the manufacturer's instructions. 
LightCycler 96 System (Roche Diagnostics) and FastStart Essential 
DNA Green Master (Roche Diagnostics) were used for the qRT-PCR. 
The relative mRNA expression was expressed as fold change and cal-
culated using the 2∆∆CT method by using specific primers (Table S1).

2.6  |  Immunoblotting

Leiomyoma stem cells were treated with simvastatin (0.01, 0.1, 
1  µM) or DMSO (vehicle control) for 48  h. Cells were lysed in a 
lysis buffer (radioimmunoprecipitation assay buffer, Sigma-Aldrich) 

containing a protease and phosphatase inhibitor cocktail (Sigma-
Aldrich). An equal amount of protein lysates was loaded on 4 to 12% 
Bis-Tris protein gradient gels (Thermo Fisher Scientific) and trans-
ferred to a nitrocellulose membrane (Thermo Fisher Scientific) using 
the mini trans-blot transfer system (Thermo Fisher Scientific). To 
detect specific antigens, blots were probed with primary antibodies 
(Table S2) on a shaker at 4° C overnight, followed by 1 h of room tem-
perature incubation with HRP conjugated secondary antibodies (GE 
Healthcare). Chemiluminescent Western blot signal was captured 
was using an Azure Imager c300 (Azure Biosystems). Band signals 
were quantified with the NIH ImageJ software (version 1.52r).

2.7  |  Immunocytochemistry

Cells were cultured and treated on the glass slides, then fixed with 
4% formaldehyde and incubated in a blocking solution (1× PBS, 5% 
normal goat serum (CST), and 0.3% Triton X-100 (Sigma-Aldrich) for 
1 h at room temperature. Primary antibodies (Table S2) were incu-
bated overnight at 4°C. Next, we used Alex488-conjugated anti-
rabbit (Invitrogen, #A11034) and Alex594-conjugated anti-mouse 
(Invitrogen, #A11030) secondary antibodies for further staining. A 
ProLong Gold Antifade reagent with DAPI (Thermo Fisher Scientific) 
was used to fix the slide overnight at room temperature. The samples 
were examined using a Leica SP8 Microsystems (Wetzlar, Germany) 
confocal microscope. As each image had 4 megapixels and the time 
of acquaintance was 1.9 microseconds per pixel, the total scanning 
time was 7.6 s.

2.8  |  Viability assays

Leiomyoma stem cells were plated onto a 96-well plate and al-
lowed to grow overnight. Cells were treated with different statins 
at the indicated concentrations or DMSO (vehicle control) for 48 h. 
Concentrations were chosen based on previous publications and 
clinical relevance.21,22,26 Viability was assessed by (3-[4,5-dimethy
lthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (MTT) staining by 
measuring absorbance at 500–600 nm.

2.9  |  Caspase-3 assay

Cells were treated with different simvastatin doses for 48  h and 
DMSO as vehicle control. Caspase-3 activity was detected using a 
quantitative fluorometric assay as previously described.27

2.10  |  Hoechst 33342 Staining for apoptosis

Leiomyoma stem cells were seeded onto coverslips in a 6-well 
plate and treated with simvastatin (1 μM). After 48 h, the attached 
cells were washed with PBS and fixed in freshly prepared 4% 
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paraformaldehyde for 30 min, then washed with PBS and incubated 
with Hoechst 33342  staining solution for 5  min. Cells were then 
washed with PBS, an antifade mounting medium, then apoptosis was 
detected using fluorescence microscope.

2.11  |  Statistical analysis

Data were analysed using GraphPad Prism version 6.01 for 
Windows (GraphPad). D’Agostino–Pearson omnibus normality test 
was used for data distribution. Unpaired Student's t-test and one-
way ANOVA with an appropriate Tukey's post hoc test were used 
according to the type of experiment. The nonparametric Mann–
Whitney U and Kruskal–Wallis followed by Dunn's test were used 
for mRNA and protein expression levels, respectively. All experi-
ments were performed in duplicate and repeated three independ-
ent times from different patients. Error bars represent a standard 
error of the mean (SEM). p-values <0.05 were considered signifi-
cant (*p < 0.05; **p < 0.01; ***p < 0.001); p > 0.05, non-significant 
(NS).

3  |  RESULTS

3.1  |  Isolation and characterization of the human 
leiomyoma Stro-1+/CD44+ stem cells

Fresh leiomyoma tissue was collected from patients, and a single-
cell suspension was prepared. FACS was performed using DCV stain 
to separate total cells into SP (10.6%) and MP (mature leiomyoma 
cells) (46.6%) fractions. The SP fraction was further separated using 
Stro-1 and CD44 antibodies. The percentages of the SP subpopu-
lations Stro-1+/CD44+ and Stro-1−/CD44− were 12.8% and 72.2%, 
and intermediate cell populations, Stro-1+/CD44− and Stro-1−/
CD44+ were 6.15% and 8.89% of the, respectively, (Figure 1A). In 
this work, stem cells were defined as Stro-1+/CD44+.

To determine the expression of stemness markers and steroid 
hormone receptors of the isolated stem cells (Stro-1+/CD44+), we 
performed RT-PCR, Western blot and immunocytochemistry (ICC) 
analysis. The mRNA isolated from total, mature and stem cells con-
firmed the expression levels of α-SMA, ESR1 and PR, and the expres-
sion levels were significantly greater in total and mature cells than in 
stem cells (Figure 1B). The results also confirmed at the protein level 
as well (Figure  1D). There are no significant differences between 
the mature and total cells in their expression of α-SMA, ESR1 and 
PR. The mRNA and protein expression of typical undifferentiated 
stem cell-related markers, Nanog, Oct4 and Sox2, were highly ex-
pressed in stem cells compared to total and mature cells (Figure 1C, 
E). However, there was no difference in mRNA Sox2 levels. The ICC 
analysis further revealed that stem cells exhibited greater immu-
nostaining intensity for Nanog and Oct4 than total and mature cells 
(Figure 1F,G).

Our previous publication reported that leiomyoma stem cells 
grow optimally in DMEM/F12 media with 12% FBS.9 ABCG2 trans-
porter expression, Oct4, Nanog and GDB3 expression, along with 
the low expression of ER-α and PR-A/PR-B receptors, confirmed the 
undifferentiated status of isolated cells. These cells did not contain 
CD34 or CD45, indicating their mesodermal origin, and they were 
able to differentiate into adipocytes, osteocytes and chondrocytes 
in vitro. Lastly, they made fibroid-like lesions in a mouse xenotrans-
plantation model.

In the present study, the expression of typical undifferentiated 
stem cell-related genes was validated by qRT-PCR, Western blot and 
ICC. As shown in Figure 1, Stro-1+/CD44+ human stem cells have 
a distinct molecular profile versus mature and total cell population.

3.2  |  Antiproliferative and pro-apoptotic effects of 
simvastatin on leiomyoma stem cells

To explore whether statins have any effect on leiomyoma stem cell 
proliferation, we examined the antiproliferative effects of five dif-
ferent types of statins, including simvastatin, pravastatin, lovastatin, 
atorvastatin and fluvastatin at different concentrations (0.001, 0.01, 
0.1, 1 and 10 µM) for 48 h. Results demonstrated that simvastatin 
at all doses significantly decreases the viability of leiomyoma stem 
cells in a dose-dependent manner with a growth inhibitory effect of 
21 to 30% (Figure 2A). Simultaneously, pravastatin, lovastatin and 
atorvastatin reduced cell viability by 7 to 19%, 3 to 17% and 12 to 
14%, respectively, while fluvastatin had no significant effect at the 
concentration tested (Figure 2A). We used simvastatin for further 
experiments based on the data mentioned above. After simvastatin 
treatment for 48 h, the mRNA (Figure 2B) and protein (Figure 2C) 
levels of proliferation-related marker PCNA were significantly de-
creased by 1.67-fold and 2.22-fold, respectively, compared to un-
treated cells.

In response to simvastatin treatment, we examined the caspase-3 
enzyme activity to determine if it could induce apoptosis in addition 
to the inhibition of cell growth. Simvastatin treatment of 1µM sig-
nificantly upregulated caspase-3 activity by 3.00-fold in leiomyoma 
stem cells compared to untreated control (Figure 2D). This finding 
was confirmed by simvastatin treatment which increased nuclear 
Hoechst 33342 staining by 1.5-fold and annexin V apoptosis stain-
ing by 2.25-fold, an indicator of fragmented and condensed apop-
totic nuclei (Figure 2E,F).

3.3  |  Simvastatin effect on stemness markers

Studies have shown that transcription factors such as Nanog, 
Oct4 and Sox2 play a vital role in the pluripotency, self-renewal 
regulation, differentiation status and maintenance of stem cell 
phenotypes.28 The reprogramming of somatic stem cells into 
pluripotent stem cells by upregulation of these factors drastically 
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increases tumorigenesis ability.29 To explore whether simvastatin 
can affect Nanog, Oct4 and Sox2 expressions, we performed RT-
PCR and ICC analysis. Simvastatin treatment reduced the mRNA 
levels of Oct4 (2.94-fold), Nanog (1.81-fold) and Sox2 (1.43-fold) 
compared to control (1.00-fold) (Figure 3A,C,E). ICC analysis re-
vealed that all tested transcription factors were reduced in the 
nuclei of leiomyoma stem cells following simvastatin treatment 
(Figure 3B,D,F).

3.4  |  Suppression of fibrosis-related gene 
expression after simvastatin treatment

Fibrosis plays a crucial mediator in UL growth. This condition is com-
monly characterized by ECM accumulation and excessive produc-
tion of inflammatory cytokines and chemokines.30,31 To see whether 
simvastatin altered the expression of fibrosis-related genes, we 
checked the expression of collagen 1 and fibronectin, which are 

F I G U R E  1  Isolation and characterization of the human leiomyoma (Stro-1+/CD44+) stem cells. A Left, distribution of the side population 
(SP) and main population (MP) cells within DCV-stained living cells isolated from human leiomyoma tissue. The representative experiment 
was repeated using cells from five independent subjects. Right, representative flow cytometric profile of SP cells based on the expression 
pattern of Stro-1 and CD44. B, C The mRNA expression levels of smooth muscle cell marker (α-SMA), steroid receptors (ERα and PR) and 
stemness transcription factors (Nanog, Oct4 and Sox2) were quantitated by RT-PCR in the total leiomyoma cell population (T) and the 
two FACS-sorted subpopulations: mature (M) and stem (S) cells. RPLP0 was amplified under the same RT-PCR conditions and used for 
normalizing data. D, E α-SMA, ESR1, PR-A/B, Nanog, Oct4 and Sox2 protein expression levels were detected by Western blotting, and 
β-actin was used as a loading control between three leiomyoma cell populations (T, M and S). F, G Immunofluorescence staining of T, 
M and S cells isolated from leiomyoma tissues with antibodies against Nanog (green) and Oct4 (green). Nuclei were stained with DAPI 
(blue), and actin was stained with phalloidin (red). All images were captured with the same time exposure using a confocal microscope 
(20 × magnification). Data are presented as the means ±standard error of the mean (SEM) of the relative expression obtained from three 
independent experiments. *p < 0.05; **p < 0.01
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F I G U R E  2  Antiproliferative and apoptotic effects of simvastatin. A Human uterine leiomyoma stem cells were treated with simvastatin, 
pravastatin, lovastatin, atorvastatin and fluvastatin at different doses (0.001, 0.01, 0.1, 1 and 10 µM) for 48 h. Dimethyl sulfoxide (DMSO) 
was used as vehicle control. Cell proliferation was measured by an MTT assay. B The mRNA expression levels of PCNA were quantitated 
by RT-PCR after simvastatin (1 µM) treatment for 48 h. RPLP0 was amplified under the same RT-PCR conditions used for normalizing data. 
C PCNA protein expression levels were detected by Western blotting after simvastatin (0.01, 0.1, 1 µM) treatment for 48 h. β-actin was 
used as a loading control. D Caspase-3 enzymatic activity showed that simvastatin (0.01, 0.1, 1 µM) treatment for 48 h increases apoptotic 
signalling in leiomyoma stem cells. Nuclear staining with Hoechst 33342 (blue) (E) and Annexin V (green) (F) showed that simvastatin 
treatment for 48 h increases fragmented and condensed apoptotic nuclei compared to control. Actin was stained with phalloidin (red). All 
images were captured with the same time exposure using a confocal microscope (20× magnification). The same Western blot membrane was 
probed for PCNA, Collagen 1 and β-catenin, presented in Figures 2C, 4B and 7E, respectively. Therefore, the same β-actin image was used 
for all of them. Data are presented as the means ±SEM of the relative expression obtained from three independent experiments. *p < 0.05; 
**p < 0.01; ***p < 0.001
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F I G U R E  3  Effect of simvastatin on stemness transcription factors. A, C, E Human uterine leiomyoma stem cells were treated with 
simvastatin (1 µM) for 48 h. DMSO was used as vehicle control. The mRNA expression levels of Nanog, Oct4 and Sox2 were quantitated 
by RT-PCR. RPLP0 was amplified under the same RT-PCR conditions used for normalizing data. B, D, F Immunofluorescence staining 
was performed on leiomyoma stem cells with an antibody against Nanog (green), Oct4 (green) and Sox2 (green) after simvastatin (1 µM) 
treatment for 48 h. Nuclei were stained with DAPI (blue), and actin was stained with phalloidin (red). All images were captured with the same 
time exposure using a confocal microscope (20 × magnification). Data are presented as the means ±SEM of the relative expression obtained 
from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001
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essential ECM proteins overexpressed in the ULs. Simvastatin treat-
ment significantly suppressed the expression of both mRNAs (2.13-
fold) and protein (1.41-fold to 4.34-fold) levels of collagen 1 in stem 
cells (Figure 4A,B). Similarly, we observed a significant reduction of 
both mRNA and protein expression levels of fibronectin after simv-
astatin treatment (Figure 4C,D).

To explore whether simvastatin can affect the expression of 
more fibrosis-related genes, we performed RT-PCR assay after 48 h 
of treatment and compared it to untreated stem cells (Figure  4E). 
The results indicated that simvastatin remarkably decreases the ex-
pression of a large number of genes that are implicated in fibrosis de-
velopment, including platelet-derived growth factor subunit (PDGFB, 
PDGFA), inflammatory cytokines (IL-1β, IL-1α), matrix metalloprotein-
ase (MMP1), membrane proteins (CAV1, ITGα3), growth factors (HGF, 
TGF-β subunits), growth factor signalling (SMAD3) and transcription 
factors (STAT6) while there was no change in AKT1, MMP14, MMP3, 
CTGF, CCL3, SMAD6 and STAT1 (data not shown).

3.5  |  Simvastatin reduced TGF-β3/
SMAD2 signalling in leiomyoma stem cells

TGF-β is widely recognized as a potent inducer of fibrosis consider-
ing its involvement in various ECM expression and deposition16,32 
and has been shown to be overexpressed in ULs.33

In this study, we found that simvastatin treatment remarkably 
reduces the transcription levels of TGF-β1, TGF-β2 and TGF-β3 by 
2.04-fold, 3.33-fold and 2.78-fold in leiomyoma stem cells compared 
to untreated control (Figure  5A,C,D). In agreement with the tran-
script results, simvastatin treatment showed a reduction in TGF-β1 
(2.00 – 2.86-fold) and TGF-β3 (1.67-fold) protein expression after 
48 h of treatment (Figure 5B,E). Next, we observed the effects of 
simvastatin on the staining intensity of TGF-β3, where simvastatin 
treatment also suppressed the TGF-β3 expression level (Figure 5F). 
Additionally, the protein expression levels of TGF-β1, 2 and 3 in ma-
ture and stem cells confirm the significance of these cytokines in the 
fibrotic process. As shown in Figure S1, there are no differences in 
the expression levels of TGF-β1, 2 and 3 between the mature and 
stem cells.

TGF-β binds to its transmembrane receptor on the cell surface 
and activates downstream SMAD2 and SMAD3, which in turn binds 
with SMAD4. SMAD4 is then translocated into nucleus where it in-
duces of pro-fibrotic genes.34 In this study, simvastatin significantly 
suppressed SMAD2 mRNA levels (1.72-fold) in leiomyoma stem cells 
(Figure 6A). Moreover, since phosphorylation of SMAD2 is required 
for its activation, simvastatin treatment significantly decreased the 
protein expression levels by 1.67-fold (Figure 6B) and staining sig-
nals by 2.5-fold (Figure 6C) of phosphorylated SMAD2. We also de-
tected a 2.85-fold and 1.80-fold reduction of SMAD4  mRNA and 
protein levels by simvastatin treatment (Figure 6D,E). The inhibitory 
SMAD7 interacts with TGF-β receptors and obstructs phosphor-
ylation of SMADs, disturbing TGF-β signalling.35 Our experiment 
detected a non-significant decreased mRNA and a significantly 

increased protein expression of SMAD7 in response to simvastatin 
treatment in leiomyoma stem cells (Figure 6F,G). Prior studies have 
shown that SMAD signalling induces inflammation by activating NF-
κB dependent inflammatory responses. Simvastatin significantly 
decreased the mRNA levels of NF-κB by 2.00-fold and the protein 
levels of phosphorylation of NF-κBp65 by 1.54-fold in leiomyoma 
stem cells compared to control (Figure 6H,I), suggesting the reduc-
tion of SMAD7 activated inflammation may be via NF-κB dependent 
pathway.36

3.6  |  Inhibition of Wnt4/β-catenin pathway by 
simvastatin

When the Wnt ligand is absent, β-catenin undergoes phosphoryla-
tion by the destruction complex, consisting of Axin, APC, GSK3-β 
and CK1. This leads to β-catenin ubiquitination and subsequent pro-
teasomal degradation. However, in the presence of the Wnt ligand, 
β-catenin is released from the destruction complex, accumulates in 
the cytosol. The accumulated β-catenin is then translocated into the 
nucleus. β-catenin interacts with LEF/TCF transcription factors and 
regulates the expression of an enormous number of genes, including 
cyclin D1. A comparison of the Figure S2 indicates slightly higher 
levels of Wnt4 expression in stem cells compared with the mature 
cells. Earlier reports showed Wnt4 was primarily expressed in leio-
myoma intermediate and differentiated cells, while FZD6 was pre-
dominantly expressed in stem cells.37

To examine whether simvastatin affects the expression of genes 
related to β-catenin and Wnt4, which has been previously shown to 
be overexpressed in UL.38 In leiomyoma stem cells, we performed 
RT-PCR, Western blot and ICC analysis. Simvastatin treatment ro-
bustly decreased mRNA levels of Wnt4 (2.78-fold) (Figure 7A) and 
β-catenin (2.38-fold) (Figure  7D) compared to control. In agree-
ment with the mRNA data, simvastatin significantly suppressed the 
protein levels of Wnt4 and β-catenin in a dose-dependent manner 
(Figure 7B,E). Wnt4 immunostaining intensity was mainly located in 
the nuclei, and very little was present in the cytoplasm of leiomy-
oma stem cells, where simvastatin treatment weekend nuclei signals 
(Figure 7C). ICC analysis showed β-catenin expression in both the 
cytoplasm and the nuclei of leiomyoma stem cells; simvastatin effi-
ciently decreased β-catenin staining signals in both compartments of 
the cells (Figure 7F).

We also measured the mRNA levels of LRP6, AXIN2, Cyclin D1 
and APC by RT-PCR. Simvastatin treatment significantly inhibited 
transcript levels of LRP6 (1.69-fold), AXIN2 (3.33-fold) and Cyclin D1 
(1.59-fold) (Figure  7G), while we found a higher expression of the 
tumour suppressor APC levels compared to control.

Furthermore, we performed screening to evaluate the simvasta-
tin effect on the other Wnt signalling-associated genes on leiomyoma 
stem cells by using the RT-PCR. Treatment with simvastatin remark-
ably decreased the expression levels of a large panel of genes includ-
ing CTNNB1, Wnt9A, Wnt5B, Wnt2B, Wnt7B, Wnt11, TCF7, SOX17, 
FOSL1, DVL2, JUN, RhoA and GSK3β compared to untreated control 
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(Figure  7H) while Wnt2, Wnt6, Wnt10A and FZD4, 5, AXIN1  genes 
were unchanged (data not shown).

4  |  DISCUSSION

Based on the evidence of simvastatin beneficial effects on UL, as 
well as the crucial role of stem cells in UL growth, we hypothesized 
that simvastatin could inhibit tumour growth by targeting tumour 
stem cells. In this work, we identified an anti-leiomyoma stem cell 
effect of simvastatin by inhibiting the TGF-β3/SMAD2 and Wnt4/β-
catenin signalling pathways involved in proliferation, differentiation 
and fibrosis (Figure 8).

Compared with normal myometrium tissue, leiomyomas possess 
fewer stem cells and leiomyoma-derived stem cell xenografts demon-
strate significantly greater proliferation potential than leiomyoma-
derived mature cell xenografts.4 In addition to significantly reduced 
expression of the typical smooth muscle marker α-SMA and the ste-
roid receptors ER and PR, stem cells contain abundant levels of key 

stem cell factors Nanog, Sox2 and Oct4. Mature leiomyoma cells ex-
hibit mature phenotypes; there is no significant difference between 
the mature and total leiomyoma cells in their expression of α-SMA, 
ESR1 and PR.

Here, we showed that simvastatin reduces the leiomyoma 
Stro-1+/CD44+ stem cell proliferation compared to control. The 
suppressed PCNA expression and activated caspase-3 confirm its 
antiproliferative and pro-apoptotic effects on leiomyoma stem cells. 
In previous works, we demonstrated the anti-leiomyoma effects 
of simvastatin using in vitro and in vivo models, including inhibit-
ing proliferation in mature leiomyoma cells by suppressing PCNA 
expressions,21 inducing calcium-dependent apoptosis,22 reducing 
ECM deposition,23 and modulating oestrogen39 and mechanotrans-
duction signalling.26

Somatic stem cells can be reprogrammed into pluripotent stem 
cells with self-renewal, transcriptional function and tumorigenesis 
potential.3,4 In agreement with previous studies, we observed higher 
Nanog, Oct4 and Sox2 levels, confirming the undifferentiated status 
of isolated leiomyoma stem cells compared to the mature and total 

F I G U R E  4  Suppression of fibrosis-related gene expression after simvastatin treatment. Human uterine leiomyoma stem cells were 
treated with simvastatin (1 µM) for 48 h. DMSO was used as vehicle control. A, C The mRNA expression levels of collagen 1 (COL1A1), and 
fibronectin (FN) were quantitated by RT-PCR. RPLP0 was amplified under the same RT-PCR conditions and used for normalizing data. B, D 
Collagen 1 and fibronectin, protein expression levels were detected by Western blotting after simvastatin treatment (0.01, 0.1, 1 µM) for 
48 h. β-actin was used as a loading control. E The mRNA levels of fibrosis-related genes were quantitated by RT-PCR. RPLP0 was amplified 
under the same RT-PCR conditions and used for normalizing data. The same Western blot membrane was probed for PCNA, Collagen 1 and 
β-catenin, presented in Figures 2C, 4B and 7E, respectively. Therefore, the same β-actin image was used for all of them. Data are presented 
as the means ±SEM of the relative expression obtained from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001
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F I G U R E  5  Inhibition of TGF-β signalling after simvastatin treatment. A, C, D Human uterine leiomyoma stem cells were treated with 
simvastatin (1 µM) for 48 h. DMSO was used as vehicle control. The mRNA expression levels of TGF-β1, TGF-β2 and TGF-β3 were quantitated 
by RT-PCR. RPLP0 was amplified under the same RT-PCR conditions and used for normalizing data. B, E TGF-β1 and TGF-β3 protein 
expression levels were detected by Western blotting after simvastatin (0.01, 0.1, 1 µM) treated for 48 h. β-actin was used as a loading 
control. F Immunofluorescence staining was performed on leiomyoma stem cells with an antibody against TGF-β3 (green) after simvastatin 
(1 µM) treatment for 48 h. Nuclei were stained with DAPI (blue), and actin was stained with phalloidin (red). All images were captured with 
the same time exposure using a confocal microscope (20× magnification). Data are presented as the means ±SEM of the relative expression 
obtained from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001
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cell populations, and their expression was significantly suppressed 
by simvastatin.

Fibrosis is one of the hallmarks of leiomyomas, where dysregu-
lated ECM plays a crucial role.30,31 ECM such as collagen, fibronectin, 
laminins and proteoglycan are overexpressed in ULs, which induces 
mechanotransduction by integrin activation and increases tissue stiff-
ness by altering bidirectional signalling.31 Earlier, we observed the inhi-
bition of collagen 1 by simvastatin in leiomyoma cells.26 We observed 
a similar trend of results in the current study in which simvastatin sup-
pressed collagen 1 and fibronectin expression in leiomyoma stem cells.

Several growth factors, inflammatory cytokines and matrix 
metalloproteinases play a vital role in ECM accumulation and 

remodelling in ULs.32,40 Overproduction of TGF-β3 is extensively 
recognized as a key element in tissue fibrosis, involved in the ac-
cumulation of collagen 1, fibronectin, laminin and proteoglycan be-
sides induction of leiomyoma cells proliferation and ULs growth.40,41 
In this study, we found that simvastatin decreases TGF-β1, 2 and 3 
expressions in leiomyoma stem cells. Tissue from UL has been shown 
to overexpress receptor-activated SMAD3, common SMAD4 and 
TGF-βRs in leiomyoma, compared to the myometrium. Additionally, 
gonadotropin-releasing hormone analog (GnRHa) therapy decreases 
TGF-βRs, SMAD3 and SMAD4 along with an increase in SMAD7 
expression in both myometrium and leiomyoma tissues compared 
to untreated control.42 We demonstrated that simvastatin reduces 

F I G U R E  6  Inhibition of SMAD signalling after simvastatin treatment. A, D, F, H Human uterine leiomyoma stem cells were treated with 
simvastatin (1 µM) for 48 h. DMSO was used as vehicle control. The mRNA expression levels of SMAD2, SMAD4, SMAD7 and NF-κB were 
quantitated by RT-PCR. RPLP0 was amplified under the same RT-PCR conditions and used for normalizing data. B, E, G, I pSMAD2/SMAD2, 
SMAD4, SMAD7 and pNF-κBp65/NF-κBp65 protein expression levels were detected by Western blotting after simvastatin (0.01, 0.1, 1 µM) 
treated for 48 h. β-actin was used as a loading control. C Immunofluorescence staining was performed on leiomyoma stem cells with an 
antibody against pSMAD2 (green) after simvastatin (1 µM) treatment for 48 h. Nuclei were stained with DAPI (blue), and actin was stained 
with phalloidin (red). All images were captured with the same time exposure using a confocal microscope (20 × magnification). Data are 
presented as the means ±SEM of the relative expression obtained from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001
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F I G U R E  7  Inhibition of Wnt/β-Catenin pathway after simvastatin treatment. A, D, G Human uterine leiomyoma stem cells were treated 
with simvastatin (1 µM) for 48 h. DMSO was used as vehicle control. The mRNA expression levels of Wnt4, β-catenin LRP6, AXIN2, Cyclin D1 
and APC were quantitated by RT-PCR. RPLP0 was amplified under the same RT-PCR conditions used for normalizing data. B, E Wnt4 and β-
catenin protein expression levels were detected by Western blotting after simvastatin (0.01, 0.1, 1 µM) treated for 48 h. β-actin was used as 
a loading control. C, F Immunofluorescence staining was performed on leiomyoma stem cells with an antibody against Wnt4 (green) and β-
catenin (green) after simvastatin (1 µM) treatment for 48 h. Nuclei were stained with DAPI (blue), and actin was stained with phalloidin (red). 
All images were captured with the same time exposure using a confocal microscope (20 × magnification). H, The Wnt signalling-associated 
gene's levels were detected using RT-PCR assay after simvastatin (1 µM) treatment for 48 h. RPLP0 was amplified under the same RT-PCR 
conditions and used for normalizing data. The same Western blot membrane was probed for PCNA, Collagen 1 and β-catenin, presented in 
Figures 2C, 4B and 7E, respectively. Therefore, the same β-actin image was used for all of them. Data are presented as the means ±SEM of 
the relative expression obtained from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001
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SMAD2 and SMAD4 expression in leiomyoma stem cells, whereas 
it increases the expression of the inhibitory SMAD7. In other fi-
brotic disorders, reduced SMAD7 enhances SMADs signalling and 
induces inflammation by activating NF-κB dependent inflammatory 
response.36 In this study, we found that simvastatin significantly de-
creases the phosphorylation of NF-κBp65. The increased SMAD7 
expression might transiently act as a TGF-β self-regulating feedback 
loop, and a sustainable SMAD7 expression by simvastatin could 
prolong this inhibitory action. Simvastatin's effect on the TGF-β3/
SMAD2 pathway might explain its inhibitory effect on cell growth 
and fibrosis in leiomyoma stem cells.

The activation of the Wnt/β-catenin pathway plays a crucial 
role in the regeneration and proliferation of UL stem cells to sustain 
their stem or progenitor properties.12 Wnt4, a β-catenin activator, is 
highly expressed in MED12 mutant leiomyoma compared to nonmu-
tant,11 and this mutation has been implicated with Wnt/β-catenin 

pathway activation and stem cells self-renewal, proliferation and 
fibrosis in ULs tissue.43 Mature cells release Wnt ligands, which 
may act on stem cells and induce self-renewal and proliferation by 
paracrine fashion.15,16 Additionally, Wnt4 enhances the expression 
of pro-proliferative genes, c-Myc and cyclin D1, in leiomyoma stem 
cells.37 Recently, we found that simvastatin reduces the expression 
of Wnt4 and total β-catenin, and downstream target of the Wnt/β-
catenin pathway in UL cells.44 In the present study, we found that 
simvastatin treatment significantly reduces the expression of Wnt4 
in leiomyoma stem cells. Simvastatin treatment also decreased the 
mRNA expression of Wnt target genes LRP6, AXIN2, Cyclin D1 and 
increased APC. β-catenin plays a vital role in the differentiation of 
stem cells into the smooth muscle phenotype.45 Ono et al. found 
that nonmutant MED12 may act as an enhancer of β-catenin action 
that supports stem cell renewal, proliferation and fibrosis, whereas 
mutant or absence may not achieve this action.12 Steroid hormone 

F I G U R E  8  Simvastatin effect on TGF-β3/SMAD2 and Wnt/β-Catenin pathways in uterine leiomyoma stem cells. TGF-β induces their 
signalling by the TGF-β receptor. After binding to the receptor, TGF-β phosphorylates SMAD2 and SMAD3 proteins to form a complex 
with SMAD4. Phosphorylated SMAD2/3 ties with SMAD4 and moves to the nucleus, regulates the target gene transcription, including 
SMAD7. SMAD7 is an inhibitory SMAD that blocks SMAD2/3 activation and inhibit NF-κB-driven inflammatory response. The absence of 
Wnt ligands leads to phosphorylation of β-catenin by the destruction complex that contains the Axin, APC, GSK3-β and CK1. In this state, 
β-catenin is phosphorylated by GSK3β, ubiquitinated and targeted for proteasomal degradation. In the presence of Wnt ligand, Wnt binds to 
FZD-LRP5/6 receptor complex, leading to a decrease in β-catenin degradation in the cytosol, ultimately, increasing the amount of β-catenin 
in the nucleus and interacts with LEF/TCF transcription factors, and regulates the expression of an enormous number of genes. Simvastatin's 
effect on TGF-β3/SMAD2 and Wnt4/β-catenin pathways are symbolized by red colour (symbol minus denotes suppression and plus denotes 
upregulation activity). TGF-β, transforming growth factor-β; TF, transcription factor; Wnt, wingless-type; LRP5/6, lipoprotein receptor-
related protein-5/6; FZD, frizzled; DVL, dishevelled; APC, adenomatous polyposis coli; CK1, casein kinase 1; GSK3, glycogen synthase kinase 
3; LEF, lymphoid enhancer factor; TCF, T-cell factor
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treatment induces nuclear translocation of β-catenin and their tar-
get gene, AXIN2, resulting in the proliferation of leiomyoma stem 
cells.12 In our present study, we found that simvastatin treatment 
significantly suppresses the β-catenin expression. We also demon-
strated that simvastatin suppresses the expression of a large number 
of genes and transcription factors in the Wnt pathway.

In summary, the current evidence confirms the presence of 
tumour stem cells in leiomyoma and support their role in tumour 
pathogenesis via TGF-β3/SMAD2 and Wnt/β-catenin pathways. 
Herein, we found that simvastatin has a significant inhibitory action 
on both pathways which may help in suppressing the tumour stem 
cell niche and, therefore, reduces the continued source of mature 
tumour cells. Further studies are needed to confirm these findings 
in vivo.

ACKNOWLEDG EMENTS
We are grateful to George McNamara, Ph.D.; Manager, Ross 
Fluorescent Imaging Center, Johns Hopkins School of Medicine; 
Jessica Gucwa, Ph.D.; Operations Director, Flow Cytometry and 
Immune Monitoring Core, Johns Hopkins School of Medicine, 
Baltimore, MD, USA. We would like to thank Dr. Klara Valyi-Nagy at 
the University of Illinois at Chicago, the USA, for human leiomyoma 
sample collection.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS
Sadia Afrin: Formal analysis (lead); Investigation (lead); Methodology 
(lead); Software (lead); Validation (lead); Writing – original draft (lead). 
Mohamed Ali: Formal analysis (supporting); Investigation (support-
ing); Writing – review & editing (supporting). Malak El Sabeh: Data 
curation (supporting); Formal analysis (supporting); Writing – review 
& editing (supporting). Qiwei Yang: Conceptualization (supporting); 
Formal analysis (supporting); Supervision (supporting); Writing – re-
view & editing (supporting). Ayman Al-Hendy: Conceptualization 
(supporting); Supervision (supporting); Writing – review & editing 
(supporting). Mostafa A. Borahay: Conceptualization (lead); Data 
curation (lead); Funding acquisition (lead); Supervision (lead); Writing 
– review & editing (lead).

CONSENT TO PARTICIPATE
Written informed consent was obtained from patients.

CONSENT TO PUBLISH
All authors have given their consent for publication.

DATA AVAIL ABILIT Y S TATEMENT
Data and materials will be made available on reasonable request.

ORCID
Sadia Afrin   https://orcid.org/0000-0001-5063-9900 
Mostafa A. Borahay   https://orcid.org/0000-0002-0554-132X 

R E FE R E N C E S
	 1.	 Zimmermann A, Bernuit D, Gerlinger C, Schaefers M, Geppert K. 

Prevalence, symptoms and management of uterine fibroids: an in-
ternational internet-based survey of 21,746 women. BMC Womens 
Health. 2012;12(1):6.

	 2.	 El Sabeh M, Afrin S, Singh B, Miyashita-Ishiwata M, Borahay M. 
Uterine stem cells and benign gynecological disorders: role in 
pathobiology and therapeutic implications. Stem Cell Rev Rep. 
2021;17(3):803-820. doi:10.1007/s1201​5-020-10075​-w

	 3.	 Yin P, Ono M, Moravek MB, et al. Human uterine leiomyoma stem/
progenitor cells expressing CD34 and CD49b initiate tumors in 
vivo. J Clin Endocrinol Metab. 2015;100(4):E601-E606.

	 4.	 Mas A, Nair S, Laknaur A, Simón C, Diamond MP, Al-Hendy A. 
Stro-1/CD44 as putative human myometrial and fibroid stem cell 
markers. Fertil Steril. 2015;104(1):225-234.e3.

	 5.	 Santamaria X, Mas A, Cervelló I, Taylor H, Simon C. Uterine stem 
cells: from basic research to advanced cell therapies. Hum Reprod 
Update. 2018;24(6):673-693.

	 6.	 Bulun SE. Uterine fibroids. N Engl J Med. 2013;369(14):1344-1355.
	 7.	 Mehine M, Kaasinen E, Mäkinen N, et al. Characterization of 

uterine leiomyomas by whole-genome sequencing. N Engl J Med. 
2013;369(1):43-53.

	 8.	 Mas A, Cervelló I, Gil-Sanchis C, et al. Identification and character-
ization of the human leiomyoma side population as putative tumor-
initiating cells. Fertil Steril. 2012;98(3):741-751.e6.

	 9.	 Telford WG. Stem cell side population analysis and sorting using 
DyeCycle violet. Curr Protoc Cytom. 2010;51(1):1-9.

	10.	 El Andaloussi A, Al-Hendy A, Ismail N, Boyer TG, Halder SK. 
Introduction of somatic mutation in MED12 induces wnt4/beta-
catenin and disrupts autophagy in human uterine myometrial cell. 
Reprod Sci. 2020;27(3):823-832. doi:10.1007/s4303​2-019-00084​-7

	11.	 Markowski DN, Bartnitzke S, Löning T, Drieschner N, Helmke 
BM, Bullerdiek J. MED12 mutations in uterine fibroids—
their relationship to cytogenetic subgroups. Int J Cancer. 
2012;131(7):1528-1536.

	12.	 Ono M, Yin P, Navarro A, et al. Paracrine activation of WNT/β-
catenin pathway in uterine leiomyoma stem cells promotes tumor 
growth. Proc Natl Acad Sci USA. 2013;110(42):17053-17058.

	13.	 El Sabeh M, Saha SK, Afrin S, Islam MS, Borahay MA. Wnt/
beta-catenin signaling pathway in uterine leiomyoma: role in 
tumor biology and targeting opportunities. Mol Cell Biochem. 
2021;476(9):3513-3536. doi:10.1007/s1101​0-021-04174​-6

	14.	 Borahay MA, Al-Hendy A, Kilic GS, Boehning D. Signaling path-
ways in leiomyoma: understanding pathobiology and implica-
tions for therapy. Mol Med. 2015;21(1):242-256. doi:10.2119/
molmed.2014.00053

	15.	 Tanwar PS, Lee H-J, Zhang L, et al. Constitutive activation of 
Beta-catenin in uterine stroma and smooth muscle leads to 
the development of mesenchymal tumors in mice. Biol Reprod. 
2009;81(3):545-552.

	16.	 Arici A, Sozen I. Transforming growth factor-β3 is expressed at high 
levels in leiomyoma where it stimulates fibronectin expression and 
cell proliferation. Fertil Steril. 2000;73(5):1006-1011.

	17.	 Huang S, Hölzel M, Knijnenburg T, et al. MED12 controls the re-
sponse to multiple cancer drugs through regulation of TGF-β recep-
tor signaling. Cell. 2012;151(5):937-950.

	18.	 Fritton K, Borahay MA. New and emerging therapies for 
uterine fibroids. Semin Reprod Med. 2017;35(6):549-559. 
doi:10.1055/s-0037-1606303

	19.	 Baigent C, Keech AC, Kearney PM, et al. Efficacy and safety of 
cholesterol-lowering treatment: prospective meta-analysis of data 
from 90 056 participants in 14 randomised trials of statins. Lancet. 
2005;366(9493):1267-1278.

	20.	 Borahay MA, Fang X, Baillargeon JG, Kilic GS, Boehning DF, Kuo 
Y-F. Statin use and uterine fibroid risk in hyperlipidemia patients: a 

https://orcid.org/0000-0001-5063-9900
https://orcid.org/0000-0001-5063-9900
https://orcid.org/0000-0002-0554-132X
https://orcid.org/0000-0002-0554-132X
https://doi.org/10.1007/s12015-020-10075-w
https://doi.org/10.1007/s43032-019-00084-7
https://doi.org/10.1007/s11010-021-04174-6
https://doi.org/10.2119/molmed.2014.00053
https://doi.org/10.2119/molmed.2014.00053
https://doi.org/10.1055/s-0037-1606303


1698  |    AFRIN et al.

nested case-control study. Am J Obstet Gynecol. 2016;215(6):750.
e1-750.e8.

	21.	 Borahay MA, Vincent K, Motamedi M, et al. Novel effects of sim-
vastatin on uterine fibroid tumors: in vitro and patient-derived xe-
nograft mouse model study. Am J Obstet Gynecol. 2015;213(2):196.
e1-196.e8.

	22.	 Borahay MA, Kilic GS, Yallampalli C, et al. Simvastatin potently in-
duces calcium-dependent apoptosis of human leiomyoma cells. J 
Biol Chem. 2014;289(51):35075-35086.

	23.	 Malik M, Britten J, Borahay M, Segars J, Catherino WH. Simvastatin, 
at clinically relevant concentrations, affects human uterine leio-
myoma growth and extracellular matrix production. Fertil Steril. 
2018;110(7):1398-1407.e1.

	24.	 Zeybek B, Costantine M, Kilic GS, Borahay MA. Therapeutic roles 
of statins in gynecology and obstetrics: the current evidence. 
Reprod Sci. 2018;25(6):802-817.

	25.	 Prusinski Fernung LE, Al-Hendy A, Yang Q. A preliminary study: 
human fibroid Stro-1+/CD44+ stem cells isolated from uterine fi-
broids demonstrate decreased DNA repair and genomic integrity 
compared to adjacent myometrial Stro-1+/CD44+ cells. Reprod Sci. 
2019;26(5):619-638.

	26.	 Afrin S, Islam MS, Patzkowsky K, et al. Simvastatin ameliorates al-
tered mechanotransduction in uterine leiomyoma cells. Am J Obstet 
Gynecol. 2020;223(5):733.e1-733.e14.

	27.	 Boehning D, Patterson RL, Sedaghat L, Glebova NO, Kurosaki T, 
Snyder SH. Cytochrome c binds to inositol (1, 4, 5) trisphosphate 
receptors, amplifying calcium-dependent apoptosis. Nat Cell Biol. 
2003;5(12):1051-1061.

	28.	 Yang L, Shi P, Zhao G, et al. Targeting cancer stem cell pathways for 
cancer therapy. Signal Transduct Target Ther. 2020;5(1):1-35.

	29.	 Okita K, Ichisaka T, Yamanaka S. Generation of germline-competent 
induced pluripotent stem cells. Nature. 2007;448(7151):313-317.

	30.	 Chegini N. Proinflammatory and profibrotic mediators: principal 
effectors of leiomyoma development as a fibrotic disorder. Semin 
Reprod Med. 2010;28(3):180-203.

	31.	 Islam MS, Ciavattini A, Petraglia F, Castellucci M, Ciarmela P. 
Extracellular matrix in uterine leiomyoma pathogenesis: a po-
tential target for future therapeutics. Hum Reprod Update. 
2018;24(1):59-85.

	32.	 Norian JM, Malik M, Parker CY, et al. Transforming growth factor 
β3 regulates the versican variants in the extracellular matrix-rich 
uterine leiomyomas. Reprod Sci. 2009;16(12):1153-1164.

	33.	 Lee B-S, Nowak RA. Human leiomyoma smooth muscle cells show 
increased expression of transforming growth factor-β3 (TGFβ3) 
and altered responses to the antiproliferative effects of TGFβ. J Clin 
Endocrinol Metab. 2001;86(2):913-920.

	34.	 Heldin C-H, Miyazono K, Ten Dijke P. TGF-β signalling from 
cell membrane to nucleus through SMAD proteins. Nature. 
1997;390(6659):465-471.

	35.	 Moustakas A, Souchelnytskyi S, Heldin C-H. Smad regulation in 
TGF-β signal transduction. J Cell Sci. 2001;114(24):4359-4369.

	36.	 Li R, Lan HY, Chung ACK. Distinct roles of Smads and microRNAs 
in TGF-β signaling during kidney diseases. Hong Kong J Nephrol. 
2013;15(1):14-21.

	37.	 Liu S, Yin P, Dotts AJ, et al. Activation of protein kinase B by WNT4 
as a regulator of uterine leiomyoma stem cell function. Fertil Steril. 
2020;114(6):1339-1349.

	38.	 Al-Hendy A, Diamond MP, Boyer TG, Halder SK. Vitamin D3 inhib-
its Wnt/β-catenin and mTOR signaling pathways in human uterine 
fibroid cells. J Clin Endocrinol Metab. 2016;101(4):1542-1551.

	39.	 Afrin S, El Sabeh M, Islam MS, et al. Simvastatin modulates estrogen 
signaling in uterine leiomyoma via regulating receptor palmitoyla-
tion, trafficking and degradation. Pharmacol Res. 2021;172:105856.

	40.	 Sozen I, Arici A. Interactions of cytokines, growth factors, and the 
extracellular matrix in the cellular biology of uterine leiomyomata. 
Fertil Steril. 2002;78(1):1-12.

	41.	 Leppert PC, Baginski T, Prupas C, Catherino WH, Pletcher S, Segars 
JH. Comparative ultrastructure of collagen fibrils in uterine leiomy-
omas and normal myometrium. Fertil Steril. 2004;82:1182-1187.

	42.	 Chegini N, Luo X, Ding L, Ripley D. The expression of Smads and 
transforming growth factor beta receptors in leiomyoma and myo-
metrium and the effect of gonadotropin releasing hormone ana-
logue therapy. Mol Cell Endocrinol. 2003;209(1–2):9-16.

	43.	 Kim S, Xu X, Hecht A, Boyer TG. Mediator is a transducer of Wnt/β-
catenin signaling. J Biol Chem. 2006;281(20):14066-14075.

	44.	 El Sabeh M, Saha SK, Afrin S, Borahay MA. Simvastatin inhib-
its Wnt/β-catenin pathway in uterine leiomyoma. Endocrinology. 
2021;162(12):bqab211.

	45.	 Arango NA, Szotek PP, Manganaro TF, Oliva E, Donahoe PK, 
Teixeira J. Conditional deletion of β-catenin in the mesenchyme of 
the developing mouse uterus results in a switch to adipogenesis in 
the myometrium. Dev Biol. 2005;288(1):276-283.

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Afrin S, Ali M, El Sabeh M, Yang Q, 
Al-Hendy A, Borahay MA. Simvastatin inhibits stem cell 
proliferation in human leiomyoma via TGF-β3 and Wnt/β-
Catenin pathways. J Cell Mol Med. 2022;26:1684–1698. 
doi:10.1111/jcmm.17211

https://doi.org/10.1111/jcmm.17211

