
Vitamin D3 Inhibits Wnt/�-Catenin and mTOR
Signaling Pathways in Human Uterine Fibroid Cells

Ayman Al-Hendy, Michael P. Diamond, Thomas G. Boyer, and Sunil K. Halder

Department of Obstetrics and Gynecology (A.A.-H., M.P.D., S.K.H.), Georgia Regents University, Medical
College of Georgia, Augusta, Georgia 30912; and Department of Molecular Medicine (T.G.R.), Institute
of Biotechnology, University of Texas Health Science Center at San Antonio, San Antonio, Texas
78229–3900

Context: Somatic mutations in the Med12 gene are known to activate Wnt/�-catenin signaling in
human uterine fibroids (UFs).

Objective: The objective of the study was to examine the role of vitamin D3 in the modulation of
Wnt/�-catenin and mammalian target of rapamycin (mTOR) signaling in human UF cells.

Design: Immortalized human UF cells (HuLM) and human primary UF (PUF) cells were treated with
increasing concentrations of vitamin D3 and thereafter analyzed using Western blots and
immunocytochemistry.

Main Outcome Measures: Wnt/�-catenin and mTOR signaling proteins in cultured HuLM and PUF
cells were measured.

Results: UF tumors with Med12 somatic mutations showed an up-regulation of Wnt4 and �-catenin
as compared with adjacent myometrium. Vitamin D3 administration reduced the levels of Wnt4
and �-catenin in both HuLM and PUF cells. Vitamin D3 also reduced the expression/activation of
mTOR signaling in both cell types. In contrast, vitamin D3 induced the expression of DNA damaged-
induced transcription 4 (an inhibitor of mTOR) and tuberous sclerosis genes (TSC1/2) in a concen-
tration-dependent manner in HuLM cells. Furthermore, we observed a concentration-dependent
reduction of Wisp1 (Wnt induced signaling protein 1) and flap endonuclease 1 proteins in HuLM
cells. Additionally, abrogation of vitamin D receptor expression (by silencing) in normal myometrial
cells induces Wnt4/�-catenin as well as prompts a fibrotic process including an increase in cell
proliferation and increased extracellular matrix production. Together these results suggest that
vitamin D3 functions as an inhibitor of Wnt4/�-catenin and mTOR signaling pathways, which may
play major roles in fibroid pathogenesis.

Conclusion: Vitamin D3 may have utility as a novel long-term therapeutic and/or preventive option
for uterine fibroids. (J Clin Endocrinol Metab 101: 1542–1551, 2016)

Uterine fibroids (UFs), or leiomyomas, are the leading
cause of hysterectomy in reproductive-age women

(1–3). UFs afflict up to 70% of reproductive-age women
and 80% of all women during their lifetime (4). Clinically,
UFs present with a variety of symptoms, including vaginal
bleeding, pelvic pain, urinary and bowel symptoms, in-

fertility and abortion, early miscarriage, and preterm la-
bor (5). UFs are 3–4 times more prevalent in African
American women, who also suffer from vitamin D defi-
ciency (6, 7). We and others have recently established that
women with UFs have low levels of serum vitamin D3 as
compared with women who do not have UFs (8–10). In
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our prior study, we also showed a direct association be-
tween low levels of serum vitamin D3 and increased size of
UFs (8). Furthermore, in our prior publications, we have
established that vitamin D3 in a potent growth inhibitor of
human UF cells in vitro and that it inhibits the growth of
fibroid tumors in several in vivo animal models (11–16).

Recently we and others have demonstrated that gene
mutations in the mediator complex subunit 12 (Med12)
play key roles in the pathogenesis of human UFs (17–21).
Somatic mutations in the Med12 gene have also been
linked with the induction of gene expression of wingless-
type mouse mammary tumor virus integration site family,
member 4 (Wnt4) and activation of �-catenin signaling
(19). UFs with missense mutations in the Med12 gene also
showed an overexpression of IGF-2 as compared with UFs
that have no mutations (22), indicating the functional role
of these mutations in fibroid pathogenesis. A more recent
study has demonstrated that the conditional expression of
a common Med12 somatic variant in the uterus promotes
UF formation and genomic instability in a murine model
(23). Moreover, a recent study also showed that the mam-
malian target of rapamycin (mTOR) pathway is one of the
most highly up-regulated pathways in both human and rat
tumors, and the growth of UFs is dependent on activation
of mTOR signaling (24).

The Mediator is a large complex of 30 subunits that
regulate eukaryotic transcription and thereby controls or-
ganismal development and homeostasis (25). The Medi-
ator is conserved in all eukaryotic organisms and is re-
quired for the transcription of almost all genes (26). The
Mediator interacts directly with a numbers of transcrip-
tion factors to facilitate RNA polymerase II recruitment to
target genes (27). Med12 has been linked to general func-
tions of the complex and to specific interactions with tran-
scription factors. Med12 is a subunit of the Cdk8 kinase
module that can function as a transducer of Wnt/�-catenin
signaling (28). This module interacts transiently with the
other components of the Mediator and functions as a con-
text-dependent positive or negative regulator (29–31). Us-
ing a gene knockdown approach, it has been shown that
Med12 is essential for early mouse embryogenesis and for
canonical Wnt and Wnt/PCP signaling pathways (32).
Our previous study has shown that �-catenin physically
and functionally targets the Med12 subunit to activate
transcription and that the Med12 gene is essential for the
transactivation of Wnt/�-catenin signaling (28). Med12 is
functionally linked to the modulation of hedgehog signal-
ing (33). Moreover, Med12 can regulate TGF� receptor
signaling (34) and estrogen receptor-� signaling in human
breast cancer cells (35). Furthermore, it has also been dem-
onstrated that Med12 expression is up-regulated in pan-
creatic cancer, and silencing Med12 by knockdown in-

hibits the cell-cycle progression in pancreatic cancer cells
(36).

Although studies have demonstrated the association of
Med12 with canonical Wnt/�-catenin signaling, cell-cycle
progression, and the association of Med12 somatic mu-
tations with UF pathogenesis, nevertheless, it is important
to establish the therapeutic utility of vitamin D3 by the
suppression of Wnt/�-catenin and mTOR signaling be-
cause these pathways play major roles in the pathogenesis
of human UFs. Therefore, the main objectives of this study
are to understand whether Med12 somatic mutations are
associated with the activation of Wnt/�-catenin signaling
and, if so, whether vitamin D3 has the potential to sup-
press Wnt/�-catenin and its downstream mTOR signaling
pathways, thereby substantiating vitamin D3 as a novel
therapeutic approach for the medical treatment for human
UFs.

Materials and Methods

Cell lines and cultures
The immortalized human uterine fibroid cell line (HuLM)

and immortalized human uterine myometrial smooth muscle cell
line (UtSMC) were a generous gift from Dr Darlene Dixon (Na-
tional Institute of Environmental Health Sciences, Research Tri-
angle Park, North Carolina) (37). Human primary uterine fi-
broid (PUF) cells were generated in our laboratory as we have
described earlier (14). These cells were grown in SmBm medium
(Lonza) with 5% fetal bovine serum at 37°C in a humidified
atmosphere of 5% CO2 as previously described (11).

Reagents and antibodies
1,25-dihydroxyvitamin D3, antifibronectin, and anti-�-actin

antibodies were purchased from Sigma Biochemicals. Anticol-
lagen type 1 was purchased from Fitzgerald. Monoclonal anti-
�-catenin antibody was purchased from BD Biosciences. Anti-
Wnt4, anti-phospho-p70 S6 kinase, and anti-p70 S6 kinase were
purchased from Abcam. Anti-DNA damaged-induced transcrip-
tion 4 (DDIT4), antituberous sclerosis (TSC)-1, anti-TSC2, anti-
phospho-mTOR, and anti-mTOR antibodies were purchased
from Thermo Scientific. Antiproliferating cell nuclear antigen
(PCNA) antibody was purchased from Santa Cruz Biotechnol-
ogy, and carbocyanine 3-conjugated mouse and rabbit second-
ary antibodies were purchased from Jackson ImmunoResearch
Laboratories, Inc.

Protein extraction from human tissue samples
Human UFs and adjacent normal myometrium tissues were

collected from consented individuals who had undergone sur-
gery (hysterectomy or myomectomy) for the removal of UFs as
previously described (38). Methodology of protein extraction
from collected tissue samples was also previously described (15).
Equal amounts of solubilized proteins from the above-men-
tioned tissue samples were resolved in 10% SDS-PAGE, and then
Western blot analyses were performed to determine the expres-
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sion levels of Wnt4, �-catenin, and Wnt1-inducible-signaling
pathway protein 1 (Wisp1) proteins.

Western blot analyses
For analyses of protein expression, 0.7 � 106 HuLM cells

were cultured in 60 mm tissue culture dishes, serum starved, and
subsequently treated with increasing concentrations of vitamin
D3 for 48 hours, as described earlier studies (14, 15, 38). The 0
nM concentration of vitamin D3 in each individual experiment
was served as the untreated control. Preparation of protein ly-
sates from vitamin D3-treated and untreated cells and Western
blot analyses were performed as previously described (14, 15,
38). In Western blot analyses, the antigen-antibody complex was
detected with Pierce enhanced chemiluminescence Western blot-
ting substrate from Thermo Fisher Scientific. Specific protein
bands were visualized after exposure to autoradiography films
and developed using automatic x-ray developer. The intensity of
each protein band was quantified and normalized against cor-
responding �-actin, as described in the figure legends where
applicable.

Immunofluorescence analyses
Immunofluorescence analyses were performed as previously

described (15, 38). Both HuLM and PUF cells were seeded onto
glass coverslips and cultured overnight. After fixation/permea-
bilization steps, cells were incubated with rabbit polyclonal anti-
DDIT4 and anti-Wnt4 antibodies (1:50 dilution each) or mono-
clonal anti-�-catenin (1:100 dilution) for 1 hour at room
temperature followed by incubation for an additional 1 hour
with carbocyanine 3-conjugated mouse or rabbit secondary an-
tibodies (1:150 dilution). Fluorescent images were taken using an
Axiovert 100 M inverted microscope. Signal intensities were vi-
sually compared between untreated vs vitamin D3-treated cells.

Generation of stable vitamin D receptor (VDR)
knockdown cells

To examine the role of VDR in normal myometrium, the
VDR gene was knocked down in UtSMC cells using VDR gene-
specific short hairpin RNA (shRNA). These UtSMC cells ex-
pressed normal levels of endogenous VDR protein as we have
shown previously (15), and therefore, UtSMC provides an ap-
propriate model to determine the role of VDR in human myo-
metrium. We used lentivirus plasmid constructs that contain
human VDR gene-specific short shRNA sequences and nonfunc-
tional scrambled-control shRNA, which were purchased from
Origen Inc. These plasmid constructs express green fluorescence
protein and contain a puromycin selection marker gene. These
lentivirus constructs were transiently transfected into human
embryonic kidney cells (293T) using lipofectamin LTX trans-
fection reagent according to the manufacturer’s instruction (In-
vitrogen). Fifteen hours after transfection, fresh DMEM culture
medium was added and incubated for another 48 hours. Super-
natant media containing lentiviruses were collected and filtered,
and subsequently polybrene solution was added at the concen-
tration of 8 �g/mL. These virus-containing media were used to
infect cultured UtSMC cells. Fifteen hours after infection, fresh
medium was added and then cultured for another 48 hours.
Infected cells were selected with puromycin to generate stable
populations, which were used for molecular characterization.

Cell proliferation assay
Cell proliferation was performed by a dimethylthiazoldiphe-

nyltetra-zoliumbromide (MTT) assay. Briefly, cells (3000/well)
from either VDR knockdown or scrambled control were seeded
onto 96-well tissue culture plates (Becton Dickinson), and then
the MTT assay was performed at different time points as de-
scribed in the figure legends. Averaged cell numbers from trip-
licate wells were used in preparing the data graph. Each data
point is the mean (�SD) from an individual experiment per-
formed in triplicate (n � 3).

Statistical analysis
A Student’s t test was also used to assess any significant dif-

ferences between untreated control (0) vs vitamin D3-treated
data points. A Student’s t test was also used to assess any sig-
nificant difference between control and VDR-shRNA data
points. Values were considered statistically significant at a 95%
confidence level when the value was P � .05. Data were pre-
sented as SD of the mean (�SD).

Results

Med12 somatic mutations induce the expression
of Wnt4 and �-catenin in human uterine fibroids

To examine whether Med12 somatic mutations corre-
late with Wnt/�-catenin in human UFs, Western blot anal-
yses were used to comparatively profile human UFs with
Med12 somatic mutations and adjacent normal myome-
trium (no Med12 mutation). Med12 mutation-positive tu-
mors expressed higher levels of �-catenin in comparison
with adjacent normal myometrium (Figure 1). Med12 mu-
tation-positive tumors also showed induced expression of
Wnt4, and Wisp1 when compared with mutation-nega-
tive adjacent normal myometrium (Figure 1). These results
indicate a correlation between Med12 somatic mutations
and the activation of Wnt4/�-catenin signaling in human
UFs.

Vitamin D3 inhibits �-catenin protein expression in
cultured HuLM cells

To first examine whether vitamin D3 can affect protein
expression of �-catenin in HuLM cells, Western blot anal-
yses were performed using lysates from HuLM cells
treated with increasing concentrations of vitamin D3. Vi-
tamin D3 treatment reduced the levels of �-catenin in a
concentration-dependent manner when compared with
untreated control (Figure 2A). Vitamin D3 at 100 nM
concentration significantly reduced the levels of �-catenin,
which was further reduced by a higher (1000 nM) con-
centration (Figure 2A). Immunofluorescence analyses
showed �-catenin expression in both the cytoplasm and
nuclei of HuLM cells, whereas vitamin D3 effectively re-
duced �-catenin expression in both compartments in a
concentration-dependent manner. These results suggest

1544 Al-Hendy et al Vitamin D3 Effects on Wnt/�-Catenin Signaling J Clin Endocrinol Metab, April 2016, 101(4):1542–1551

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/101/4/1542/2804527 by guest on 19 M
ay 2023



that vitamin D3 administration reduces the levels of
�-catenin in HuLM cells.

Vitamin D3 inhibits protein expression of Wnt4,
Wisp1, and flap endonuclease 1 (FEN1) in cultured
human uterine fibroid cells

To examine whether vitamin D3 administration affects
the expression of Wnt4 as well as Wnt signaling-associ-
ated proteins in HuLM cells, Western blot analyses were
performed using lysates from HuLM cells treated with
increasing concentrations of vitamin D3. Vitamin D3 re-
duced the levels of Wnt4, Wisp1, and FEN1 in a concen-
tration-dependent manner (Figure 3A). At 10 nM concen-
tration, vitamin D3 markedly reduced the levels of Wisp1,
and FEN1, and these levels were further decreased by the
higher concentrations of vitamin D3. The reduction of
Wnt4 by vitamin D3 was not as robust as Wisp1 and FEN1
(Figure 3A). To further determine the localization of Wnt4
in HuLM cells, immunofluorescence analyses were per-
formed as described above. Wnt4 staining signals (red)
were predominantly localized in the nuclei of HuLM cells,

whereas vitamin D3 decreased those signals in a concen-
tration-dependent manner (Figure 3B). To substantiate
these findings in human UFs, similar immunofluorescence
analyses were performed using human PUF cells. Similar
to HuLM cells, vitamin D3 was able to decrease nuclear
Wnt4 in PUF cells (Figure 3C). These results suggest that
vitamin D3 has the potential to suppress the expression of
Wnt4, Wisp1, and FEN1 in cultured human uterine fi-
broid cells.

Vitamin D3 induces protein expression of DDIT4,
TSC1, and TSC2 in cultured human uterine fibroid
cells

The DDIT4 plays an important role in regulating cell
proliferation in DDIT4-knockout mouse (39). Vitamin
D3 inhibits osteoblast cell proliferation through the in-

Figure 1. UFs having Med12 somatic mutations showed an up-
regulation of �-catenin, Wnt4, and Wisp1 as compared with Med12-
negative adjacent normal myometrium. A, Protein lysates were
prepared from paired myometrium (M) and uterine fibroid (F; n � 5)
from five individual subjects. Equal amounts of each protein lysates (30
�g) were analyzed by Western blots using anti-�-catenin, anti-Wnt4,
and anti-Wisp1 antibodies. B, The intensity of each protein band was
quantified using image-analyzing software, normalized to
corresponding �-actin, and relative values were used to generate data
graphs. Each underline shows UFs and the adjacent myometrium from
the same patient. P1, P2, P3, P4, and P5 indicate fibroid subjects.
Med12 mutation status in fibroids from subjects P1, P2, P3, P4, and P5
are 130G�A, 107T�C, 105A�T, 131 G�A, and 105A�T,
respectively.

Figure 2. Effect of vitamin D3 on �-catenin protein expression in
cultured HuLM cells. A, HuLM cells were serum starved and treated
with increasing concentrations of vitamin D3 (0, 10, 100, and 1000
nM) for 48 hours. Equal amounts of each cell lysate were analyzed by
Western blots using anti-�-catenin antibody. �-Actin Western blot was
used as loading control. The intensity of each protein band was
quantified and normalized to corresponding �-actin. *, P � .05 when
compared with control. B, Immunofluorescence analyses were
performed using HuLM cells cultured on glass coverslips and treated
with increasing concentrations of vitamin D3 (0, 10, 100, and 1000
nM) for 48 hours. Cells were fixed, permeabilized, and stained with
monoclonal anti-�-catenin antibody followed by incubating with
carbocyanine 3-conjugated antimouse secondary antibody. �-Catenin
staining (red) was monitored by a fluorescence microscopy. Nuclei of
cells were stained with 4�,6-diamino-2-phenylindole. Pictures were
taken at �200 magnification. These data are representative of at least
two independent experiments, each performed in duplicate.
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duction of DDIT4 (40). In our previous study, we showed
that vitamin D3 inhibits HuLM cell proliferation (11). To
test whether vitamin D3 administration affects the expres-
sion of DDIT4 in HuLM cells, Western blot analyses were
performed using protein lysates from vitamin D3-treated
HuLM cells as described above. Vitamin D3 induced the
levels of DDIT4 in a concentration-dependent manner in
HuLM cells. DDIT4 was induced at a low concentration
of vitamin D3 (1 nM), whereas its induction was further
stimulated by higher concentrations of vitamin D3 (Figure
4A). Similar to DDIT4, vitamin D3 treatment also induced
the levels of tumor suppressors, TSC1 and TSC2, in
HuLM cells (Figure 4A). To further determine the local-
ization of DDIT4, immunofluorescence analyses were per-
formed using HuLM cells. DDIT4 was present in the nu-
clei of HuLM cells, whereas vitamin D3 treatment induced
nuclear DDIT4 in a concentration-dependent manner
(Figure 4B). To substantiate these findings in human UFs,
similar immunofluorescence analyses were performed us-
ing human PUF cells. Similarly, vitamin D3 was able to
induce nuclear DDIT4 in PUF cells (Figure 4B). These re-
sults suggest that DDIT4, TSC1, and TSC2 are key vitamin
D3 targets in human uterine fibroid cells.

Vitamin D3 inhibits activation of mTOR signaling
in cultured human uterine fibroid cells

mTOR functions downstream of Wnt/�-catenin signal-
ing, which is known to be a master regulator of cell growth

and proliferation (41). Vitamin D3 has been shown to
inhibit osteoblast cell proliferation by inducing the levels
of DDIT4 and by suppressing mTOR signaling (40). Vi-
tamin D3 also inhibits HuLM cell proliferation (11). Next,
the effect of vitamin D3 was verified on the status of
mTOR signaling in both HuLM and PUF cells. These cells
were treated with vitamin D3, and cell lysates were ana-
lyzed by Western blotting as described above. Vitamin D3
reduced the protein expression of mTOR in both cell types
(Figure 5, A and B). The levels of phospho-mTOR was also
reduced after vitamin D3 treatment in PUF cells (Figure
5B). The p70S6 kinase activity is regulated by mTOR.
Accordingly, vitamin D3 reduced the expression of phos-
pho-p70S6 kinase in HuLM cells, whereas the total levels
of p70S6 kinase was unchanged. These results suggest that
vitamin D3 has the potential to reduce the activation of
mTOR signaling and downstream p70S6 kinase activity,
which may play important roles in the regulation of hu-
man uterine fibroid cell proliferation.

Silencing VDR gene induces protein expression of
Wnt4/�-catenin and mTOR signaling in cultured
UtSMC cells

To examine the direct role of VDR in uterine myome-
trial cells, the VDR was depleted in UtSMC cells using
lentiviral-based RNA interference. Cultured UtSMC cells
were infected with lentiviruses-expressing, VDR-specific
shRNA or nonfunctional scramble control (Origen Inc).
Infected cells were selected with puromycin to generate
stable cell populations. Western blot analyses showed that
VDR-knockdown cells expressed markedly reduced levels
of VDR (�60% reduction) as compared with scrambled
control cells (Figure 6, A and B). VDR-knockdown cells
concurrently expressed higher levels of Wnt4 and
�-catenin as compared with scrambled-control cells (Fig-
ure 6, A and B). Furthermore, VDR-knockdown cells
showed higher levels of phosphorylated mTOR as com-
pared with scrambled control, whereas the levels of
mTOR was unchanged (Figure 6, A and B). These results
indicate an important role for VDR in the regulation of
Wnt4/�-catenin and mTOR signaling in UtSMC cells.

Silencing VDR gene affects extracellular matrix
(ECM)-associated pathways in cultured UtSMC cells

To further test whether the disruption of VDR gene
expression affects ECM-associated protein expression in
human uterine myometrial smooth muscle cells, we per-
formed Western blot analyses using cell lysates from VDR-
knockdown cells and scrambled control cells as described
above. Silencing of VDR gene expression was associated
with increased ECM production such as induction of fi-
bronectin and collagen type 1 expression and cell prolif-

Figure 3. Effect of vitamin D3 on protein expression of Wnt4, Wisp1,
and FEN1 in cultured human uterine fibroid cells. A, HuLM cells were
serum starved and treated with increasing concentrations of vitamin
D3 (0, 1, 10, 100, and 1000 nM) for 48 hours. Equal amounts of each
cell lysate were analyzed by Western blots using anti-Wnt4, anti-
Wisp1, and anti-FEN1 antibodies. �-Actin Western blot was used as
loading control. B and C, Immunofluorescence analyses were
performed using both HuLM cells (B) and human PUF cells (C) cultured
on glass coverslips and treated with increasing concentrations of
vitamin D3 (0, 10, 100, and 1000 nM) for 48 hours. Cells were fixed,
permeabilized, and stained with anti-Wnt4 antibody (1:50 dilution)
followed by incubating with carbocyanine 3-conjugated antirabbit
secondary antibody. Wnt4 staining (red) was monitored by
fluorescence microscopy. Nuclei of cells were stained with
4�, 6-diamino-2-phenylindole. Pictures were taken at �200 magnification.
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eration-associated PCNA (Figure 6, C and D). VDR-
knockdown cells also showed induced proliferation when
compared with scrambled control (Figure 6E). These re-
sults suggest that the disruption of the normal VDR gene
expression in the UtSMC cells induces ECM deposition
and cell proliferation.

Discussion

The purpose of this study was to evaluate the association
of Med12 somatic mutations with activation of Wnt/�-

catenin signaling in human UFs. More importantly, we
verified the effect of vitamin D3 on the regulation of Wnt/
�-catenin and its downstream mTOR signaling in human
UF cells.

The Mediator is a large multiprotein complex involved
in global and gene-specific transcriptional regulation. The
Mediator can activate and repress transcription by virtue
of its ability to interface directly with transcription factors
and the RNA polymerase II initiation machinery (42).
Within the Mediator, Med12 is an essential regulator of
the kinase activity of cyclin-dependent kinase-8 submod-
ule, and the protein directly interacts with various tran-
scription factors (42, 43). Med12 is known to participate
in various oncogenic signaling pathways, including p53
and Wnt/�-catenin, that have central roles in tumor de-
velopment (28, 44).

UFs are benign smooth muscle tumors in the uterus that
occur in approximately 70% of women by the age of 50
years (6). Recently several studies have demonstrated that
Med12 gene exon 2 somatic mutations are frequently as-
sociated (up to 85% cases) in human UFs (19, 20, 45, 46).
Despite the high prevalence of Med12 somatic mutations,
little is known about the mechanisms of how these muta-

Figure 4. Effect of vitamin D3 on protein expression of DDIT4, TSC1, and TSC2 in cultured human uterine fibroid cells. A, HuLM cells were serum
starved and treated with increasing concentrations of vitamin D3 (0, 1, 10, 100, and 1000 nM) for 48 hours, as described above. Equal amounts of
each cell lysate were analyzed by Western blots using anti-DDIT4, anti-TSC1, and anti-TSC2 antibodies. �-Actin Western blot was used as loading
control. B and C, Immunofluorescence analyses were performed using both HuLM cells (B) and human PUF cells (C) cultured on glass coverslips
and treated with increasing concentrations of vitamin D3 (0, 10, 100, and 1000 nM) for 48 hours. Cells were fixed, permeabilized, and stained
with anti-DDIT4 antibody (1:50 dilution) followed by incubating with carbocyanine 3-conjugated antirabbit secondary antibody. DDIT4 staining
(red) was monitored by fluorescence microscopy. Nuclei of cells were stained with 4�,6-diamino-2-phenylindole. Pictures were taken at �200
magnification.

Figure 5. Effect of vitamin D3 on activation of mTOR signaling in
cultured HuLM and human PUF cells. HuLM cells (A) and human PUF
cells (B) were serum starved and treated with increasing concentrations
of vitamin D3 (0, 1, 10, 100, and 1000 nM) for 48 hours. Equal
amounts of each cell lysate were analyzed by Western blots using anti-
mTOR, anti-p-mTOR, anti-p-p70S6 kinase, and anti-p70S6 kinase
antibodies, as indicated. �-Actin Western blot was used as loading
control.
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tions are involved in the tumorigenicity of this disease.
Although studies have linked Med12 somatic mutations
with the activation of Wnt/�-catenin signaling (19, 28),
the function of these mutations is quite unknown. More-
over, it is also not well characterized whether Med12 so-
matic mutations have association with the activation of
Wnt/�-catenin signaling in human UFs. To establish
whether Med12 somatic mutations are associated with
Wnt/�-catenin signaling, we performed protein expres-
sion analyses. In Figure 1, our Western blot analyses
showed that human UFs having Med12 somatic muta-
tions showed higher levels of protein expression of Wnt4
and �-catenin as compared with adjacent normal myo-
metrium that do not have Med12 somatic mutations.
These findings suggest that Med12 somatic mutations can
activate Wnt4/�-catenin signaling, which may play roles
in the development and progression of human UFs.

We and others have recently demonstrated that vitamin
D3 deficiency is a risk factor for the occurrence of human
UFs (8–10). Our recent findings also showed reduced lev-
els of VDR in human UFs as compared with the adjacent
myometrium (15). Moreover, our published studies dem-
onstrated the potentials of vitamin D3 in the inhibition of
HuLM cell proliferation in vitro and fibroid tumor growth
in vivo animal models (11–16). These findings suggest that
both vitamin D3 deficiency and reduced expression of

VDR and thus cumulative attenuation of vitamin D sig-
naling may be important contributing factors in the patho-
genesis of human UFs. Figure 2 shows that vitamin D3 has
the potential to reduce the expression of �-catenin in
HuLM cells. Moreover, �-catenin is localized in both the
cytosol and nucleus of HuLM cells, whereas vitamin D3
treatment considerably reduced its expression at physio-
logical concentrations, suggesting that vitamin D3 possess
the ability to reduce �-catenin expression in UF cells. In
contrast, vitamin D3 treatment was unable to modulate
the expression of Med12 protein in PUF cells (Supplemen-
tal Figure 1), indicating that vitamin D3 targets Med12-
associated downstream signaling targets. Wnt signaling-
associated proteins such as Wnt4 and Wisp1 as well as
FEN1 was further verified using Western blot analyses.
Vitamin D3 can reduce Wnt4 in a concentration-depen-
dent manner in HuLM cells (Figure 3), which indicates the
inhibitory role of vitamin D3 on the activation of Wnt4/
�-catenin signaling and that the inhibitory function of vi-
tamin D3 may ultimately reduce the pathogenesis of hu-
man UFs.

�-Catenin functions through translocation to the nu-
cleus and binds to the T-cell factor/lymphocyte enhancer
factor family of transcription factors, resulting in the ex-
pression of specific target genes (47). Several �-catenin
target genes such as c-Myc, Wisp1, and cyclin D1 are in-

Figure 6. Knockdown VDR induces Wnt4/�-catenin and mTOR signaling and induces proliferation of UtSMC cells. A, VDR was targeted for
knockdown in UtSMC cells by infecting with lentiviruses expressing VDR-specific shRNA or scrambled control. Cell lysates were analyzed by
Western blotting using anti-VDR, anti-�-catenin, anti-Wnt4, anti-p-mTOR, and anti-mTOR antibodies. �-Actin was used as loading control. B,
Quantification of protein expression of above proteins were normalized to �-actin and shown. *, P � .05 as compared with control. C, Cell lysates
were also analyzed by Western blotting using antifibronectin, anticollagen type 1, and anti-PCNA antibodies. D, Normalized protein levels are
shown. *, P � .05 as compared with control. E, Both scrambled control and VDR knockdown cells were seeded into 12-well plates and cultured in
phenol-free DMEM/F12 medium containing 10% charcoal stripped fetal bovine serum. Cultures were replenished every other day with fresh
conditioned media. Cell proliferation MTT assay was performed at days 2, 3, 4, and 5. Each data point is the mean SD of triplicate wells (n � 3). *,
P � .05 as compared with the corresponding control.
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volved in cell proliferation, and �-catenin signaling plays
an important role in the development and neoplasia (47).
The study also demonstrated that overexpression of con-
stitutively activated �-catenin in the uterine mesenchyme
during embryonic development and in adults gives rise to
leiomyoma-like tumors in the uterus in female mice (48),
suggesting the involvement of Wnt/�-catenin signaling in
the development of UFs. The Wisp1 gene is overexpressed
in human breast cancer as well as other cancers. Wisp1 is
known to be involved in tumorigenesis and the progres-
sion of many types of cancers such as breast (49), prostate
(50), lung (51), and oral squamous cell carcinoma (52),
indicating the vital role that Wisp1 plays in cancer devel-
opment and progression. The effect of vitamin D3 on ex-
pression of Wisp1 in UF cells was verified, and our results
indicate concentration-dependent inhibition of Wisp1 by
vitamin D3 (Figure 3), suggesting the role of vitamin D3 is
the inhibition of fibroid cell proliferation through the re-
duction of Wisp1.

The FEN1 genes are multifunctional proteins involved
in DNA replication and damage repair. The products of
FEN1 and PCNA genes are highly conserved when com-
pared with other DNA repair genes. An earlier study has
shown the up-regulation of FEN1 in human breast and
other cancers, and its levels inversely correlated with the
survival of breast cancer patients (53). Genomic and pro-
tein analyses revealed that FEN1 is a biomarker in breast
and ovarian cancer (54). We tested the possibility that
vitamin D3 has the potential to reduce FEN1 protein ex-
pression in human UF cells because this gene play a role in
the tumorigenesis of several cancers. Figure 3 shows that
vitamin D3 effectively suppressed FEN1 in a concentra-
tion-dependent manner in HuLM cells, indicating the
therapeutic utility of vitamin D3 for fibroid treatment.

mTOR is a member of the phosphoinositol kinase-re-
lated kinase family, which is localized downstream of
Wnt/�-catenin signaling, and plays an important role in
the regulation of cell growth and proliferation (41, 55).
The role of atypical activation of mTOR signaling in hu-
man UFs has been suggested in several studies. It has also
been demonstrated that mTOR signaling was the most
induced in human UFs as compared with adjacent myo-
metrium (24). In addition, the activation of mTOR sig-
naling and the development of UFs in the Eker rat animal
model has been reported previously (56). Recent studies
demonstrated a central role of dysregulated phosphoe-
nositide 3-kinase-protein kinase B/AKT pathway leading
to the activation of mTOR in the tumorigenicity of UFs
(24, 56). Furthermore, the activation of AKT/mTOR and
the ensuing phosphorylation of downstream target
p70S6K and 4E-binding protein 1 can promote cell
growth and proliferation (57). Herein we verified the ef-

fect of vitamin D3 on the regulation of mTOR signaling
because this signaling pathway is known to be involved in
the pathogenesis of human UFs. Our results showed that
vitamin D3 has the potential to suppress mTOR signaling
by reducing the protein expression of mTOR and by re-
ducing phosphorylated p70S6 kinase activity in HuLM
and PUF cells (Figure 5, A and B), and thus, these findings
indicate the therapeutic potential of vitamin D3 for non-
surgical treatment of human UFs. Moreover, we observed
that vitamin D3 administration induced DDIT4 and in-
hibits mTOR signaling in human UF cells (Figures 4 and
5). This result is consistent with the previous finding that
established the growth-inhibitory role of vitamin D3 on
osteoblast cell proliferation through the induction of
DDIT4 and the suppression of mTOR (40). In addition,
our findings in Figure 4 shows that vitamin D3 can induce
tumor suppressor genes, TSC1/2, in human UF cells,
which play important roles in the inhibition of down-
stream mTOR signaling. The mTOR signaling has been
shown to be activated in UF tumors that developed in the
Eker rat animal model due to the inactivation of the TSC2
gene (56).

Because vitamin D3 functions through the induction/
activation of VDR signaling in UF cells, the direct role of
vitamin D3/VDR was verified in uterine myometrial
smooth muscle cells by silencing VDR gene expression in
UtSMC cells using VDR-specific shRNA. UtSMC cells
were selected in this study because these cells were gener-
ated from human uterine myometrium, and they express
normal levels of VDR and maintained the normal myo-
metrial cell phenotype. Our findings in Figure 6 indicate
that VDR-knockdown UtSMC cells showed induced lev-
els of Wnt4/�-catenin and mTOR signaling as well as
higher levels of ECM deposition, indicating that VDR
plays a critical role in the homeostasis and normalcy of
human UtSMC cells and that abrogation of VDR expres-
sion (by silencing) elicits a fibrotic process including an
increase in myometrial cell proliferation as well as in-
creased ECM production.

In summary, we observed an association of Med12 so-
matic mutations with the activation of Wnt/�-catenin sig-
naling in human UFs. Vitamin D3 administration reduced
the protein expression of Wnt4 and �-catenin in human
uterine fibroid cells. Additionally, vitamin D3 reduced the
protein expression of Wisp1 and FEN1 in HuLM cells. In
contrast, vitamin D3 induced the levels of DDIT4 and
TSC1/2 while reducing the activation of mTOR signaling
in HuLM cells. In parallel, vitamin D3 also reduced the
activation of mTOR signaling in human PUF cells. By the
silencing of VDR gene expression in human myometrial
smooth muscle cells, we showed an induction of Wnt4/�-
catenin and mTOR signaling and that abrogation of VDR
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expression elicits a fibrotic process including an increase in
myometrial cell proliferation and ECM production, which
are the hallmarks of the fibroid phenotype. Together our
results demonstrate the critical roles that vitamin D3 plays
in the suppression of tumor-promoting Wnt4/�-catenin
and further downstream mTOR signaling in human UF
cells. Our findings suggest that vitamin D3 may have util-
ity as a novel therapeutic approach for the medical treat-
ment of human UFs.
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