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Abstract

Objective—To evaluate the effects and mechanisms of action of Vitamin D on human uterine
leiomyoma (HuLM) cell proliferation in vitro.

Design—Laboratory study.
Setting—University hospitals.
Patients(s)—Not applicable.
Interventions(s)—Not applicable.

Main Outcome Measure(s)—HuLM cells were treated with 1, 25-dihydroxyvitamin D3
(Vitamin D) and cell proliferation was assayed by the MTT technique. PCNA, BCL-2, BCL-w,
CDK-1 and COMT protein levels were analyzed by Western blotting. COMT mRNA and enzyme
activity were assayed by quantitative RT-PCR and HPLC analysis, respectively. The role of
COMT was evaluated in stable HULM cells by silencing COMT expression.

Result(s)—Vitamin D inhibited the growth of HULM cells by 47% + 0.03 at 1 uM and by 38% =+
0.02 at 0.1 uM compared to control cells at 120 hours of treatment (P < 0.05). Vitamin D inhibited
ERK activation and downregulated the expression of BCL-2, BCL-w, CDK1 and PCNA. Western
blot, RT-PCR and enzyme assay of COMT demonstrated inhibitory effects of Vitamin D on
COMT expression and enzyme activity. Silencing endogenous COMT expression abolished
Vitamin D-mediated inhibition of HULM cell proliferation.

Conclusion(s)—Vitamin D inhibits growth of HuLM cells through the down-regulation of
PCNA, CDK1 and BCL-2, and suppresses COMT expression and activity in HULM cells. Thus,
hypovitaminosis D appears to be a risk factor for uterine fibroids.
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INTRODUCTION

Uterine leiomyomas (fibroids) are the most common benign tumors in uterus, occurring in
20-25% of premenopausal women (1-3). Myomectomy and hysterectomy are the only
available surgical methods for treatment of uterine fibroids (4,5). Uterine leiomyomas are 3—-
4 times higher in black women than in white women (6). The exact reason for such ethnic
disparity is not clear. We have recently reported a differential ethnic distribution of specific
functional genetic variants in estrogen receptor alpha and COMT, and their association with
uterine fibroid susceptibility (7-9).

COMT is a ubiquitous enzyme that catalyzes the S-adenosyl-L-methyleonine-dependent
methyl conjugate of the hydroxyl group of catechol estrogens. Regulation of COMT activity
may modulate the biologic effects of estrogen and play an etiological role in uterine fibroid
formation (10). We have recently reported increased COMT mRNA and protein expression
in uterine leiomyoma in comparison to adjacent normal myometrium (10).

Solar ultraviolet B-Photons change 7-dehydrocholesteryl in the skin to pre-vitamin D3
which finally converts into Vitamin D3 (11). Vitamin D deficiency is associated with
metabolic bone disease as well as cancers, Type-1 diabetes, and rheumatoid arthritis and
schizophrenia (12). Vitamin D deficiency is more prevalent among African Americans (40—
45%) compared to Caucasians (4%) (13). This high occurrence of Vitamin D deficiency in
African Americans is due to the melanin levels in the skin, as well as an increased incidence
of lactase deficiency affecting dairy product intake (13).

In this study, we demonstrate the growth inhibitory effect of Vitamin D on immortalized
human uterine leiomyoma (HuLM) cells and that the inhibitory effects are exerted by
decreasing the expression of PCNA, the cell cycle regulatory protein CDK1 and anti-
apoptotic proteins BCL-2 and BCL-w. In addition, silencing the endogenous expression of
COMT by COMT specific sShRNA reduces the inhibitory effects of Vitamin D on HuLM cell
proliferation. Our results indicate an important role for Vitamin D in regulating HULM cell
proliferation and thus the growth of uterine fibroids.

MATERIALS AND METHODS

Reagents and Antibodies

Cell Culture

1, 25-dihydroxyvitamin D3 (Vitamin D), estradiol and beta-actin antibodies were purchased
from Sigma-Aldrich (St. Louis, MO). PCNA, BCL-2, BCL-w, BCL-xL, CDK1, total ERK
and the horseradish peroxidase conjugated secondary antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Phospho-ERK antibody was purchased from Cell
Signaling (Beverly, MA) and the COMT antibody was from Chemicon (Temecula, CA).

The HULM cell line was a kind gift from Dr. Darlene Dixon as described previously (14).
HuLM cell line and sShRNA-COMT cell lines were cultured and maintained in SmBm
medium containing 5% FBS, 0.1% insulin, 0.2% hFGF-B, 0.1% GA-100 and 0.1% hEGF
(Lonza, Walkersville, MD). Primary LM298 cells were established as described previously
(15,16) according to the policies of the Institutional Review Board of the University of
Texas Medical Branch, Galveston, TX and the Meharry Medical College, Nashville, TN
(IRB #01-111). These cells were passaged three times and they express both estrogen and
progesterone receptors, and maintained similar characteristics to HULM cells. Once these
cells were about 70% confluent in culture medium, the media was replaced by DMEM-12
(phenol free) supplemented with 10% charcoal stripped FBS and 10 nM estradiol, and then
treated with Vitamin D (Sigma-Aldrich).
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Construction of Stable shRNA-COMT Human Leiomyoma Cells

To test whether the cellular effects of Vitamin D could be mediated via endogenous COMT,
we proceeded to silence the expression of endogenous COMT by short hairpin RNA
(shRNA) technology. The MISSION TRC pLKO.1-5 plasmid DNAs, which contains 5
distinct human COMT (17) specific ShRNA sequences, were purchased from Sigma-Aldrich.
These plasmid DNA constructs were stably transfected into HULM cells and colonies were
selected with puromycin (Sigma, 2.5 pg/ml). Stable clones were verified for COMT
expression by western blot analyses using anti-COMT antibody. Clones that expressed
lowest levels of SCOMT (soluble) and mCOMT (membrane-bound) were selected for
further evaluation.

Cell Proliferation Assay

2x103 cells/well from each pool of HULM, ShRNA-COMT and primary LM298 cells were
seeded in 96 well plates and allowed to grow for 24 hours at 37°C. Cells were then treated
with various concentrations of Vitamin D and the relative cell numbers were assayed at 24
h, 72 h and 120 h using MTT assay according to the manufacturer's recommendation
(Sigma). The mean * standard error (SE) was calculated for each triplicate measurement.

Real Time PCR

Total RNA was prepared from HuLM cells treated with Vitamin D using an RNA extraction
kit (Qiagen, Valencia, CA). One microgram of total RNA from each sample was reverse-
transcribed and an equal amount of cDNA (40 ng) was used for amplification of either
GAPDH or COMT (Applied Biosystems) and detected real-time by Bio-Rad 1Q5.

Western Blot Analyses

HuLM cells were treated with Vitamin D for 48 h and cell lysates were analyzed by western
blots as described previously (18). Western blot analyses were performed using primary
antibodies against PCNA (1:500), BCL-2 (1:200), BCL-xL (1:250), BCL-w (1:500), CDK1
(1:1,000), phospho-ERK (1:1,000), total ERK (1:1,000) and COMT (1:100,000). The
intensities of specific protein bands were quantified and the values of B-actin, detected by
anti-B-actin antibody (1:5,000), were used to normalize the level of corresponding target
protein bands.

High Performance Liquid Chromatography (HPLC)

The COMT activity, in the control and Vitamin D treated HULM cells, was assayed using
established HPLC-based methods (19). The COMT enzyme activity was expressed in units
per milligram of total protein.

Statistical Analyses

All data were expressed as the mean + standard error (SE) of all values obtained from three
replicates. Statistical significance was determined using Student’s t-test. P less than 0.05
(P<0.05) was considered to be statistically significant.

RESULTS

Vitamin D Inhibits Growth of HULM Cells

To evaluate the effect of Vitamin D on cell growth, HULM cells were treated with various
concentrations of Vitamin D for up to 120 hours, and cell growth and proliferation were
determined using MTT assay (Fig. 1A). Vitamin D decreased growth of HULM cells when
compared with untreated HULM cells (Fig. 1A). At 120 hours treatment, Vitamin D
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significantly inhibited proliferation of leiomyoma cells by 47% +0.03 at 1 uM
concentration, and 38% +0.02 at 0.1 pM concentration when compared with untreated
control (P < 0.05). These results suggest that Vitamin D inhibits proliferation of HULM
cells.

Vitamin D Reduces PCNA, CDK1 Expression and Cellular ERK Activity in HULM Cells

To test whether Vitamin D affects the expression of PCNA, we performed western blot
analysis using lysates from Vitamin D treated HULM cells. At 1 uM concentration, Vitamin
D decreased PCNA protein expression by approximately 40% when compared with
untreated control (P < 0.05) (Fig. 2A). The cyclin-dependent kinase 1 (CDK1) is required
for G2-M transition during the cell cycle (20). Vitamin D treatment reduced CDK1
expression in HULM cells when compared with untreated control cells (Fig. 2B). At 1 uM
concentration of Vitamin D, we observed a 2 fold reduction (P < 0.05) of CDK1 protein
expression. Western blot analyses indicate that Vitamin D decreased phosphorylation of
ERK in HULM cells when compared with untreated control cells. However, the total levels
of ERK were not affected by Vitamin D (Fig. 2C), suggesting a role for Vitamin D in the
regulation of cellular growth by modulating ERK MAP kinase activation in leiomyoma
cells.

Vitamin D Reduces Anti-apoptotic BCL-2 and BCL-w Protein Expression in HULM Cells

To verify whether Vitamin D affects the expression of anti-apoptotic genes, we performed
western blot analyses. HULM cells were treated with different doses of Vitamin D for 48 h
and cell lysates were analyzed for BCL-2, BCL-xL and BCL-w protein expression. BCL-2
and BCL-w protein levels were significantly down-regulated by Vitamin D treatment when
compared with untreated control cells (Fig. 2D and E, P < 0.05). However, we did not
observe any significant changes in BCL-XL protein expression by Vitamin D in HULM cells.

Vitamin D Reduces COMT mRNA and Protein Expression and Inhibits COMT Enzyme
Activity in HULM Cells

COMT plays an important role in the pathophysiology of many human disorders, including
estrogen related cancers (21). COMT is upregulated in human leiomyoma compared to
adjacent normal myometrium (9,10,22). We observed that Vitamin D inhibits COMT
MRNA expression at 100 nM concentration in HULM cells when compared with untreated
control (P < 0.05) as determined by quantitative real time PCR (Fig. 3A). However, further
inhibition by 1 pM concentration of Vitamin D was not observed (Fig. 3A). Using western
blot analyses we found that Vitamin D reduces COMT protein expression in HULM cells
when compared with untreated control (Fig. 3B). In addition, Vitamin D reduced COMT
enzyme activity (50%, P < 0.05) in HULM cells at 1 pM concentration when compared with
untreated control (Fig. 3C). These results suggest that Vitamin D is a potent COMT inhibitor
in HULM cells, both at the expression and enzyme activity levels.

Vitamin D Reduces Proliferation of HuULM Cells via Cooperation with Endogenous COMT

Since Vitamin D significantly reduced COMT mRNA expression, protein levels and enzyme
activity in HULM cells, we hypothesized that Vitamin D-mediated growth inhibitory effect
may be mediated via endogenous COMT in HULM cells. To test this hypothesis, we have
generated stable COMT-deficient HULM cell lines by stable transfection with COMT-
specific ShRNA. The shRNA-COMT clone expressed markedly reduced levels of
endogenous COMT for both mCOMT and sCOMT as compared to the vector control HULM
cells (Fig. 4A). This sShRNA-COMT clone, the vector control HULM cells as well as primary
LM298 cells were analyzed for cell growth using MTT-proliferation assay. We observed
that Vitamin D inhibited growth of both vector control HULM and LM298 cells when
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compared with untreated control cells (Fig. 4B). Interestingly, silencing endogenous COMT
expression by ShRNA in HULM cells (ShRNA-COMT) abolished the Vitamin D-induced
growth inhibition (Fig. 4B). Cumulatively, these results suggest that Vitamin D reduces
growth of HULM cells, at least in part, through cooperation with endogenous COMT.

DISCUSSION

In this study, we have observed that both HULM and LM298 cells are highly sensitive to the
growth inhibitory effect of Vitamin D. Our observation that Vitamin D significantly reduces
the growth of HULM cells, suggests a potential role of Vitamin D in myometrial homeostasis
and tumor prevention. Vitamin D deficiency might conceivably be a risk factor for the
initiation and progression of uterine fibroids. Considering that Vitamin D deficiency is more
prevalent among African Americans (40-45%) compared to Whites (4%), (12) one may
hypothesize that the markedly higher prevalence of uterine fibroids in African American
women compared to other ethnic groups (7,8,23,24) might be attributed, at least partially, to
the ethnically differential prevalence of Vitamin D deficiency.

Vitamin D is a potent regulator of cellular growth in both normal and cancer cells (12).
Vitamin D suppresses the proliferation of malignant tumor cells as well as induces
differentiation and apoptosis (25). Additionally, Vitamin D analogue has been shown to
potentiate anti-tumor activity in a murine squamous cell carcinoma model system (26). No
prior reports have explored the mechanism of action of Vitamin D on human uterine
leiomyoma cells. Therefore, the aim of our study was to determine whether Vitamin D
affects HULM cell proliferation, and subsequently begin to understand the molecular
mechanisms of how Vitamin D affects the growth of uterine leiomyoma cells in vitro.

PCNA is a cell proliferation marker that is involved in cell growth and proliferation as well
as tumorigenicity. Our results indicate that Vitamin D reduces the expression of PCNA in
leiomyoma cells. Therefore, reduction in the expression of PCNA by Vitamin D treatment
suggests a potential role for Vitamin D in the regulation of growth of HULM cells. The
cyclin-dependent kinase 1 (CDK1) is known as a mitosis promoting factor, and it is required
for G2-M transition during the cell cycle (19). Inhibition of CDK1 by the inhibitor
roscovitine reduces proliferation of several tumor cells (27). Our results showed that
Vitamin D significantly suppresses the expression of CDK1 in HULM cells. This important
observation demonstrates a potential role of Vitamin D in the regulation of cell cycle
regulatory CDK1. Vitamin D is a potent growth inhibitor of breast cancer cells and it
inhibits serum induced MAP kinase activation in breast cancer cells (28). Consistent with
the above results we also observed that Vitamin D reduces MAPK ERK activation in HULM
cells. Therefore, uterine leiomyoma could potentially be a good target for Vitamin D
treatment. Such work is currently underway in our laboratory using various uterine fibroid
preclinical animal models (29).

Vitamin D induces apoptosis in the MCF-7 breast cancer cell line (30,31). Vitamin D may
control members of the BCL-2 family, which have been shown to play a major role in the
signaling mechanism of apoptosis. This protein family consists of both anti-apoptotic
proteins such as BCL-2, BCL-xL and BCL-w, and pro-apoptotic proteins including Bax,
Bak and Bad (32). Our results show repression of BCL-2 and BCL-w gene expression in
HuLM cells upon treatment with Vitamin D. These results indicate that the growth
inhibitory role of Vitamin D is also mediated by blocking the expression of anti-apoptotic
BCL-2 and BCL-w.

The COMT enzyme catalyzes the transfer of a methyl group from S adenosyl-methionine to
one of the phenolic hydroxyl groups of a variety of catechols including catecholestrogens
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and catecholamine neurotransmitters (33,34). COMT is known to convert the
catecholestrogens, 2- and 4-hydroxyestrogen, to 2- and 4-methoxyestrogen respectively
(34). We and others have shown that 2-hydroxyestrogen can act as estrogen antagonists in a
variety of cells including human myometrial and leiomyoma cells (7;8,22,35,36) while their
methylated counterpart, 2- methoxyestrogen, can act as estrogen agonists in multiple
biologic assays (37,38,39,40). Such hormonal activity of these estrogen metabolites suggests
that modulation of COMT expression and activity would affect the balance between 2-
hydroxyestrogen versus 2-methoxyestrogens and have a considerable effect on cellular
estrogen bioactivity (7,8,22). We have recently reported on wide-spread expression of the
COMT protein in many human reproductive tissues, including placenta, decidua vera,
myometrium as well as endometrium (7,8,22,41,42). However, the possibility of interaction
between Vitamin D and COMT expression in HULM is yet to be explored. We have
previously reported the upregulation of COMT in human leiomyomas compared to adjacent
normal myometrium, detected by immunohistochemical analyses, quantitative RT-PCR and
microarray (7,8). Here we demonstrate that COMT mRNA, protein and enzyme activity are
significantly reduced in HULM cells upon Vitamin D treatment. Additionally, cell growth
assays using ShRNA-COMT cells, where COMT expression has been considerably silenced,
were non-responsive to Vitamin D mediated growth inhibition. These findings collectively
suggest the necessity of COMT for a Vitamin D-induced anti-proliferative effect on HULM
cells. Thus, Vitamin D deficiency might explain the higher expression of COMT in uterine
leiomyoma and might constitute a modifiable risk factor for uterine fibroids.

In conclusion, Vitamin D inhibits growth of HULM cells by reducing the expression of
PCNA and CDK1 as well as suppression of anti-apoptotic BCL-2 and BCL-w. In addition,
we report for the first time that Vitamin D reduces COMT mRNA and protein expression as
well as the enzyme activity in HULM cells. Silencing the endogenous COMT expression in
HuLM cells by COMT specific ShRNA reduces the growth inhibitory effect of Vitamin D.
Our findings suggest that Vitamin D deficiency may be an important risk factor in growth
and progression of uterine fibroids.
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Figure 1. Effect of Vitamin D on proliferation of HULM cells
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2x103 HULM cells were seeded in 96-well plates and treated with 1, 25-dihydroxyvitamin
D3 (Vitamin D). Ethanol vehicle was added to the control cells. Relative cell numbers were
assessed at each time point using MTT assay. Individual data points are the mean + SE of

triplicate determinations. *P < 0.05 compared with corresponding control.
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Figure 2. Effect of Vitamin D on PCNA and CDK1 expression as well as anti-apoptotic BCL-2
and BCL-w in HULM cells

HuLM cells were treated with different doses of Vitamin D for 48 h as indicated. Lysates
prepared from both treated and untreated control cells were analyzed by western blotting
with anti-PCNA (A) and anti-CDK1 (B) antibodies. The intensity of each protein signal was
quantified and normalized with corresponding p-actin. *P < 0.05 compared to untreated
control. (C) HULM cells were serum starved and treated with Vitamin D for 8 h as indicated.
Cell lysates were prepared and were analyzed by western blotting using anti-phospho-ERK
and anti-ERK antibodies. B-actin was used as loading control (left panel). The signal
intensity of phospho-ERK (P-ERK) and total ERK (ERK) were quantified and normalized
as above. *P < 0.05 compared to untreated control (right panel). (D and E) HULM cells were
treated with Vitamin D for 48 h as indicated. Lysates from both Vitamin D-treated and
untreated control cells were analyzed by western blotting with anti-BCL-2, anti-BCL-xL and
anti-BCL-w antibodies. The intensity of each band was normalized with corresponding -
actin as above (bottom panel). *P < 0.05 compared to untreated control.
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Figure 3. Effect of Vitamin D on COMT mRNA and protein expression, and enzyme activity
(A) Quantitative analysis of COMT mRNA expression levels with real time RT-PCR after
treatment of HULM cells with different doses of Vitamin D (1 nM to 1 uM) for 48 h.
Expression levels of COMT mRNA are shown as the mean ratio of target-to-reference gene
+ SE relative to the vehicle-treated control. Results are expressed as mean + SE of three
independent experiments. *P < 0.05 compared to untreated control. (B) HULM cells were
treated with Vitamin D for 48 h and cell lysates were prepared and analyzed by western
blotting with anti-COMT antibody. The intensity of each protein signal was quantified and
normalized with corresponding B-actin. *P < 0.05 compared to untreated control. (C)
COMT enzyme activity was assayed after the treatment of HULM cells with different doses
of Vitamin D as indicated. COMT enzyme activity was expressed in units per milligram of
total protein. *P < 0.05 compared to untreated control.
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Figure 4. Effect of endogenous COMT silencing on Vitamin D-mediated inhibition of HULM cell
proliferation
(A) The vector control HULM cells (HuLM-Vector) and COMT-deficient HULM cell lines

(shRNA-COMT) were cultured and cell lysates were prepared. Equal amounts of each cell
lysate from representative stably transfected colonies were analyzed for endogenous COMT
expression by western blotting using anti-COMT antibody. Endogenous levels of mMCOMT
(membrane bound) and sSCOMT (soluble) were determined in wild type HULM cells, a
vector control clone and a sShRNA-COMT clone that expresses significantly lower levels of
COMT using western blot analyses with anti-COMT antibody (top panel). The intensity of
COMT signals (MCOMT and sCOMT) was quantified and normalized with corresponding
B-actin as above. *P < 0.05 compared to untreated control (bottom panel). (B) 2x103 cells
from each pool of the above vector control HULM cells and the ShRNA-COMT clone and in
addition primary LM298 cells were seeded in 96-well plates and treated with Vitamin D for
MTT-proliferation assay as described previously (43). Relative cell numbers were assessed
at 120 h and individual data points are the mean + SE of triplicate determinations. *P < 0.05
when compared with corresponding control.
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