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study question: Can biologically active vitamin D3 [1,25(OH)2D3] regulate the expression and activity of matrix metalloproteinases
(MMPs) in human uterine fibroid cells?

summaryanswer: 1,25(OH)2D3effectively reducedtheexpressionandactivitiesofMMP-2andMMP-9 inculturedhumanuterinefibroidcells.

what is known already: Uterine fibroids (leiomyoma) express higher levels of MMPactivity than adjacent normal myometrium, and this is
associated with uterine fibroid pathogenesis. However, it is unknown whether 1,25(OH)2D3 can regulate the expression and activities of MMPs in
human uterine fibroid cells.

study design, size, duration: Surgically removed fresh fibroid tissue was used to generate primary uterine fibroid cells.

participants/materials, setting, methods: An immortalized human uterine fibroid cell line (HuLM) and/or primary human
uterine fibroid cells isolated from fresh fibroid tissue were used to examine the expression of several MMPs, tissue inhibitors of metalloproteinases
(TIMP) 1 and 2 and the activities of MMP-2 and MMP-9 after 1,25(OH)2D3 treatment. Real-time PCR and western blots analyses were used to
measure mRNA and protein expression of MMPs, respectively. Supernatant cell culture media were analyzed for MMP-2 and MMP-9 activities
using a gelatin zymography assay.

main results and the role of chance: 1–1000 nM 1,25(OH)2D3 significantly reduced mRNA levels of MMP-2 and MMP-9 in
HuLM cells in a concentration-dependent manner (P , 0.5 to P , 0.001). The mRNA levels of MMP-1, MMP-3, MMP-13 and MMP-14 in HuLM
cells were also reduced by 1,25(OH)2D3. 1,25(OH)2D3 significantly reduced MMP-2 and MMP-9 protein levels in a concentration-dependent
manner in both HuLM and primary uterine fibroid cells (P , 0.05 to P , 0.001). Moreover, 1,25(OH)2D3 increased the mRNA levels of
vitamin D receptor (VDR) and TIMP-2 in a concentration-dependent manner in HuLM cells (P , 0.05 to P , 0.01). 1,25(OH)2D3 also significantly
increased protein levels of VDR and TIMP-2 in all cell types tested (P , 0.05 to P , 0.001). Gelatin zymography revealed that pro-MMP-2,
active MMP-2 and pro-MMP-9 were down-regulated by 1,25(OH)2D3 in a concentration-dependent manner; however, the active MMP-9 was
undetectable.

limitations, reasons for caution: This study was performed using in vitro uterine fibroid cell cultures and the results were extra-
polated to in vivo situation of uterine fibroids. Moreover, in this study the interaction of vitamin D3 with other regulators such as steroid hormone
receptors was not explored.

wider implications of the findings: This study reveals an important biological function of 1,25(OH)2D3 in the regulation of ex-
pression and activities of MMP-2 and MMP-9. Thus, 1,25(OH)2D3 might be a potential effective, safe non-surgical treatment option for human
uterine fibroids.
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Introduction
Uterine fibroids (leiomyoma) are highly prevalent benign tumors which
are associated with symptoms including excessive vaginal bleeding,
pelvic pain, recurrent spontaneous abortion, preterm labor and are
the major indication for hysterectomy (Wilcox et al., 1994; Farhi et al.,
1995). Steroid hormones are the major regulators of fibroid growth
(Wilson et al., 1980; Rein et al., 1995). Uterine fibroids grow slowly by
the deposition of awide arrayof extracellularmatrix (ECM) components,
and the ECM is found to be abundant and disorganized in uterine fibroids
(Leppert et al., 2004). Uterine fibroids are three to four times more
prevalent among African American women when comparedwith Cauca-
sian women. They also have 10 times higher risk of hypovitaminosis D (a
condition in which the vitamin D3 level is lower than normal physiological
levels) than Caucasian women (40 versus 4%) (Nesby-O’Dell et al.,
2002; Baird and Dunson, 2003). However, the direct relationship
between uterine fibroid pathogenesis and vitamin D effect is not yet
well established.

The growth of uterine fibroids takes place due to an increase in cell
proliferation and deposition of the ECM (Walker and Stewart, 2005).
Uterine fibroids contain abnormal deposition of ECM components
that play important role in the pathogenesis (Stewart et al., 1994;
Sozen and Arici, 2002; Malik and Catherino, 2007). The degradation of
ECM is an important characteristic of development, morphogenesis,
tissue repair and remodeling. This degradation process is specifically
regulated under normal physiological conditions; however, dysregulation
of this process is a cause of several diseases such as arthritis nephritis,
cancer, encephalomyelitis, chronic ulcers and fibrosis (Nagase et al.,
2006). Although various types of proteinases are involved in ECM deg-
radation, the major enzymes are considered to be matrix metalloprotei-
nases (MMPs) (Visse and Nagase, 2003). There are 24 MMPs in humans,
although the activities of most MMPs are very low or negligible under
normal physiological condition. Their activities are primarily regulated
by tissue inhibitors of matrix metalloproteinases (TIMPs), and thus the
balance between MMPs and TIMPs are critical for the ultimate ECM re-
modeling in the tissue (Nagase et al., 2006). The MMP family of proteases
has been characterized into several subgroups based on their ability to
specifically degrade various interstitial matrix and basement membrane
components, and those are collagenase, gelatinases, stromelysins,
membrane-type (MT)-MMPs and several others (Nagase et al., 2006).
Collagenases (MMP-1, MMP-8 and MMP-13) cleave interstitial collagens
I, II and III, but they can also digest other ECM components and soluble
proteins (Visse and Nagase, 2003). Gelatinases (MMP-2 and MMP-9)
digest gelatin via their fibronectin type II repeats that binds to gelatin/col-
lagen, and they can also digest a number of ECM molecules including type
IV, V and XI collagens, laminin and others. MMP-2, but not MMP-9 can
also digest collagens I, II and III in a similar manner to the collagenases
(Aimes and Quigley, 1995; Patterson et al., 2001). Stromelysins
(MMP-3, MMP-10 and MMP-11) are similar to that of collagenases, but
they do not cleave interstitial collagens. MMP-3 and MMP-10 digest a
number of ECM molecules and they participate in pro-MMP activation,
while MMP-11 has very weak activity toward ECM molecules (Murphy
et al., 1993). MT-MMPs (MMP-14, MMP-15, MMP-16 and MMP-24)
are activated intracellularly and active enzymes are expressed on the
cell surface. All MT-MMPs can activate pro-MMP-2. MMP-14 has collage-
nolytic activity on collagens I, II and III (Ohuchi et al., 1997).

MMP activities are specifically regulated by TIMPs. TIMP proteins
consist of 184–194 amino acids and are specific inhibitors of MMPs.
Four types of TIMP proteins have been identified in vertebrates and
their expressions are regulated during development and tissue remodel-
ing (Brew et al., 2000). Under pathological conditions that are associated
with unbalanced expression and activities of MMPs, changes in TIMP
levels are considered to be important due to their direct effect on
MMP activity.

The MMPs are a family of zinc-dependent proteases that can degrade
ECM components (Chambers and Matrisian, 1997). The MMP family of
proteases is involved in the degradation of fibrillar collagen (Butler et al.,
1997; Gioia et al., 2007). Soluble collagen type I is enzymatically digested
by collagenases such as MMP-1, MMP-8, MMP-13 (Chung et al., 2004;
Inada et al., 2004), MMP-14 (Ohuchi et al., 1997), gelatinase A
(MMP-2) (Aimes and Quigley, 1995) and gelatinase B (MMP-9) (Allan
et al., 1995). MMP-3 functions as an activator of other MMPs such as
MMP-1 and MMP-9. One study has shown that fibroid growth is asso-
ciated with increased activity of MMP-2 (Wolanska et al., 2004). An add-
itional report demonstrated that MMP-1, MMP-2, MMP-3, MMP-9,
TIMP-1, TIMP-2 and collagenase types I and III were highly expressed
in uterine fibroids and myometrium during the progesterone-dominant
secretory phase of the menstrual cycle (Dou et al., 1997). The expression
of MMP-1, MMP-2 and MMP-3 are elevated in larger uterine fibroids
(Wolanska et al., 2004). It also demonstrated that MMP-1 is elevated
in large fibroids but not in small fibroids while the MMP-3 was elevated
in both small and large fibroids. Moreover, microarray analysis showed
alterations in a wide array of MMPs in uterine fibroids, suggesting that
the deregulation of MMPs in uterine fibroids may play a critical role in ex-
cessive ECM deposition (Malik et al., 2010). In addition, it is also sug-
gested that paradoxical increase in MMPs in uterine fibroids might
reflect a dysfunction in ECM homeostasis and that a decrease in the ex-
pression of these MMPs, to the level noticed normal myometrium, might
be associated with fibroid shrinkage and are a potential therapeutic strat-
egy for the management of uterine fibroids.

Among the MMPs, MMP-2 and MMP-9 are the key enzymes that
degrade major collagen in ECM component (Zucker et al., 1993).
Increased activities of MMP-2 and MMP-9 have been associated with in-
creasing tumor metastases in various human metastatic cancers (Mook
et al., 2004). Most MMPs are secreted as inactive proenzymes and
their proteolytic activities are regulated by TIMPs (Woessner, 1994).
TIMPs inhibit the enzymatic activity by binding to the C-terminal catalytic
domain of MMPs (Lambert et al., 2004). TIMP-1 and TIMP-2 are known
to bind MMP-9 and MMP-2, respectively (Olson et al., 2000). Thus, the
activities of MMPs are regulated by the expression levels of TIMPs. One
study showed that MMPs and TIMPs are expressed in various normal
tissues that undergo tissue remodeling, and their overexpression in
certain pathological conditions is associated with extensive ECM degrad-
ation (Matrisian, 1992). Herein, we hypothesized that reduction of
mRNA and/or protein expressions and the gelatinolytic activities of
MMP-2 and MMP-9 in vitamin D3-treated human uterine fibroid cells
might be very helpful to understand the therapeutic use of
1,25-dihydroxyvitamin D3 [1,25(OH)2D3] in the non-surgical treatment
option for uterine fibroids.

1,25(OH)2D3 is a biologically active vitamin D3, and in cell systems it
functions through interacting with the vitamin D receptor (VDR) (Holick,
2003). The VDR is a nuclear transcription factor that plays major role in
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the modulation of gene expression by interacting with VDR response
element in the promoter region of target genes. The effects of VDR in
cell signaling include growth arrest, differentiation and/or induction of
apoptosis demonstrating the involvement of vitamin D signaling in the in-
hibition of cell growth. Recently, we and others have shown that
1,25(OH)2D3 inhibits growth and induces apoptosis in vitro in human
uterine fibroid cell culture (Blauer et al., 2009; Sharan et al., 2011). We
also showed that 1,25(OH)2D3 treatment shrinks uterine fibroid
tumor size in vivo in an Eker rat animal model (Halder et al., 2012).
Herein, we examined the biological function of 1,25(OH)2D3 in the sup-
pression of mRNA and protein expressions and activities of MMP-2 and
MMP-9 in human uterine fibroid cells. This study proposes an important
biological function of 1,25(OH)2D3 in the regulation of expression and
activities of MMP-2 and MMP-9, which may play a key role in the patho-
genesis of human uterine fibroids.

Materials and Methods

Reagents and antibodies
1,25(OH)2D3 was purchased from Sigma Biochemicals (St. Louis, MO,
USA). Smooth muscle cell culture medium (SmBM) was purchased from
Lonza (Walkersville, MD, USA). Antibodies were purchased as follows:
anti-MMP-2, anti-MMP-9 and anti-TIMP-2 from BD Biosciences (San Jose,
CA, USA); anti-VDR from Santa Cruz Biotechnology (Santa Cruz, CA,
USA) and anti-b-actin from Sigma Biochemicals.

Cell line and primary cell cultures
The immortalized human uterine fibroid cell line (HuLM) was a generous gift
from Dr Darlene Dixon (National Institute of Environmental Health Sciences,
Research Triangle Park, NC, USA) (Carney et al., 2002). These HuLM cells
were cultured and maintained as we described previously (Halder et al.,
2011; Sharan et al., 2011). Primary human uterine fibroid cells were
generated from uterine fibroid tissue specimens collected from Meharry
Metro General Hospital under an approved IRB protocol (Proto-
col#090630WJR246 11). Uterine fibroid tissue sample was collected from
an African American woman who underwent laparoscopic hysterectomy
to surgically remove confirmed large (8 cm) uterine fibroids. The patient
was not administered any hormone supplementations including vitamin D3
for at least 5 months before the hysterectomy was performed. The subject
was 40-year-old women at the time of hysterectomy, and her serum
vitamin D3 status was not measured. For preparation of the primary cell
population, a portion (�5 mm3) of the fresh uterine fibroid tissue was
washed in culture medium to remove blood and then chopped into small
pieces under sterile conditions, transferred into a 15 ml screw cap tube
and suspended in Hank’s Balanced Salt Solution (Cat. No. 14175; Life tech-
nologies, Grand Island, NY, USA) containing 1X antibiotic–antimycotic (Cat.
No. 15240-096; Life technologies) and 300 units/ml collagenase type-4
(Cat. No. 4188; Worthington Biochemical Corp., Lakewood, NJ, USA). Sus-
pended tissue pieces were incubated at 378C for at least 12 h to obtain indi-
vidual cells and/or clumps of few cells. The cell suspension was passed
through a 100 mm pore size sterile nylon filter and the suspension of individ-
ual cells was plated out and incubated at 378C allowing the cells to attach to
the 90 mm sterile tissue culture treated plate (Cat. No. 40-229690;
Krackeler Scientific, Albany, NY, USA) containing SmBm culture media as
we described previously (Halder et al., 2011; Sharan et al., 2011). Several
days later the monolayer of cells was trypsinized, collected and then split
to maintain culture in above media.

Isolation of cellular RNA from HuLM cells
To determine the effects of 1,25(OH)2D3 on mRNA levels of MMPs, HuLM
cells were serum starved and treated with increasing concentrations of
1,25(OH)2D3 (0, 1, 10, 100 and 1000 nM) for 48 h. Cells were collected
from the plates using cell scrapers and then cell pellets were obtained by cen-
trifugation at 1500 rpm for 10 min at 48C. Total cellular RNA was isolated
using an RNeasy Protect kit according to the instruction provided by the man-
ufacturers (Qiagen, Inc., Chatsworth, CA, USA). The concentration of total
RNA was determined using a NanoVue system (GE Healthcare, USA).

Quantitative real-time PCR analysis
Real-time PCR analyses were performed to analyze mRNA expressions for
MMPs, TIMPs and VDR using total RNA from 1,25(OH)2D3-treated
HuLM cells extracted as described above. The first-strand cDNAwas synthe-
sized from 1 mg of total RNA using an Omniscript RT Kit (Qiagen, Inc., USA).
Primer sequences were obtained from the published literature (Ottino et al.,
2002; Gilad et al., 2006; Tempfer et al., 2009). Primer sequences were
MMP-1, sense 5′-TAGAACTGTGAAGCATATCGATG-3′ and anti-sense
5′-AGTTGAACCAGCTATTAGCTTTC-3′; MMP-2, sense 5′-TCTACTC
AGCCAGCACCCTGGA-3′ and anti-sense 5′-TGCAGGTCCACGACGG
CATCCA-3′; MMP-3, sense 5′-TACTGGAGATTTGATGAGAAGAG-3′

and anti-sense 5′-TACAGATTCACGCTCAAGTTCC-3′; MMP-9, sense
5′-TTCGACGTGAAGGCGCAGATGGT-3′ and anti-sense 5′-TAGGTCA
CGTAGCCCACTTGGTC-3′; MMP-13, sense 5′-TGCAGCTGTTCAC
TTTGAGGA-3′ and anti-sense 5′-TGGCATGACGCGAACAATACG-3′;
MMP-14, sense 5′-TACCGACAAGATTGATGCTGCTC-3′ and anti-sense
5′-TCTACCTTCAGCTTCTGGTTG-3′; TIMP-1 sense 5′-TGGACTCTTG
CACATCACTACCTGC-3′ and anti-sense 5′-AGGCAAGGTGACGGGA
CTGGAA-3′; TIMP-2, sense 5′-GTAGTGATCAGGGCCAAAG-3′ and
anti-sense 5′-TTCTCTGTGACCCAGTCCAT-3′; VDR, sense 5′- ATG
CCATCTGCATCGTCTC-3′ and anti-sense 5′-GCACCGCACAGGCT
GTCCTA-3′; glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
sense 5′-AACATCATCCCTGCCTCTAC-3′ and anti-sense 5′-CTGCTT
CACCACCTTCTTG-3′. Specific primer sets (sense and anti-sense) for
MMP-1, MMP-2, MMP-3, MMP-9, MMP-13, MMP-14, VDR, TIMP-1,
TIMP-2 and GAPDH were purchased from Qiagen, Inc. Briefly, 50 ng of
each cDNA was added to the Mastermix containing appropriate primer
sets and CYBR-green in a 25 ml reaction volume. All samples were analyzed
in triplicate. Real-time PCR analyses were performed using a Bio-Rad MyiQ5.
Cycling conditions included denaturation at 958C for 10 min, and then fol-
lowed by 40 cycles of 958C for 30 s, 588C for 30 s and 728C for 30 s. Synthe-
sis of a DNA product of the expected size was confirmed by melting curve
analysis. GAPDH values (internal control) were used to normalize the ex-
pression data.

Western blot analyses
HuLM cells and primary human uterine fibroid cells were serum starved for
overnight and then treated with increasing concentrations of 1,25(OH)2D3
(0, 1, 10, 100 and 1000 nM) for 48 h. Preparation of cell lysates and
western blot analyses were performed as we described previously (Halder
et al., 2005, 2011). Briefly, equal amounts of each cell lysate (30–40 mg)
were resolved in a 10% SDS–PAGE(sodium dodecyl sulfate–polyacrylamide
gel electrophoresis), transferred onto PVDF membrane and then western
blot analyses were performed using specific antibodies. The antigen–anti-
body complex was detected with an enhanced chemiluminescence detection
system(Amersham Biosciences, Pittsburgh, PA, USA). Specific protein bands
were visualized after exposure to autoradiography films and by developing
the film using an automatic X-ray developer. The intensity of each protein
band was quantified by image analysis software and normalized against cor-
responding b-actin. The normalized values were used to create data graphs.
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Gelatin substrate gel zymography
Gelatinolytic activities of MMP-2 and MMP-9 wereperformed using zymogra-
phy as described previously (Hibbs et al., 1985). In this gel zymography assay,
MMP-2 and MMP-9 degrade gelatin incorporated into SDS–PAGE gels that
results in negative (unstained) bands. This assay can detect the active and
latent forms of gelatinases based on their proper molecular weight positions.
Briefly, HuLM (400 000 cells/well) and primary human fibroid (250 000/
well) cells were split into six-well plates. Twenty hours later cells were
serum starved in DMEM/F12 medium (Life Technologies, Grand Island,
NY, USA) for an additional 20 h and then treated with or without increasing
concentrations of 1,25(OH)2D3 (0, 1, 10, 100 and 1000 nM) in 2.0 ml culture
medium for 48 h. Subsequently, 40 ml of each clear conditioned medium was
mixed with 5× SDS sample buffer containing no reducing agent and sub-
jected to SDS–PAGE in a 7.5% SDS–PAGE gels containing 2 mg/ml
gelatin (Sigma), in a cold room, using a Mini-PROTEAN II apparatus
(Bio-Rad, Richmond, CA, USA). After electrophoresis, the gels were
removed and washed in a 2.5% Triton X-100 for 60 min (3 times × 20 min
each) at room temperature to remove SDS from gels. Gels were incubated
at 378C in incubation buffer containing 50 mM Tris–HCl, 5 mM CaCl2 and
0.02% NaN3 at pH 7.6 for about 48 h. The gels were stained with Coomassie
Brilliant Blue R250 (0.25%) in 50% methanol and 10% acetic acid for about an
hour, and then destained in 10% acetic acid and 30% methanol at room
temperature to clearly visualize the digested bands. Proteolytic activities of
MMP-2 and MMP-9 were visualized as clear bands against the blue back-
ground of stained gelatin.

Statistical analysis
All statistical data analyses (SDA) were performed using ANOVA procedure
using WINKS SDA software version 7 (http://www.texasoft.com/
upgrade). Results are presented as means+ SEM. Means were compared
between untreated control and 1,25(OH)2D3-treatment data points using
the Newman–Keuls test for multiple independent group comparisons.
The significance of differences between consecutive points in the
1,25(OH)2D3-treated data were also calculated. Differences were consid-
ered statistically significant at the 95% confidence level when P value was
,0.05 (P , 0.05).

Results

1,25(OH)2D3 reduced mRNA levels of MMPs
in cultured HuLM cells
To first evaluate the effects of 1,25(OH)2D3 on mRNA expression of
MMPs we performed real-time PCR analyses. We found that at 1–
10 nM concentrations, 1,25(OH)2D3 significantly reduced MMP-2 and
MMP-9 mRNA expressions in HuLM cells in a dose-dependent manner
when compared with untreated control (Fig. 1A and B, P , 0.01 to P ,

0.001). Similarly, at 1–10 nM concentrations, 1,25(OH)2D3 significantly
reduced the mRNA expressions of MMP-1, MMP-3, MMP-13 and
MMP-14 in cultured HuLM cells (Fig. 1C–F, P , 0.05 to P , 0.001).
Theseresults suggest that1,25(OH)2D3 reduces mRNAlevels,particular-
ly of MMP-2 and MMP-9 in cultured HuLM cells.

1,25(OH)2D3 increased mRNA levels of VDR
and TIMP-2 in cultured HuLM cells
1,25(OH)2D3 exerts its physiological function in cells by binding to and
inducing endogenous VDR expression. To study the effect of
1,25(OH)2D3 on the VDR mRNA level, we performed quantitative real-
time PCR analyses using total RNA prepared from HuLM cells as

described above. We observed a low level of VDR mRNA in control
HuLM cells, whereas treatment with 1,25(OH)2D3 induced VDR
mRNA expression in a concentration-dependent manner (Fig. 2A). At
≥10 nM concentration, 1,25(OH)2D3 significantly induced VDR
mRNA expression in HuLM cells when compared with untreated
control (Fig. 2A, P , 0.01). To test the effect of 1,25(OH)2D3 on
MMPs inhibitors, TIMP-1 and TIMP-2 we performed similar quantitative
real-time PCR analyses as described above. Similar to VDR,
1,25(OH)2D3 induced the mRNA expression of TIMP-2 in a
concentration-dependent manner. At ≥10 nM concentration,

Figure 1 Effect of 1,25(OH)2D3 on mRNA expression of MMPs in
cultured immortalized human uterine fibroid (HuLM) cells. Total RNA
was isolated from HuLM cells treated with increasing concentrations
of 1,25(OH)2D3 (0, 1, 10, 100 and 1000 nM) for 48 h. Equal amounts
of each total RNA was used to perform quantitative real-time PCR ana-
lyses as indicated. Total RNA (1 mg) was reverse transcribed to cDNA
and then real-time PCR analyses were performed for MMP-2 (A) and
MMP-9 (B), MMP-1 (C), MMP-3 (D), MMP-13 (E) and MMP-14 (F)
using gene-specific forward and reverse primers as described in the
section Materials and Methods. The mRNA expression levels of
above MMPs were normalized with GAPDH (internal control) and
the normalized values were used to generate the graphs. Data are
means+ SEM, *P , 0.05, **P , 0.01 and ***P , 0.001 when com-
pared with corresponding untreated control (0). §§P , 0.01 when com-
pared between 1,25(OH)2D3-treated data points. These experiments
were repeated twice with similar results.
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1,25(OH)2D3 significantly induced TIMP-2 mRNA expression in HuLM
cells when compared with untreated control (Fig. 2B, P , 0.01).
However, the mRNA level of TIMP-1 in cultured HuLM cells was not
affected by 1,25(OH)2D3 (Fig. 2C). These results suggest that
1,25(OH)2D3 can stimulate the mRNA expression of VDR and
TIMP-2 in cultured HuLM cells in a concentration-dependent manner.

1,25(OH)2D3 reduced protein levels of MMP-2
and MMP-9 in cultured human uterine fibroid
cells
To further determine the effects of 1,25(OH)2D3 on protein expres-
sions of MMP-2 and MMP-9 in uterine fibroid cells we performed
western blot analyses using lysates from cultured HuLM cells treated
with increasing concentrations of 1,25(OH)2D3 (0, 1, 10, 100 and
1000 nM) for 48 h. We found that ≥10 nM 1,25(OH)2D3 significantly
reduced the protein expression of MMP-2 and MMP-9 in HuLM cells
when compared with untreated control (Fig. 3A, P , 0.01 to P ,

0.001). To mimic these findings in human fibroid tumors, primary
uterine fibroid cells were treated with 1,25(OH)2D3 and then cell
lysates were analyzed for MMP-2 and MMP-9 as described above.
Similar to HuLM cells, 1,25(OH)2D3 reduced both MMP-2 and
MMP-9 protein expressions in a concentration-dependent manner in
primary uterine fibroid cells (Fig. 3B). These results suggest that

1,25(OH)2D3 can suppress MMP-2 and MMP-9 protein expressions in
cultured human uterine fibroid cells.

1,25(OH)2D3 increased VDR protein
expression in cultured human uterine
fibroid cells
Since 1,25(OH)2D3 induces VDR mRNA expression in HuLM cells, we
further tested its effect on VDR protein expression after treating HuLM
cells with 1,25(OH)2D3. We performed western blot analyses using
lysates from HuLM cells treated with increasing concentrations of
1,25(OH)2D3 (0, 1, 10, 100 and 1000 nM) for 48 h. We found that
1,25(OH)2D3 treatment sensitized HuLM cells via the induction of
VDR protein (Fig. 4A). Moreover, 1,25(OH)2D3 induced VDR protein
expression in a concentration-dependent manner in HuLM cells. At
low concentrations (10 nM), 1,25(OH)2D3 significantly induced VDR
protein level when compared with untreated control (Fig. 4A, P ,

0.001). To mimic this finding in human uterine fibroids, we performed
similar western blot analyses using lysates from primary uterine fibroid
cells that were treated with 1,25(OH)2D3 as described above.
1,25(OH)2D3 at low concentrations (1–10 nM) induced VDR protein
expression in primary uterine fibroid cells, and that induction of VDR
was concentration dependent (Fig. 4B). These results suggest that

Figure 2 Effect of 1,25(OH)2D3 on mRNA expressions of the VDR
and TIMP 1 and 2 in cultured immortalized human uterine fibroid
(HuLM) cells. Real-time PCR analyses for mRNA expressions of VDR,
TIMP-1 and TIMP-2 were performed using gene-specific sense and anti-
sense primers as described in the section Materials and methods. The
mRNA expression levels of VDR, TIMP-1 and TIMP-2 were normalized
with GAPDH and the normalized values were used to generate the
graphs. Data are means+ SEM, n ¼ 3, **P , 0.01 when compared
with corresponding untreated control. §P , 0.05 when compared
between 1,25(OH)2D3-treated data points. This experiment was
repeated twice with similar results.

Figure3 Effect of 1,25(OH)2D3 on protein expression of MMP 2 and
9 in cultured human uterine fibroid cells. Immortalized human uterine
fibroid (HuLM) cells (A) and primary uterine fibroid cells (B) were
serum starved and treated with increasing concentrations of
1,25(OH)2D3 (0, 1, 10, 100 and 1000 nM) for 48 h. For each condition,
an equal amount of protein lysate was analyzed by western blotting with
anti-MMP-2 and anti-MMP-9 antibodies. Western blot with anti-b-actin
antibody was used as the loading control. The intensity of each protein
band was quantified and normalized with correspondingb-actin, and the
normalized values were used to generate the graphs. Data are the
mean+ SEM, n ¼ 3, *P , 0.05, **P , 0.01 and ***P , 0.001 when
compared with corresponding untreated control. §§P , 0.01 and
§§§P , 0.001 when compared between 1,25(OH)2D3-treated data
points. This experiment was repeated twice with similar results.
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1,25(OH)2D3 treatment induces VDR protein expression in human
uterine fibroid cells.

1,25(OH)2D3 induced TIMP-2 protein
expression in cultured human uterine fibroid
cells
TIMP-2 plays important role in the regulation of most MMPs. We further
tested the effect of 1,25(OH)2D3 on protein expression of TIMP-2 in cul-
tured human uterine fibroid cells. We performed western blot analyses
using lysates that were prepared from 1,25(OH)2D3-treated HuLM and
human primary uterine fibroid cells. 1,25(OH)2D3 at the 10 nM concen-
tration significantly induced TIMP-2 protein expression in HuLM cells
when compared with untreated control (Fig. 5A, P , 0.01). To mimic
these findings in human fibroid tumors we isolated primary fibroid cells
from fibroid tumor tissues as described in the section Materials and
methods. These primary uterine fibroid cells were treated with
1,25(OH)2D3 as described above. Similar to HuLM cells,
1,25(OH)2D3 significantly induced protein expression of TIMP-2 in
primary uterine fibroid cells (Fig. 5B, P , 0.01 to P , 0.001). Moreover,
the induction of TIMP-2 protein was dependent on the concentrations of
1,25(OH)2D3. These results suggest that 1,25(OH)2D3 can potentially
induce TIMP-2 proteinexpression in cultured human uterine fibroid cells.

1,25(OH)2D3 reduced gelatinolytic activities
of MMP-2 and MMP-9 in supernatant medium
of cultured human uterine fibroid cells
To determine whether 1,25(OH)2D3 can affect gelatinolytic activities of
MMP-2 and MMP-9, we performed a gelatin gel zymography assay.

Supernatant media from cultured HuLM and primary human uterine
fibroid cells treated with 1,25(OH)2D3 were analyzed in a 7.5% SDS–
PAGE non-reducing gel. Gelatin zymography revealed that both latent
(72 kDa) and active (62 kDa) forms of MMP-2 were present in HuLM
cells while treatment with 1,25(OH)2D3 reduced their activities in a
concentration-dependent manner (Fig. 6A). In contrast to MMP-2, we
found weak pro-MMP-9 activity (92 kDa) in HuLM cells, while the
active form of MMP-9 was undetectable (Fig. 6A). 1,25(OH)2D3 also
reduced the pro-MMP-9 activity in a concentration-dependent manner
(Fig. 6A). To mimic these findings in human fibroid tumors we used
primary uterine fibroid cells. We observed that the pro-MMP-2 levels
were much higher in primary uterine fibroid cells while the active
MMP-2 was detected as a weak band. Moreover, the pro-MMP-9
levels were also detectable in primary uterine fibroid cells while the
active form of MMP-9 was undetectable (Fig. 6B). Treatment with
1,25(OH)2D3 reduced the pro-MMP-2, active MMP-2 and pro-MMP-9
activities in primary human fibroid cells (Fig. 6B). These results suggest
that 1,25(OH)2D3 can reduce the proteolytic activities of MMP-2 and
MMP-9 in cultured human uterine fibroid cells.

Discussion
The growth of uterine fibroids results from an increase in cell prolifer-
ation, deposition of ECM and growth promoting action of local growth
factors acting in paracrine and/or autocrine manners (Walker and
Stewart, 2005). Uterine fibroids contain abundant ECM which consists
mainly of collagen, fibronectin and proteoglycan (Stewart et al., 1994;
Berto et al., 2003; Catherino et al., 2004; Malik and Catherino, 2007).
The ECM consists of fibrillar proteins that provide a structural scaffold

Figure 4 Effect of 1,25(OH)2D3 on protein expression of VDR in cul-
tured human uterine fibroid cells. Immortalized human uterine fibroid
(HuLM) cells (A) and primary human uterine fibroid cells (B) were
serum starved and treated with increasing concentrations of
1,25(OH)2D3 (0, 1, 10, 100 and 1000 nM) for 48 h. Equal amounts of
each cell lysate were analyzed by western blotting using anti-VDR anti-
body. The intensity of each protein band was quantified and normalized
with corresponding b-actin, and the normalized values were used to
generate the graphs. *P , 0.05 and ***P , 0.001 when compared
with corresponding untreated control. §§§P , 0.001 when compared
between 1,25(OH)2D3-treated data points. This experiment was
repeated twice with similar results.

Figure 5 Effect of 1,25(OH)2D3 on protein expression of TIMP-2 in
cultured human uterine fibroid cells. Lysates from immortalized human
uterine fibroid (HuLM) cells (A) and primary uterine fibroid cells (B)
treated with increasing concentrations of 1,25(OH)2D3 (as described
above) were analyzed by western blots using anti-TIMP-2 antibody.
Western blot with the anti-b-actin antibody was used as the loading
control. The intensity of each protein band was quantified and normal-
ized with corresponding b-actin, and the normalized values were used
to generate the graphs. Data are mean+ SEM, n ¼ 3, *P , 0.05,
**P , 0.01 and ***P , 0.001 when compared with corresponding un-
treated control. This experiment was repeated twice with similar
results.
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for tissue support (Chirco et al., 2006). Collagens are the major compo-
nents of the ECM which contribute to the stability and maintain the struc-
tural integrity of the tissues (Gelse et al., 2003). The fibrillar collagens
such as type I, II, III, IV and V collagens are the most abundant structural
proteins and in uterine fibroid, type I and III collagen mRNAs were found
to be elevated (Stewart et al., 1994; Byers, 2000). In fibrosis, an imbal-
ance of matrix synthesis and degradation leads to excessive deposition
of the ECM, and eventually stimulates fibroid proliferation. The deregu-
latedaccumulation of the ECM represents an imbalance betweensynthe-
sis and dissolution, and produces fibroproliferative conditions called
keloids (Catherino et al., 2004). Fibronectin is an ECM protein which
can undergo proteolytic cleavage to yield fragments that bind to integrin
receptors and initiate signaling pathways that regulate cell growth, migra-
tion and survival. The excessive synthesis and deposition of the collagenic
protein was found in fibroplasia, a condition where fibronectin produc-
tion was elevated (Limper and Roman, 1992). Fibronectin expression
is also up-regulated in uterine fibroids. Proteoglycans such as fibromodu-
lin, biglycan and versican are important component in all ECMs. Fibromo-
dulin is a collagen-binding proteoglycan that plays a key role in
fibrogenesis by regulating collagen fibril spacing and thickness. Fibromo-
dulin mRNA and protein levels were up-regulated in uterine fibroids
(Levens et al., 2005). Biglycan is a small leucine-rich proteoglycan in

ECM that influences differentiation and proliferation processes (Polgar
et al., 2003). Versican is a large proteoglycan (chondroitin sulfate proteo-
glycan) in the ECM and is associated with cell proliferation and apoptosis
(Ohara, 2009). Increased expression of versican is also involved in matrix
assembly and structure (Catherino et al., 2004; Leppert et al., 2006). The
mRNA and protein levels of versican were shown to be up-regulated in
uterine fibroids (Norian et al., 2009).

MMPs are proteolytic enzymes that degrade nearly all components of
ECM (Visse and Nagase, 2003). Under normal physiological conditions,
the activity of MMPs is precisely regulated at the transcriptional and the
post-transcriptional levels and is controlled at the protein level via their
activators and inhibitors (Sternlicht and Werb, 2001). Most MMPs are
secreted as inactive enzymes which are activated by serine proteases
for their biological function. Recently, it has been shown that increased
activities of MMP-2 and MMP-9 are associated with fibroid pathogenesis
(Bogusiewicz et al., 2007). MMPs are a family of zinc-containing metallo-
proteinases that play critical roles in ECM degradation, synthesis and re-
modeling. Increased in MMP-2 and MMP-9 gelatinolytic activities,
extensive collagen deposition and denaturation, and ECM remodeling
have been observed in mice with heart failure (Li et al., 2002). Several
studies have demonstrated a correlation between MMPs activation
and the ventricular remodeling process, and that the inhibition of
MMPs attenuates fibrosis and cardiac hypertrophy (Li et al., 2000;
Spinale, 2002). Increased expression and activities of MMPs in animal
models was associated with systolic heart failure (Mujumdar and Tyagi,
1999). One study has demonstrated that activation of MMP-2 and
MMP-9 is associated with collagen deposition as well as fibrosis in the
VDR knockout mice model (Rahman et al., 2007). In that study, a
direct correlation has been shown between decreased expression of
TIMPs and increased activation of MMPs (Rahman et al., 2007). The ex-
pression levels of MMPs and their activation processes are regulated by
TIMP-2 (Nagase, 1998). Since uterine fibroids are characterized by the
excessive synthesis and deposition of ECM, it is possible that the
increased expression and activities of MMP-2 and MMP-9 in uterine
fibroids might be due to the imbalance between ECM deposition and
degradation process. We hypothesized that 1,25(OH)2D3 might regu-
late the expression and proteolytic activities of MMP-2 and MMP-9 in
human uterine fibroid cells via inducing the nuclear VDR expression.
Thus, this induced level of VDR can further stimulate TIMP-2, which inhi-
bits MMP-2 and MMP-9 activation and eventually leading to the reduction
of uterine fibroid pathogenesis.

The current study aims to evaluate the effects of 1,25(OH)2D3 on ex-
pression and activities of MMPs in both immortalized HuLM and primary
human uterine fibroid cells. The VDR is a nuclear receptor that modu-
lates gene expression when interacts with its biologically active ligand
1,25(OH)2D3. The cellular effects of VDR signaling include the growth
arrest, differentiation and/or induction of apoptosis which demon-
strated the involvement of vitamin D signaling in the inhibition of cell
growth. Herein, we assessed the effect of 1,25(OH)2D3 on expression
and activities of MMP-2 and MMP-9, and the expression levels of
TIMP-2 in human cultured uterine fibroid cells. We found that
1,25(OH)2D3 significantly reduced mRNA levels of MMP-1, MMP-2,
MMP-3, MMP-9, MMP-13 and MMP-14 in cultured HuLM cells (Fig. 1,
P , 0.05 to P , 0.001). These observation demonstrates an important
role of 1,25(OH)2D3 in the regulation of mRNA expression of MMPs in
cultured HuLM cells. Since 1,25(OH)2D3 exerts its biological activities in
cells by binding to and inducing nuclear VDR, we verified the levels of

Figure 6 Effect of 1,25(OH)2D3 on gelatinolytic activities of MMP 2
and 9 in cultured human uterine fibroid cells. Both immortalized
human uterine fibroid (HuLM) cells (A) and primary uterine fibroid
cells (B) were serum starved and treated with increasing concentrations
of 1,25(OH)2D3 (0, 1, 10, 100 M and 1000 nM) for 48 h. Each super-
natant medium (40 ml/each sample) was analyzed in 7.5% SDS PAGE
gelatin zymography as described in the section Materials and
methods. The digestion of gelatin in the gel by MMP-2 and MMP-9
enzymes cause the negative (unstained) bands. The pro-MMP-2
(72 kDa) and active MMP-2 (65 kDa) digested bands were detected
in the gels which were decreased by 1,25(OH)2D3. Similarly, the
pro-MMP-9 (92 kDa) was also detected in supernatant media in both
cell types, which were also decreased by 1,25(OH)2D3. The active
form of MMP-9 was undetectable in supernatant media of both cell
types. This experiment was repeated twice with similar results.
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VDR expression after treating HuLM cells with increasing concentrations
of 1,25(OH)2D3. Our results showed significant induction of VDR
mRNA and protein expressions in HuLM cells (Figs 2A and 4A, P ,

0.01 to P , 0.001). We also observed that the primary uterine fibroid
cells respond to 1,25(OH)2D3 similar to HuLM cells and can induce
VDR protein expression in a concentration-dependent manner
(Fig. 4B). These finding suggests that 1,25(OH)2D3 functions in human
uterine fibroid cells through the induction of VDR. Our finding is consist-
ent with previous reports where an analog of 1,25(OH)2D3 functioned
via the induction of VDR in both breast and prostate cancer cells (Sintov
et al., 2013). Paricalcitol, an analogue of vitamin D3 has also been shown
to function through the activation/induction of VDR and inhibits
ECM-associated cardiac fibrosis in a mouse model (Meems et al.,
2012). We further verified the mechanism by which 1,25(OH)2D3 reg-
ulates the expression and activity of MMPs. TIMP-2 has been demon-
strated to be down-regulated in human uterine fibroids, while the
activities of MMPs are up-regulated. It is possible that the decreased ex-
pression of TIMP-2 might be responsible for inducing the expression and
activity of MMP-2 and MMP-9 in human uterine fibroids. It is also possible
that the deposition of excessive collagen in uterine fibroids might be an
outcome of MMP activation and an imbalance between ECM production
and degradation. In Fig. 5, we have shown the concentration-dependent
induction of TIMP-2 protein expression in both HuLM and primary
human uterine fibroid cells after 1,25(OH)2D3 treatment, suggesting
that TIMP-2 might be a potential target for 1,25(OH)2D3 function in
the regulation of MMP-2 and MMP-9 in human uterine fibroid cells.
This finding is consistent with the previous report where
1,25(OH)2D3 has been shown to induce the TIMP-2 expression in
human breast cancer cells (Koli and Keski-Oja, 2000). Additionally,
several studies have reported that 1,25(OH)2D3 suppresses the expres-
sion and activities of MMPs in other diseases such as rheumatoid lesion
(Tetlow and Woolley, 1999), pulmonary tuberculosis (Anand and Sel-
varaj, 2009) and mycobacterium tuberculosis infection (Coussens
et al., 2009). Since 1,25(OH)2D3 reduced MMP-2 and MMP-9 protein
expression in a concentration-dependent manner in human uterine
fibroid cells (Fig. 3), we further confirmed that the reduced protein
expressions of MMP-2 and MMP-9 werecorrelatedwith their proteolytic
activities upon treatment with 1,25(OH)2D3. Our results from gelatin
zymography assay demonstrate that 1,25(OH)2D3 can reduce the pro-
teolytic activities of MMP-2 and MMP-9 in both immortalized HuLM cells
and primary uterine fibroid cells (Fig. 6A and B), and that reduction of
enzyme activities might be an important function by which vitamin D3
inhibits fibroid proliferation. 1,25(OH)2D3 has also been shown to
play important roles in suppressing MMP expression in cardiac tissue
(Rahman et al., 2007). One study has demonstrated that lower serum
levels of 1,25(OH)2D3 are associated with increased risk of tuberculosis
(Nnoaham and Clarke, 2008). Furthermore, studies have shown that
vitamin D deficiency influences the expression of MMPs that contribute
to the pathogenesis of coronary heart disease (Chang et al., 1996; Timms
et al., 2002). Moreover, we recently reported a direct correlation
between low levels of serum 1,25(OH)2D3 and the risk associated
with the development of uterine fibroids (Sabry et al., 2013). Low
levels of VDR were also detected in uterine fibroid tumors when com-
pared with adjacent normal myometrium (our unpublished data). Fur-
thermore, our recent observations also indicate that 1,25(OH)2D3
has effect on reduction of ECM-associated fibronectin, collagen and pro-
teoglycan protein expressions (our unpublished data). Therefore, it is

possible that the loss or inadequate function of 1,25(OH)2D3 in
human uterine fibroids might increase the expression and activities of
MMP-2 and MMP-9, which can have impact on fibroid pathogenesis.
Our study demonstrates that 1,25(OH)2D3 has the potential to sup-
press the expression and activities of MMP-2 and MMP-9, and these regu-
latory functions of 1,25(OH)2D3 might be potentially important for
non-surgical treatment option for human uterine fibroids.

In summary, our results provide the first evidence that 1,25(OH)2D3
reduced mRNA and protein levels of MMP-2 and MMP-9 in a
concentration-dependent manner in cultured HuLM cells.
1,25(OH)2D3 also significantly induced mRNA and protein expressions
of VDR and TIMP-2 in cultured HuLM cells. Moreover, 1,25(OH)2D3
induced protein levels of MMP-2, MMP-9, VDR and TIMP-2 in cultured
primary uterine fibroid cells. Furthermore, the gelatinolytic activities of
MMP-2 and MMP-9 were reduced by 1,25(OH)2D3 in a concentration-
dependent manner in cultured HuLM and primary human uterine fibroid
cells. Together our results suggest that 1,25(OH)2D3 may have potential
to reduce uterine fibroid growth by modulating the expression and activ-
ities of MMP-2 and MMP-9, and as a result supplementation of
1,25(OH)2D3 to the patients with low vitamin D status may be beneficial
to reduce the difficulties associated with uterine fibroids. Thus, this study
provide supports that 1,25(OH)2D3 is useful not only gaining insight into
the biological roles of MMPs, but also might be useful for the develop-
ment of novel therapeutic alternatives for an effective, safe and non-
surgical treatment of human uterine fibroids that are associated with
unbalanced ECM degradation.
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