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ARTICLE
Hypovitaminosis D exacerbates the DNA damage load in

human uterine fibroids, which 1s ameliorated by vitamin D3
treatment

Mohamed Ali'?, Sara Mahmoud Shahin?, Nagwa Ali Sabri?, Ayman Al-Hendy' and Qiwei Yang'

Uterine fibroids (UFs) are the most common benign neoplastic threat to women'’s health and associated with DNA damage and
genomic instability. Hypovitaminosis D is a known risk factor for UFs, especially among African Americans. Vitamin D3 has been
shown to effectively inhibit UF phenotype, but its mechanisms remain unclear. We hypothesize that Vitamin D3 ameliorates UFs by
recovering the damaged DNA repair system, thus inhibits tumor progression. We compared the DNA damage status and Vitamin D
receptor (VDR) expression between normal myometrial and UF primary cells. Unrepaired DNA double-strand breaks (DSBs)
accumulated but VDR expression decreased in UFs. The RNA and protein levels of key DNA repair members belonging to DNA DSB
sensors (MRE11, NBS1, RAD50), mediators and effectors (CHECK2, BRCA1, RAD51) were downregulated in UFs compared with
myometrial cells. VDR KD induced DSB accumulation and DNA damage response (DDR) defects in myometrial cells. Using the DNA
damage PCR array, the expression of many additional DNA repair genes was downregulated in VDR KD cells. Treatment of UF cells
with Vitamin D3 (100 nM) significantly decreased DNA damage and restored DDR concomitant with VDR induction. Notably, the

PCR array demonstrated that among 75 downregulated genes after VDR KD, 67 (89.3%) were upregulated after vitamin D3
treatment. These studies demonstrate a novel link between DNA damage and the vitamin D3/VDR axis in UFs. Vitamin

D3 suppresses the UF phenotype through orchestrated targeting at multiple molecules in DNA repair pathways, thus offering novel
mechanistic insights into the clinical effectiveness of vitamin D3 on UFs.
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INTRODUCTION

Uterine fibroids (UFs; AKA: leiomyoma) are the most common
benign neoplastic threat to women'’s health. Tumors occur in
70%-80% of women overall and are clinically manifested in
25%-50% by 50 years of age [1]. Despite being benign, these
tumors are nonetheless associated with significant morbidity; they
are the primary indication for hysterectomy, and a major source of
gynecologic and reproductive dysfunction, ranging from profuse
menstrual bleeding and pelvic pain to infertility, recurrent
miscarriage, and pre-term labor [2]. UFs therefore represent a
significant public health and financial burden with annual health
care costs estimated up to $34.4 billion in the United States only
and hundreds of billions of dollars worldwide [3].

UF-caused morbidities negatively impact women of all ethni-
cities, but they disproportionately affect African American (AA)
women, who have 3-4 times higher incidence rate and relative risk
of UFs than Caucasian (CC) women [4]. AA women develop UFs 10
years earlier and have more and larger UFs than CC women with
more aggressive symptoms [1]. While the basis for this risk
disparity is not fully understood, recent studies implicate
hypovitaminosis D as a major contributor since AA women have
a tenfold increased risk of vitamin D deficiency compared with CC

women. In addition, we first reported that the risk of UF is inversely
correlated with 25-hydroxy vitamin D serum levels [4]. However, it
is not clear whether and how the processes that drive UF formation
and racial risk disparity are genetically or biochemically linked.

Recently, our group and others have identified somatic
mutations in the transcriptional mediator complex subunit 12
(MED12) as a dominant driver of UFs, accounting for ~85% of
tumors [5-9]. Notably, MED12-mutant UFs, but not the adjacent
myometrium, have been characterized by significant chromoso-
mal loss and rearrangement, suggesting genomic instability as a
driving force in tumor progression [10, 11]. Although the cause of
these specific fibroid-causing mutations remains unknown, many
tissues with defects in DNA repair, indicative of a compromised
DNA damage response (DDR), are more susceptible to somatic
tumor-forming mutations [12-15]. Our group has recently
demonstrated the downregulation of several DNA repair genes
in UFs compared with myometrium, suggesting that the impair-
ment of the DNA repair capacity might be linked to UF genomic
integrity with subsequent initiation/propagation of the UF tumor
[16, 171.

Many epidemiologic and laboratory studies have shown that
vitamin D3 exhibits a chemopreventive effect through activation
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of its receptor (VDR) in different types of cancers [18], including
sex steroid-dependent cancers such as breast and prostate cancer,
while its deficiency is associated with an increased risk of tumor
development [19, 20]. Moreover, studies have shown that vitamin
D3 attenuates the level of DNA damage and modulates DDR via
induction of DNA repair genes expression. For example, in human
and mouse fibroblasts [21], the vitamin D3/VDR axis has been
shown to regulate the expression of double-strand break (DSB)
repair proteins, and vitamin D3 deficiency leads to reduced
homology-dependent DSB repair [19]. Additionally, in human
prostate epithelial cells and B-lymphocytes, vitamin D3/receptor
signaling has been shown to both prevent DSB formation and
promote repair [20, 21]. However, the role of the vitamin D3/VDR
axis in DDR of UFs and its functional relationship with MED12-
associated genetic instability is unknown.

Our group has previously shown that vitamin D3 effectively
suppresses UF growth in both UF cultured cells and UF animal
model, supporting the idea that vitamin D3 and its potent analogs
might offer promising options for the prevention and early
treatment of UFs [4, 19, 22-28]. Nonetheless, a critical barrier to
progress in this area is a lack of understanding concerning the
relationship between vitamin D3 deficiency and dysfunctional
DNA repair machinery, which contribute to the development of
UFs.

DNA damage response involving damage sensors, signal
transducers, repair effectors, and arrest or death effectors, leading
to the most severe lesions, DNA DSBs, must be repaired via
homologous recombination or non-homologous end-joining
(NHEJ), requiring a high level of accuracy to maintain genome
integrity [29-31]. Herein, we hypothesize that hypovitaminosis D
exacerbates DNA damage accumulation and genomic instability
arising in UFs, leading to enhanced tumor progression and
burden. The objective of this study was to investigate the role and
molecular mechanism of the vitamin D3/VDR axis in DNA damage
repair, further offering a proof of concept for therapeutic
intervention in this particular tumor type.

MATERIALS AND METHODS

Human tissue sample collection and primary cell isolation
Freshly collected human fibroid and adjacent myometrial samples
were obtained via the Augusta University Biorepository under an
approved IRB protocol (IRB No. 644354-6) from AA women of
reproductive age (22-55 years old) undergoing hysterectomy or
myomectomy for symptomatic UFs. These patients had not
received any hormonal supplements, including vitamin D, for
3 months prior to the day of surgery (i.e, the day of sample
collection). The 8-cm® UF tissue samples were collected.
Myometrial tissue samples, of at least 2cm from adjacent UF,
were collected to exclude any mechanical or hormonal effects of
the fibroids on the adjacent myometrial tissue. For preparation of
the primary cell population, the collected samples were washed
with calcium- and magnesium-containing Hanks’ balanced salt
solution (HBSS) to remove blood and chopped into small pieces.
The tissues were then digested for 3.5 h at 37 °C with shaking in
an enzyme buffer of calcium- and magnesium-free HBSS
containing 1% antibiotics-antimycotics, 2.5% N-2-hydroxyethylpi-
perazine-N’-2-ethanesulfonic acid [HEPES], 660 pg/mL collage-
nase Type IV (Worthington, NJ, USA), and 4.76 ug/mL DNase |
(Sigma-Aldrich, St. Louis, MO, USA). The suspension was filtered
through a 100-um sterile nylon mesh cell strainer to remove
undigested tissues and then through a 70-um cell strainer to
obtain a single cell suspension. The remaining undigested tissue
was suspended in a fresh enzyme buffer and incubated for 14 h at
37 °C and filtered again to obtain a single cell suspension. Cells
were plated out and incubated at 37 °C to allow them to attach to
a sterile tissue culture-treated plate containing smooth muscle
basal medium (SmBM), as described below.
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Cell lines and cultures

The immortalized human UF cell line (HuLM) and immortalized
human uterine smooth muscle cells (UTSM) were a generous gift
from Dr. Darlene Dixon (National Institute of Environmental Health
Sciences, Research Triangle Park, NC, USA). These cells were
cultured and maintained in SmBM culture medium with 5% fetal
bovine serum, 0.1% insulin, 0.2% recombinant human fibroblast
growth factor (hFGF-B), 0.1% gentamicin sulfate and amphotericin B
mixture and 0.1% human epidermal growth factor (hEGF) at 37 °C
in a humidified atmosphere of 5% C0,/95% air. HULM cells were
passaged two times, and when they were 70% confluent, the
medium was replaced with phenol red-free, serum-free DMEM/F-12
for vitamin D3 treatment (100 nM vitamin D3 for 3 d). Absolute
ethanol was used to dissolve the drugs. The final concentration of
ethanol in the culture medium was <0.01%, and the same
concentration of ethanol was used as a vehicle in the control
cultures.

Primary cells (5 x 10°) isolated from fibroids and myometrium,
or HULM cells in the presence or absence of 100 nM vitamin D3
were trypsinized and washed in PBS and centrifuged at 500 x g for
5 min. The supernatant was removed, and the pellets were snap-
frozen in liquid nitrogen and stored at —80 °C until further use.

Generation of stable vitamin D receptor knockdown cells

To determine the role of vitamin D signaling in the DNA damage
repair system, the VDR gene was knocked down in UTSM cells
using a VDR gene-specific short hairpin RNA (shRNA). These UTSM
cells expressed normal levels of endogenous VDR protein, as we
have shown previously [25], and therefore, UTSM provided an
appropriate model. We used lentivirus plasmid constructs contain-
ing human VDR gene-specific shRNA (VDR KD) sequences and
nonfunctional scrambled-control shRNA (VDR Scr), which were
purchased from Origene Inc. (Rockville, MD, USA). These plasmid
constructs contain a puromycin selection marker gene. These
lentivirus constructs were transiently transfected into human
embryonic kidney cells (293 T) using lipofectamine LTX transfection
reagent according to the manufacturer’s instructions (Invitrogen).
Fifteen hours after transfection, fresh DMEM was added and
incubated for another 48h. Supernatant medium containing
lentiviruses was collected and filtered, and subsequently polybrene
solution was added at a concentration of 8 ug/mL. These virus-
containing media were used to infect cultured UTSM cells. Fifteen
hours after infection, fresh medium was added and then cultured
for another 48 h. Infected cells were selected with puromycin to
generate stable populations, which were used for molecular
characterization.

Reagents and antibodies

Bioactive 1, 25 dihydroxyvitamin D3 (vitamin D3) was purchased
from Sigma Biochemicals (St. Louis, MO, USA). SmBM was
purchased from Lonza (Walkersville, MD, USA). DMED/F-12 was
purchased from Gibco/Thermo Fisher scientific (Waltham, MA,
USA). The antibodies used in this study are listed in Table 1.

Protein extraction and Western blot analysis

Pellets were lysed in lysis buffer with protease and phosphatase
inhibitor cocktail (Thermo Fisher scientific, Waltham, MA, USA),
and protein was quantified using the Bradford method (Bio-Rad
protein Assay kit, Hercules, CA, USA). Next, 30 ug of the protein
lysates was resolved in Gradient (4%-20%) MiniPROTEAN TGX
Precast Protein Gels (Bio-Rad, Hercules, CA, USA), transferred onto
a polyvinylidene fluoride membrane (Bio-Rad), blocked for 1 h at
room temperature in either 5% w/v nonfat dry milk or 5% bovine
serum albumin (BSA) in 0.05% Tween-supplemented PBS (0.05%
PBST) per the antibody specifications and incubated with the
specific primary antibodies listed in Table 1 overnight at 4°C,
followed by a 90-min incubation with the appropriate HRP-
conjugated secondary antibodies (Cell Signaling Technology,
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H2AX) (Ser139)
Anti-Vitamin D receptor

Abcam, ab134826

Anti-RAD50 Cell signaling technology, # 3427 Abcam,
ab89

Anti-NBS1 Cell signaling technology, #14956

Anti-MRE11 Cell signaling technology, #4847

Anti-Check2 Cell signaling technology, #3440

Anti-BRCA1 Cell signaling technology, #9010

Anti-RAD51 Abcam, ab133534

Anti-beta actin Sigma biochemicals, A5316

Rabbit, polyclonal

Rabbit, polyclonal
Mouse, monoclonal

Rabbit, monoclonal
Rabbit, monoclonal
Mouse, monoclonal
Rabbit, polyclonal

Rabbit, monoclonal
Mouse, monoclonal

Table 1. List of antibodies used for Western blotting and immunofluorescence

Antibodies Manufacturer and catalog number Species raised, monoclonal or Techniques and dilutions
polyclonal used

Anti-phospho-histone H2A X (y- Cell signaling technology, #9718 Rabbit, monoclonal WB, 1:1000 IF, 1:200

WB, 1:1000
WB, 1:1000 IF, 1:120

WB, 1:1000
WB, 1:1000
WB, 1:1000
WB, 1:1000
WB, 1:5000
WB, 1:5000

IF: Immunofluorescence, WB: Western blot

Table 2.

Human primer sequences for qRT-PCR

Forward primer sequence

Reverse primer sequence

Gene

MRE11 meiotic recombination 11 MRET1
RAD50 homolog RAD50
Nibrin NBS1
CHECK1 checkpoint homolog CHECK1
CHECK2 checkpoint homolog CHECK2
Breast cancer 1, early onset BRCAT
Breast cancer 2, early onset BRCA2
RAD51 homolog RAD51
RAD17 homolog RAD17
MutS homolog 2 MSH2
Exonuclease 1 EXO1
Vitamin D receptor VDR

18 S Ribosomal RNA 18 S rRNA

5'-CTCAGCAGCAACCAACAAAG-3’
5/-GAATCTAGGCTTCTCAATCAGG-3/
5/-CCACCTCCAAAGACAACTG-3’
5'-TCTGTTGGATGAAAGGGATAAC-3'
5/-GTGTCCACTCAGGAACTCTATTC-3'
5'-CAAGAAGAGCAAAGCATGGA-3'
5-TTTGCGTTGAGGAACTTGTG-3/
5'-AAAGGAAGAGGGGAAACCAG-3/
5'-GTGGTTTAAGGAGCGGTCAG-3'
5-AAGAAGTGCTATCTGGAAAGAG-3’
5'-AGGGAAAGCAACTTCTTCG-3'

5'- ATGCCATCTGCATCGTCTC-3/
5'-CGAACGTCTGCCCTATCAACTT-3’

5'GTGTCTCTTCCTCTTTGAGACC-3’
5/-CTCTAGCTCGGATATGTTCTTG-3/
5'-AGGACGGCAGGAAAGAA-3’
5'-TCAACAAACGCTCACGATTA-3’
5'CATCCTGAAGGGCCCATAATC-3’
5'-GAGGATAGCCCTGAGCAGTC-3’
5'-AGGTGGCCCTACCTCAAAAT-3/
5/-ATCTCCCACTCCATCTGCAT-3’
5'-TTTGCATCCTGAATTAGTCCTTC-3/
5'-ACATTTCAGTAAAGGGCATTTG-3’
5/-GCCATGGCATGTGTGATA-3/
5'-GCACCGCACAGGCTGTCCTA-3’
5'-ACCCGTGGTCACCATGGTA-3/

Danvers, MA, USA). The antigen-antibody complex was detected
with the Pierce enhanced chemiluminescence detection kit
(Thermo Fisher Scientific, Waltham, MA, USA) or Trident Femto
Western HRP substrate (GeneTex, Irvine, CA, USA). Specific protein
bands were visualized using the ChemiDoc XRS + molecular
imager (Bio-Rad, Hercules, CA, USA). The intensity of each protein
band was quantified using Bio-Rad Image Lab software and
normalized against the corresponding f-actin. The normalized
values were used to create data graphs.

Immunohistochemistry

Collected human fibroid and adjacent myometrial samples from
four AA women were fixed in 10% buffered formalin for 15-20 h,
embedded with paraffin, and subjected to immunohistochemistry
(IHC). Paraffin-embedded tissue sections were deparaffinized and
rehydrated by being passed through xylene and graded ethanol
solutions as previously described. The DNA repair marker RAD51
was analyzed via staining with immunoreactive anti-RAD51
antibody (monoclonal rabbit, 1:1000) from Abcam (Cambridge,
MA, USA) and subsequent staining with peroxidase-conjugated
secondary antibody.

For visual evaluation, each sample was scored for staining
intensity, and positive cells were semi-quantified. To determine
the protein immunostaining score, we used a design proposed
elsewhere with some modifications. In brief, the semi-quantitative
score was established by considering the percentage of labeled
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cells (0, negative; 1< 10% of the cells; 2, 10%-50% of the cells; 3,
50%-75% of the cells; 4 >75% of the cells) and the intensity of
immunostaining (0, no staining; 1, weak; 2, mild; 3, strong
staining). Multiplication of both scores resulted in a final quotient
ranging from 0 to 12. An independent pathologist performed a
blind analysis.

Isolation of cellular RNA and cDNA synthesis

Total cellular RNA was isolated from frozen pellets using the
Purelink RNA mini kit (Ambion Life Technologies, Waltham, MA,
USA). The concentration of total RNA was determined using a
NanoDrop (Thermo Scientific, Waltham, MA, USA). One microgram
of total RNA from each sample was reverse-transcribed in a 20-pL
reaction volume to complementary DNA (cDNA) using Ecodry
premix double-primed (Clontech lab, Takara Bio, Japan). The
reaction mixture was incubated for 1h at 42°C and stopped by
incubation at 70 °C for 10 min.

Quantitative real-time polymerase chain reaction (qRT-PCR)

Quantitative real-time PCR was performed to determine the mRNA
expression of several genes listed with their primer sequences in
Table 2. Primers were purchased from Integrated DNA technol-
ogies (IDT, Coralville, lowa, USA). Equal amounts of cDNA from
each sample were added to the Mastermix containing appropriate
primer sets and SYBR green supermix (Bio-Rad) in a 20-pL reaction
volume. All samples were analyzed in triplicate. Real-time PCR
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analyses were performed using a Bio-Rad CFX connect. Cycling
conditions consisted of denaturation at 95 °C for 2 min followed
by 40 cycles of 95°C for 5s and 60 °C for 30 s and then 65 °C for
5s. Synthesis of a DNA product of the expected size was
confirmed by melting curve analysis. The 18S ribosomal
RNA values (internal control) were used to normalize the
expression data, and normalized values were used to create data
graphs.

DNA damage prime PCR array

cDNA from UTSM cells, VDR KD and VDR Scr, or HULM cells,
untreated control and vitamin D treated, were loaded per gene
into separate DNA Damage R96 plates (Bio-Rad Inc, Hercules, CA,
USA). The expression levels of total 85 genes involved in the
DNA damage signaling pathways were simultaneously detected
with SsoAdvanced Universal SYBR Green Supermix on a Bio-Rad
CFX96 real-time PCR system. The following thermo-cycling
conditions were used: 1 cycle of 95°C for 10 min; 40 cycles of
95°C for 30s, and 60°C for 1min. For data analysis, the
comparative method (AACt) was used to calculate relative
quantities of nucleic acid sequence with Bio-Rad CFX manager
software.

Immunofluorescence and laser confocal microscopy

HULM cells (8 x 10%) were cultured on sterile glass coverslips in 6-
well plates and were serum-starved overnight when they reached
60% confluence and treated with vitamin D3 100 nM for 3 d.
Ethanol vehicle was added to the control cells. Cells were fixed in a
4% formaldehyde solution at room temperature for 15 min. After
washing in PBS 3 times, the cells were permeabilized for 15 min
using 0.1% Triton X-100/PBS, and then nonspecific binding was
inhibited by blocking for 1h in blocking/incubation solution
containing 1% BSA in 0.1% Triton X-100/PBS. Incubation with
either primary anti-y-H2AX (1:200) or anti-RAD50 antibody (1:120)
was performed for 2 h followed by incubation with anti-rabbit
Alexa Fluor 555 or anti-mouse Alexa Fluor 488-conjugated
secondary antibody (Thermo Fisher, Waltham, MA, USA) (1:1000
each) for 1h, respectively, at room temperature. Cells were
washed for 15 min (three washes of 5 min each) with the above-
described incubation solution, air-dried, and mounted onto
microscopic slides with one drop of Fluorshield (Sigma) containing
4’ 6-diamidino-2-phenylindole (DAPI) for nuclear staining. Fluor-
escent signals were visualized using a Zeiss 780 upright laser
confocal fluorescence microscope and ZEN Black 2012 confocal
software. Images were captured at 40 x magnification using a
40 x Plan-Apo (0il) - 1.4 NA lens and exported using Zen Blue
2012 software.

Quantification of y-H2AX foci and RAD50 fluorescence density
Using Image) v.1.48k software (NIH, Bethesda, MD, USA), the
integrated density was calculated in all images for each nucleus to
determine the relative fluorescence density and intensity,
corresponding to either nuclear y-H2AX or RAD50 expression,
after subtracting the background signal of each nucleus. The
integrated density is a calculus of the mean stained area times
the intensity of staining in each pixel in the area and indicates the
total amount of stained material in that area.

Statistical analysis

For quantitative RT-PCR data, gene expression results are
presented as the fold change *standard error of the mean
(SEM), and the statistical analysis was performed using Bio-Rad
CFX Manager 3.1 software. Experiments were performed in
triplicate and repeated twice. For Western blot analysis, the
results are presented as the mean + standard deviation (SD) and
were analyzed using the two-tailed unpaired Student's t-test.
Experiments were performed in triplicate and repeated twice.
For immunofluorescence and immunohistochemistry analysis,
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intensity measurements as described above are represented as
the median £95% confidence interval and were analyzed using
the nonparametric Mann-Whitney test. Differences were consid-
ered statistically significant at P < 0.05. GraphPad 7.0 (La Jolla, CA,
USA) was used to generate the graphs.

RESULTS

Unrepaired DNA double-strand breaks accumulated but vitamin D
receptor expression decreased in human uterine fibroid primary

cells

The accumulation of phosphorylated histone H2AX (y-H2AX) serves as
an early event in initiating the DDR, which involves the recruitment of
DNA repair proteins, senescence and cell cycle arrest, or in the case of
irreparable damage, apoptosis. In this regard, we initially determined
the levels of y-H2AX between primary cells isolated from AA (n=3)
and primary cells isolated from matched adjacent myometrium (n =
3). The expression levels of y-H2AX were significantly increased in UF
primary cells compared to myometrial primary cells (1.69 +0.36, P <
0.05), which is indicative of DNA damage accumulation and DSB
formation (Fig. 1a). To determine the link between DNA repair
damage and the vitamin D/VDR axis, we measured the expression
levels of VDR between UFs and matched myometrial primary cells.
VDR expression was significantly downregulated in UF primary cells
compared with the adjacent myometrial primary cells (0.73 £0.13, P <
0.05) (Fig. 1b). To determine whether the DNA repair-related proteins
were involved in the accumulation of DNA damage in primary UF
cells, Western blot analysis was performed to detect the protein levels
of several key DNA damage repair proteins. Our data showed that UF
cells exhibited a significant reduction in protein expression levels of
DNA DSB-related repair markers compared to myometrial cells. The
downregulated DSB-related proteins included the DNA DSB sensors
RAD50 (063 £0.11, P < 0.05), NBS1 (0.28 +0.05, P < 0.05) and MRE11
(053+0.12, P<0.05) (Fig. 1c, €). These three DNA repair proteins
(MRE11, RAD50 and NBS1) comprise the MRN complex, which is
necessary for homologous recombination DDR initiation and serves as
a DSB sensor as well as a co-activator for checkpoint signaling. We
next determined the protein levels of a key MRN controlling marker,
CHECK2, which was significantly downregulated in UF (0.63 +0.12, P
< 0.05). Similar findings were observed in MRN downstream mediators
and effectors of DNA repair proteins such as BRCA1 (0.28 +0.05, P <
0.001) and RAD51 (0.17 £ 0.08, P < 0.001) (Fig. 1d, e), which are crucial
for DNA DSB binding [26, 271. The relative protein expression of each
DNA repair protein in UF primary cells was normalized to that in the
adjacent myometrial primary cells. Since Western blot analysis of
RAD51 showed the lowest relative protein expression in UF compared
with myometrial primary cells, RAD51 expression was further
measured in UF and matched myometrial tissues (n =4, AA) using
IHC analysis. As expected, similar results of significant downregulation
were observed in UF (P=0.0265) (Fig. 1f-h).

To determine whether transcriptional activity was involved in
downregulation of DNA DSB repair-related genes, qRT-PCR was
performed in UF and matched myometrial cells. The mRNA
expression of several DNA DSB repair-related genes was down-
regulated in the human UF cell line relative to the myometrial
one, including the following (mean fold change + SEM, P-value):
the DSB sensor MRN complex RAD50 (—0.56 + 0.02, P < 0.05), NBS1
(—0.67 £0.01, P<0.001), and MRE11 (—0.63+0.02, P<0.001);
the DNA repair mediators and effectors CHECKT (—0.31 + 0.006,
P <0.001), CHECK2 (-0.56+0.01, P<0.001) and BRCA1 (—0.37 +
0.009, P<0.001); the DNA DSB binding proteins BRCA2 (—0.52 +
0.008, P < 0.001) and RAD57 (—0.26 £ 0.02, P < 0.001); RAD17 that is
involved in cell cycle control (—0.88+0.01, P<0.001); MSH2
(—042+0.02, P<0.001) and EXO1 (—0.26+0.01, P<0.001),
both of which are involved in mismatch repair and EXO7 is
required for DSB end resection [32] (Fig. 2). This DNA repair
impairment in human UFs may result in a lack of cell cycle arrest
and increased growth of UFs. Our current and previous results
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Fig. 1 More DNA damage, an impaired DNA repair capacity, accumulated and less VDR expression in human uterine fibroids compared with
the adjacent myometrium from African American patients. Protein lysates were prepared from cultured primary cells (n = 3) isolated from 3
African American (AA) patient (Pt) fibroids (F) and matched myometrial tissues (M). The protein expression of the DNA damage marker y-H2AX
(a) and VDR (b) were determined by Western blot analysis, and relative values were used to generate the corresponding data graph. ¢ The
homologous recombination DNA damage response markers RAD50, NBS1 and MRE11 were determined by Western blot analysis. d The
protein levels of CHECK2, BRCA1 and RAD51 were determined by Western blot analysis. e The intensity of each band from ¢ and d was
quantified and normalized to the corresponding f-actin, and relative values were used to generate the data graph. Normalized values of F
relative to M are presented in the graph as the mean + SD. All experiments were repeated twice. f Inmunohistochemical staining of the DNA
repair marker RAD51 in matched F and M tissues from AA patients (n = 4, magnification 20 x ). g Immunohistochemical staining of the DNA
repair marker RAD51 in matched F and M tissues from AA patients (n =4, magnification 65 X ). h Semi-quantitative intensity and frequency
scores of RAD51 in the evaluated tissues presented as the median +range. *P < 0.05, ***P < 0.001

show that UFs express lower level of VDR than adjacent normal Silencing of the vitamin D receptor gene induces DNA damage
myometrium [25] and that vitamin D deficiency is associated with accumulation and DNA damage response defects in human
UTSM proliferation induction [22]. Next, we determined whether uterine smooth muscle cells

vitamin D deficiency could contribute DNA damage and DNA To determine the role of vitamin D signaling in the DNA damage
repair defects. repair system, VDR was depleted in normal myometrial (UTSM)
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Fig.2 UF cells (HuLM) showed decreased expression of DNA repair-related genes compared with normal UTSM. The mRNA expression of the
DNA DSB sensors (RAD50, NBS1, MRE11), mediators and effectors (CHECK1, CHECK2, BRCA1), DSB binding (BRCA2, RAD51), cell cycle check
point control (RAD17) and mismatch repair (MSH2, EXO1) were measured in HULM cells and UTSM cells by qRT-PCR analysis. The mRNA levels
were normalized to 18 S rRNA and normalized values were used to generate the graph. Data are presented as the mean + SEM of triplicate
measurement. *P < 0.05, ***P < 0.001. All experiments were repeated twice

cells using lentiviral-based RNA interference. Cultured UTSM cells
were infected with lentiviruses expressing either VDR-specific
shRNA or a nonfunctional scramble control. Infected cells were
selected with puromycin to generate stable cell populations. VDR
KD was confirmed for both RNA and protein expression levels
using gRT-PCR and Western blot, respectively. VDR KD cells
expressed markedly lower levels of VDR at both RNA and protein
levels (P <0.001) (Fig. 3a, b).

To determine whether VDR KD increased DNA damage in UTSM
cells, the level of y-H2AX protein expression was measured by
Western blot analysis, and increased expression levels of y-H2AX
were observed (6.4-fold) in VDR KD UTSM cells in comparison to
scrambled control cells (P <0.05), which is indicative of DNA
damage accumulation (Fig. 3c). Next, we determined the three key
DNA DSB proteins belonging to the DNA repair sensors. VDR KD in
UTSM cells resulted in decreased protein expression as follows:
(fold change, P-value) DSB sensors: RAD50 (—3.90, P < 0.001), NBS1
(—2.26, P<0.001) and MRE11 (—3.75, P < 0.05) (Fig. 3d). Further-
more, the expression levels of downstream signal repair proteins
(repair mediators and effectors) were also measured, and three
key mediators/effectors, including CHECK2 (—3.14, P<0.001),
BRCA1 (—1.72, P<0.05), and RAD51 (—3.18, P<0.001), were
significantly downregulated in VDR KD UTSM cells compared with
the scrambled control cells (Fig. 3e, f).

Decreased DNA repair-related protein levels due to depletion of
VDR in UTSM occurred concomitantly with a down-regulation of
their corresponding transcriptional activities. Using gRT-PCR, a
significant decrease in the mRNA expression of several DNA DSB
repair-related genes was detected in VDR KD cells compared with
the scrambled control, including the following (mean fold change
+ SEM, P-value): the DSB sensor MRN complex RAD50 (—0.33 + 0.02,
P <0.001), NBST (—0.3£0.01, P<0.001), and MRET1 (—0.25 £ 0.006,
P < 0.001); the DNA repair mediators and effectors CHECKT (—0.25 +
0.01, P<0.001), CHECK2 (—0.31 £0.01, P < 0.001) and BRCAT (—0.12
+0.001, P <0.001); the DNA DSB binding proteins BRCA2 (—0.10 £
0.01, P<0.001) and RAD51 (—0.24 £0.005, P < 0.05); RAD17 that is
involved in cell cycle control (—0.38 +0.004, P <0.001); and EXO1
(—0.06 +£0.002, P<0.001) and MSH2 (—0.26+0.03, P<0.001)
(Fig. 4a).

To expand our findings concerning the DDR defect in response
to VDR KD and to characterize additional DNA repair-related genes
that contribute to the defect in the DNA repair pathway, a gene
signature profile of DNA damage was determined using the prime
PCR array (Bio-Rad). We identified a total of 75 downregulated
versus 10 upregulated genes that were differentially expressed in
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VDR KD cells compared with VDR scrambled cells (Fig. 4b)
(Supplemental Table 1). Our prime PCR array data were consistent
with previous qRT-PCR data regarding the differential expression
of all measured genes. Moreover, additional key DNA repair genes
were identified, which showed reduced expression in response to
VDR KD. These downregulated genes in VDR KD cells are involved
in nucleotide excision repair and base excision repair (Supple-
mental Table 1). These data are consistent with previous findings
regarding the contribution of vitamin D deficiency in skin cancer
pathogenesis via disruption of those DNA repair pathways [33].

Vitamin D3 treatment suppresses DNA damage and restores the
DNA damage response via induction of VDR in human uterine
fibroid cells

Our previous studies have shown that vitamin D exhibits a potent
anti-UF effect both in vitro and in vivo [4]. To determine whether
vitamin D3 suppressed the UF phenotype via reparation of the
impaired DDR, we treated HuULM cells with 100 nM vitamin D3 and
vehicle (ethanol) for 3 d to determine the effect of vitamin D3 on
the restoration of DNA repair defects. First, our data showed
significant VDR induction in response to vitamin D3 treatment at
both transcript and protein levels by gqRT-PCR and Western blot
analyses, respectively (P < 0.001) (Fig. 5a, b), which was consistent
with our previous finding [25]. To investigate the functional
relationship between the vitamin D/VDR axis and DNA damage/
repair, we investigated the effect of VDR activation in UF-
associated DNA damage. Vitamin D3 treatment showed a
significant reduction in the protein expression of y-H2AX in HULM
cells compared with the untreated control by Western blot
analysis (P < 0.05) (Fig. 5¢), suggesting that vitamin D3 treatment is
capable of reducing DNA damage. This finding was further
confirmed in vitamin D-treated HuLM cells and vehicle control
cells by measuring the fluorescence intensity of y-H2AX foci.
Vitamin D3 treatment significantly reduced DNA damage y-H2AX
fluorescence intensity (P <0.001) (Fig. 5d) in HULM cells. These
data support the notion that VDR KD contributes to DNA damage
accumulation. We further examined whether vitamin D could
affect the expression level of DNA DSB repair markers shown to be
downregulated in UFs, especially those involved in homologous
recombination DDR. Interestingly, vitamin D3 treatment caused a
significant upregulation of key DNA repair proteins using Western
blot analysis, including the following (fold change, P-value): the
DSBs sensors RAD50 (4 3.23, P <0.05), NBS1 (4 2.98, P<0.001),
and MRE11 (4 6.51, P <0.001); the repair mediators and effectors
CHECK2 (+ 5.85, P<0.001), BRCAT (+ 6.37, P<0.05), and RAD51
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Fig. 3 Vitamin D receptor (VDR) knockdown induced DNA damage and impaired the DNA damage response in uterine smooth muscle cells
(UTSMs). VDR was targeted for knockdown in UTSM cells by infection with lentiviruses expressing VDR-specific ShRNA (VDR KD) or scrambled
control (VDR Scr). a Real-time PCR analysis was performed to determine the mRNA level of the VDR gene. The mRNA levels were normalized to
18S RNA, and normalized values were used to generate the graph. Data are presented as the mean + SEM of triplicate measurements. Cell
lysates were analyzed by Western blot analysis using antibodies against (b) VDR, (c) the DNA damage marker y-H2AX, DNA double-strand
break (DSB) repair-related markers, including homologous recombination DNA DSB; (d) sensors (RAD50, NBS1, MRE11); (e) mediators and
effectors (CHECK2, BRCA1); and (f) DSB binding (RAD51). The intensity of each protein signal was quantified and normalized to the
corresponding p-actin and presented in the graph as the mean + SD. *P < 0.05, ***P < 0. 001. All experiments were repeated twice
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Fig.4 VDR knockdown decreased DNA repair-related gene expression in uterine smooth muscle cells (UTSMs). a Real-time PCR analysis of the
mRNA level of DNA DSB sensors (RAD50, NBS1, MRE11), mediators and effectors (CHECK1, CHECK2, BRCA1), DSB binding (BRCA2, RAD51), cell
cycle checkpoint control (RAD17) and mismatch repair (MSH2, EXO1) were measured in VDR-specific shRNA (VDR KD) cells compared with the
scrambled control (VDR Scr). The mRNA levels were normalized to 18 S RNA and normalized values used to generate the graph. Data are
presented as the mean + SEM of triplicate measurement. *P < 0.05, ***P < 0.001. All experiments were repeated twice. b The Prime PCR DNA
damage gene expression array was used to identify additional genes which show differential expression between VDR-specific shRNA (VDR
KD) cells and scrambled control cells (VDR Scr). VDR knockdown resulted in the downregulation of 75 DNA repair-related genes, including 11

genes in previous gRT-PCR, while 10 were upregulated

(+19.9, P<0.001) (Fig. 6a-c). Furthermore, we confirmed the
induction of RADS50 expression in response to vitamin D3
treatment using immunofluorescence staining/confocal laser
microscopy. Vitamin D3 treatment significantly increased the
fluorescence intensity of RAD50 foci compared with the untreated
vehicle control (P < 0.001) (Fig. 6d).

Additionally, vitamin D3 treatment was able to increase the
transcriptional levels of the DNA repair-related genes, which have
previously been shown to be downregulated in both UFs and
VDR-depleted myometrial cells, including the following (mean fold
change + SEM, P-value): the DSB sensor MRN complex RAD50
(2.81+0.12, P <0.001), NBST (2£0.09, P < 0.001), and MRET1 (1.3 +
0.07, P<0.001); the DNA repair mediators and effectors CHECK1
(1.97 £0.1, P<0.001), CHECK2 (2.3 £ 0.1, P < 0.001) and BRCAT (1.5
+0.06, P < 0.05); the DNA DSB binding proteins BRCA2 (2.6 +0.19,
P<0.05) and RAD51 (1.4+0.06, P<0.001); RAD17, which is
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involved in cell cycle control (1.32+0.07, P<0.001); and MSH2
(1.52+£0.12, P<0.05) and EXO1 (1.7 £ 0.08, P < 0.05). (Fig. 7a).

To expand these findings that vitamin D3 can restore defective
DDR via the induction of DNA repair-related genes and
characterize additional DNA repair genes in response to vitamin
D3 treatment, we assessed the same gene signature profile of
DNA damage by prime PCR array (Bio-Rad). Interestingly, 74 genes
were upregulated in response to vitamin D3 treatment, while 11
genes were downregulated in comparison with untreated cells
(Fig. 7b) (Supplemental Table 1). Our findings using the DNA
damage PCR array confirmed the increased expression of all DNA
DSB repair genes in response to vitamin D3 treatment based on
the gRT-PCR data. Notably, the expression of 67 downregulated
DNA repair genes listed in Prime PCR array after VDR KD were
restored in response to vitamin D3 treatment (Supplemental
Table 1).
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Fig. 5 The 1, 25 dihyroxyvitamin D3 (vitamin D3) induced VDR expression and a decreased DNA damage load in HULM cells. HULM cells were
treated with 100 nM of vitamin D3 for 3 d. Ethanol vehicle was added to the control cells. a Real-time PCR analysis of the mRNA level of the
VDR gene was performed. The mRNA levels were normalized to 18 S rRNA, and normalized values were used to generate the graph. Data are
presented as the mean £ SEM of triplicate measurements. Cell lysates were analyzed by Western blot analysis using (b) anti-VDR antibody and
(c) anti-y-H2AX. The intensity of each protein signal was quantified and normalized to the corresponding p-actin and presented in the graph
as the mean + SD. d HULM cells (8 x 10%) were seeded on sterile glass coverslips in 6-well plates and treated with 100 nM vitamin D3 for 3 d.
Ethanol vehicle was added to the control cells. y-H2AX foci reflecting DNA DSB were assessed using immunofluorescence staining and
confocal laser microscopy 40x imaging. Individual data points were the y-H2AX focus corrected fluorescence intensity per nuclear area, as
measured by ImageJ, and lines represent the median + 95% CI. ***P < 0.001. All experiments were repeated twice

This result might explain the beneficial anti-UF effect of vitamin
D3, which we have shown previously both in vitro and in vivo in
an animal model [27, 28], through the amelioration of pathogenic
DNA damage and restoration of the expression of key DDR genes
that are downregulated in VDR-deficient UF cells (Fig. 8).

DISCUSSION

Uterine fibroids are benign monoclonal neoplasms of the
myometrium and represent the most common tumors in women
worldwide. UF pathogenesis is not yet clear; however, some
genetic drivers were identified and thought to be dominantly
responsible for myometrial cell transformation to the tumor.
MED12 mutations are by far the most prevalent ones, accounting
for almost 70%-80% of UFs. It is notable that MED12-mutant
tumors are characterized by significant chromosomal loss and

Acta Pharmacologica Sinica (2019) 40:957 - 970

rearrangement, suggesting genomic instability as a driving force
in tumor progression. These genomic instabilities and mutations
are associated with a defect in DDR. Several studies have shown
that tumor or cancer cells have a decreased capacity for DNA
repair, which leads to genomic instability and subsequent
mutations, bypassing the fate of senescence towards cell division
and proliferation [34-36]. The phosphorylated histone H2AX (y-
H2AX) indicates DNA damage and serves as an early event to
initiate DDR. Subsequently, the recruitment of DNA repair
machineries, including sensors (MRN complex), mediators and
effectors, such as y-H2AX foci, co-localize with most of the DSB-
associated DDR factors and are thought to serve as docking sites
for recruiting and retaining DNA repair and signaling factors for
DSBs. We have previously shown that UFs from AAs show
downregulated expression of the DNA repair-related genes RAD51
and BRCAT compared with the adjacent myometrium [16]. Both
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Fig. 6 The 1, 25 dihyroxyvitamin D3 (vitamin D3) induced DNA repair capacity in HULM cells. HULM cells were treated with 100 nM of vitamin
D3 for 3 d. Ethanol vehicle was added to the control cells. Cell lysates were analyzed by Western blot analysis to measure the protein
expression of DNA double-strand breaks (DSB) repair-related markers, including homologous recombination DNA DSB (a) sensors (RAD50,
NBS1, MRE11), (b) mediators and effectors (CHECK2, BRCA1), and (c) DSB binding (RAD51). The intensity of each protein signal was quantified
and normalized to the corresponding f-actin and presented in the graph as the mean + SD. d HuLM cells (8 x 10*) were seeded over sterile
glass coverslips in six-well plates and treated with 100 nM vitamin D3 for 3 d. Ethanol vehicle was added to the control cells. RAD50 foci were
assessed using immunofluorescence staining and confocal laser microscopy 40x imaging. Individual data points were the RAD50 focus-
corrected fluorescence intensity per nuclear area, as measured by ImageJ, and lines represent medians +95% Cl. *P < 0.05, ***P < 0.001. All
experiments were repeated twice
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Fig.7 The 1,25 dihyroxyvitamin D3 (vitamin D3) increased DNA repair-related gene expression in HULM cells. a HULM cells were treated with
100 nM of vitamin D3 for 3 d. Ethanol was used as vehicle control. Real-time PCR analysis of mRNA levels of DNA double-strand break (DSB)
repair-related genes, including homologous recombination DNA DSB sensors (RAD50, NBS1, MRE11), mediators and effectors (CHECK1,
CHECK2, BRCAT1), DSB binding (BRCA2, RAD51), cell cycle check point control (RAD17) and mismatch repair (MSH2, EXO1) were measured. The
MRNA levels were normalized to 18 S rRNA, and normalized values were used to generate the graph. Data are presented as the mean + SEM of
triplicate measurements. *P < 0.05, ***P < 0.001. The experiment was repeated twice. b The prime PCR DNA damage gene expression array was
used to identify additional DNA repair genes which show differential expression between vitamin D3 and vehicle-treated cells

genes are essential in the repair of catastrophic DSBs via
homologous recombination [37]. In the current study, we
performed a comprehensive study to determine defects in the
DNA repair system in UFs. We found that UFs accumulate
DNA DSBs compared with the matched adjacent myometrium,
which was characterized bx significant upregulation of H2AX
phosphorylated on the 139" serine residue and termed y-H2AX
[38, 39]. y-H2AX has been investigated in a variety of hormone-
dependent cancer types, including breast, cervix, and ovary
cancers, highlighting its prognostic value [40]. Moreover, we found
that UF cells and tissues exhibited a downregulation of a vast
network of DNA repair genes, serving sensor, mediator and
effector functions in the DNA repair pathway. For instance, the
three markers MRE11, RAD50 and NBS1, which comprise the DSB
sensor MRN complex necessary for homologous recombination
DDR initiation [41, 42], showed downregulated expression in UF
cells in comparison to myometrium. Additionally, homologous
recombination mediators and effectors as well as cell
cycle checkpoint markers, such as CHECK1, CHECK2, RAD17
and BRCA1 and markers important for DSB binding such as

Acta Pharmacologica Sinica (2019) 40:957 - 970

RAD51 and BRCA2, were also diminished. Notably, BRCA2
regulates RAD51 function in DNA repair by recruiting it to
sites of DNA breaks [43]. Collectively, these data reveal for the first
time that UFs exhibit an accumulation of DSBs along with DDR
defects compared with the adjacent myometrium. DDR is crucial
for halting proliferation through activation of cell cycle check-
points and apoptosis induction [44]. Thus, the UF-associated DDR
defect could be one of the reasons for the continuous
proliferation, impaired apoptosis and further tumorigenesis
observed in UFs [45, 46].

Our group has previously shown that VDR depletion in UTSM
cells is associated with increased expression of proliferation and
fibrosis markers [22]. Additionally, the serum vitamin D3 level
correlates inversely with the UF volume in different ethnic groups
of patients [47]. African American (AA) women, who have a 10
times higher risk of vitamin D deficiency relative to Caucasian
women, have a 3-4 times higher incidence rate of UFs [1, 4].
However, the UF phenotype has never been identified to be linked
to DNA repair dysfunction via vitamin D deficiency [4]. In this
study, we showed for the first time that the vitamin D3/VDR axis is
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repair defects due to failed recruitment of DNA double-strand break sensors such as RAD50, MRE11 and NBS1, as well as effectors and
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treatment rescues DNA repair defects and reduces the DNA damage load by reducing the DNA damage marker y-H2AX and recruiting key
DNA repair proteins, including DNA double-strand break sensors such as RAD50, MRE11 and NBS1, as well as effectors and mediators
including CHECK1, CHECK2, BRCA1, BRCA2 and RAD51, thus restoring the DNA damage response

linked to the DNA repair pathway. The DNA damage in UFs is
tightly associated with decreased expression of VDR. The loss of
function study demonstrates that VDR depletion is associated with
DNA damage accumulation and DNA repair defects in human
myometrial cells. In contrast, vitamin D3 treatment is able to
reverse the UF-associated DNA damage via the induction of
several key DNA repair genes. Our findings for steroid hormone-
dependent UFs are consistent with studies in hormone-dependent
cancers such as breast and prostate, which have shown a
significant impact of vitamin D3 on carcinogenesis [18, 48, 49].
The anti-cancer effect of vitamin D3 treatment is shown through
the regulation of the DNA damage process and induction of
several DNA repair-related genes in breast and prostate cancers
[19-21, 50].

Another important finding of our study is that defects in the
vitamin D3/VDR axis alter many DNA repair members, including
the DSB sensor MRN complex, mediators and effectors. In this
regard, it is quite challenging to use single DNA repair gene
therapy to rescue the DNA repair system with patients who have a
vitamin D3/VDR defect. In fact, our data show that the expression
levels of many DNA repair genes are downregulated in UFs.
Interestingly, most UF-associated DNA repair genes exhibit
increased expression concomitant with decreased DNA damage
in response to vitamin D3 treatment, suggesting that vitamin D3
treatment indeed rescues the DNA repair system by increasing the
expression levels of DNA repair genes in UF. Vitamin D3 has been
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shown to exert its biological function by interacting with and
subsequently inducing/activating VDR [51]. Previous studies by
our group and others have shown that lower serum vitamin D3
levels and downregulated VDR expression are observed in UFs [23,
25, 471. In addition, we previously used the Eker rat model of UFs
via the administration of vitamin D3, and we observed both
increased vitamin D serum levels and VDR expression in UF
tumors, suggesting a clear link between vitamin D3 and VDR. In
this study, VDR expression in HULM cells was elevated in response
to vitamin D3 treatment, which is consistent with our previous
findings [23, 25]. However, the detailed mechanism regarding
vitamin D3 induction of VDR upregulation has not been fully
identified [52]. A loss-of-function study demonstrated that VDR KD
in human fibroblasts results in downregulation of the expression
of the homologous recombination-related repair genes RAD51
and BRCA1 and upregulation of y-H2AX [19]. Another study using
a vitamin D-deficient diet in a rat model showed an increase in
DNA damage [53]. Our results demonstrate a novel regulation of
key DDR genes and DNA repair machinery via the VDR axis in
human myometrial cells. VDR depletion with subsequent increases
in DNA damage and defects in the consequent response might
explain the increased cell proliferation and proliferation marker
expression in our and other previous publications [22, 54]. This
phenomenon reflects the failure of cell cycle arrest and
subsequent apoptosis, which was reversed in response to vitamin
D3 treatment in favor of apoptosis induction both in vitro and in
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an in vivo animal model [27, 28]. Our studies highlight an
important role of the vitamin D3/VDR axis in the development of
UFs via the DNA repair pathway [33, 55, 56].

Previous studies have shown a positive feedback signaling loop
between DNA repair genes and VDR, which explained the cancer
chemoprevention effect of vitamin D [20]. A similar finding was
also observed in breast cancer cells [19]. However, the mechanism
underlying increasing expression levels of DNA repair genes via
VitD3/VDR is still largely unknown and necessitates further
investigation.

In conclusion, our studies demonstrate that UF cells accumulate
unrepaired DSB concomitant with decreased expression of a vast
network of DNA repair proteins. Importantly, our gain- and loss-of-
function analyses demonstrate for the first time that the vitamin
D3/VDR axis is functionally linked to DNA damage and instability
status in UF cells. Finally, our data suggest that vitamin D3
treatment could be useful to inhibit UF formation through the
amelioration of pathogenic DNA damage.
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