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Background: Telomerase is essential for cancer cell growth.
Results: MiR-498 is a novel 1,25(OH)2D3 target gene that decreases telomerase, induces cell death, and suppresses tumor
growth.
Conclusion:MiR-498 is an important mediator of the anti-tumor activity of 1,25(OH)2D3.
Significance: The studies define a new mechanism of telomerase regulation by small non-coding RNAs in response to
1,25(OH)2D3.

Telomerase is an essential enzyme that counteracts the telom-
ere attrition accompanying DNA replication during cell divi-
sion.Regulationof thepromoter activity of the gene encoding its
catalytic subunit, the telomerase reverse transcriptase, is estab-
lished as the dominantmechanism conferring the high telomer-
ase activity in proliferating cells, such as embryonic stem and
cancer cells. This study reveals a new mechanism of telomerase
regulation through non-coding small RNA by showing that
microRNA-498 (miR-498) induced by 1,25-dihydroxyvitamin
D3 (1,25(OH)2D3) decreases the mRNA expression of the
human telomerase reverse transcriptase. MiR-498 was first
identified in a microarray analysis as the most induced
microRNA by 1,25(OH)2D3 in ovarian cancer cells and subse-
quently validated by quantitative polymerase chain reaction
assays in multiple human cancer types. A functional vitamin D
response element was defined in the 5-prime regulatory region
of the miR-498 genome, which is occupied by the vitamin D
receptor and its coactivators. Further studies showed that miR-
498 targeted the 3-prime untranslated region of human telom-
erase reverse transcriptasemRNA and decreased its expression.
The levels of miR-498 expression were decreased in malignant
human ovarian tumors as well as human ovarian cancer cell
lines. The ability of 1,25(OH)2D3 to decrease human telomerase
reverse transcriptase mRNA and to suppress ovarian cancer
growthwas compromisedwhenmiR-498was depleted using the
sponges in cell lines and mouse tumor models. Taken together,
our studies define a novel mechanism of telomerase regulation
by small non-coding RNAs and identify miR-498 as an impor-
tant mediator for the anti-tumor activity of 1,25(OH)2D3.

Telomeres maintain genomic stability by protecting the lin-
ear chromosome ends from being recognized as DNA breaks
that would need repair. They undergo frequent remodeling
during important biological events such as development, pro-
liferation, and neoplastic transformation, etc. (1). The telo-
meric TTAGGG repeats are replenished by telomerase, a ribo-
nucleoprotein complex that consists of a catalytic reverse
transcriptase protein subunit (e.g. TERT) (2), a template RNA
(e.g. TERC) (3), dyskerin (4), and other accessory proteins (5).
Telomerase activity is very low in adult somatic cells, and the
inability of DNA replicationmachinery to reproduce telomeres
is the reason why cells show progressive telomere shortening
with ongoing cell division until some telomeres reach a criti-
cally shortened length and induce a DNA damage checkpoint
that causes replicative senescence. Proliferative cells such as
embryonic stem and cancer cells contain high telomerase activ-
ity regulated primarily at the level of hTERT transcription (6).
Consistently, hTERT is overexpressed in almost 90% of human
cancer cells by up to 100-fold over their normal counterpart,
which confers a strong selective advantage for continued
growth of malignant cells (7). Besides promoter regulation of
the hTERT gene, little is known about other mechanisms that
control telomerase activity, although post-translational modi-
fication of TERT has been reported (8).
MicroRNAs (miRNAs)3 are noncoding, single-stranded

RNA molecules of 20–24 nucleotides that typically repress
gene expression (9). Different from small interference RNAs
(siRNAs), which are often from exogenous sources, miRNAs
are encoded by genes transcribed by RNA polymerase II (10,
11). Once transcribed, primary miRNA transcripts are cleaved
in the nucleus by the Drosha complex or spliced into precursor
miRNAs of about 70 nucleotides and then cleaved in the cyto-
plasm by the Dicer complex into mature miRNA duplexes of
about 22 nucleotides.One of thematuremiRNAduplex strands
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is incorporated into the argonaute-containing RNA-induced
silencing complex, whereas the other strand is released and
degraded (12). The miRNA strand in the RNA-induced silenc-
ing complex interacts with target messenger RNA (mRNA)
molecules by either perfect or near perfect matches in the
3�-untranslated region (3�-UTR) whereby they induce mRNA
degradation or translational inhibition (9, 13). In humans,
about 700 miRNAs have been identified, and more than one-
third of all human genes have been predicted to be miRNA
targets (9, 14). These small RNA molecules are involved in
essentially every cellular process investigated to date (15, 16).
The active metabolite of vitamin D, calcitriol (1,25-dihy-

droxyvitamin D3 (1,25(OH)2D3)) is not only known for its cru-
cial role in maintaining mineral homeostasis and skeletal func-
tions (17, 18) but is also widely recognized as a natural
nutraceutical compoundwith great potential for tumor preven-
tion and treatment (19). 1,25(OH)2D3 exhibits antiproliferative,
proapoptotic, and differentiation-inducing properties as well as
immunomodulatory effects in a variety of human cancers (20).
The biological effects of 1,25(OH)2D3 aremediated through the
vitamin D receptor (VDR), which belongs to the superfamily of
steroid/thyroid nuclear hormone receptors (21, 22). After
ligand binding, the VDR forms a heterodimer with retinoid X
receptor (RXR) and binds to vitamin D-responsive elements
(VDREs) in the regulatory region of target genes to activate or
repress their transcription (23). Previous studies have shown
that the growth of multiple human ovarian cancers was sup-
pressed by 1,25(OH)2D3 (24, 25) and that 1,25(OH)2D3-in-
duced apoptosis involved down-regulation of telomerase activ-
ity (26). This study identifies miR-498 as a primary target gene
for 1,25(OH)2D3, which binds to the 3�-UTR of hTERT and
decreases its mRNA expression to induce cell death. The stud-
ies reveal a newmechanismof telomerase regulation by vitamin
D and define a role for miRNAs in mediating the tumor sup-
pressive activity of the nutraceutical compound.

EXPERIMENTAL PROCEDURES

Materials, Cell Lines, and Human Tissues—1,25(OH)2D3
was from Calbiochem. Baculovirus-expressed human VDR
protein and human RXR� protein were from Affinity BioRe-
agents Inc. (Golden,CO).Anti-VDRantibodywas fromChemi-
con International (Temecula, CA). All oligonucleotides were
synthesized by Integrated DNATechnologies (San Diego, CA).
OVCAR3, A2780, A2780-CP, and C13 were cultured in RPMI
1640 medium supplemented with 2 mM L-glutamine, 100
units/ml penicillin, 100 �g/ml streptomycin, and 5% FCS.
OV2008, CAOV3,MCF-7, Ishikawa, andHeLa cells weremain-
tained in DMEM containing 2 mM L-glutamine, 100 units/ml
penicillin, 100�g/ml streptomycin, and 5%FCS. BG1 cells were
cultured in DMEM/F-12 medium supplemented with 2 mM

L-glutamine, 100 units/ml penicillin, 100 �g/ml streptomycin,
and 5% FCS. All cells are maintained at 37 °C in a humidified
incubator with 5% CO2. Frozen human borderline and malig-
nant ovarian tumor tissues were obtained from the Tissue Pro-
curement Facility at H. Lee Moffitt Cancer Center, and their
usage for the studies was approved by the institutional review
board at the University of South Florida.

miRNA Microarray—For miRNA microarray analyses,
OVCAR3 cells of about 70% confluence were treated with vehi-
cle control (ethanol (EtOH)) or 10�7 M 1,25(OH)2D3 for 6 days.
Small RNAs were isolated from treated cells using the mir-
VanaTM miRNA isolation kit (Ambion, Austin, TX) according
to the manufacturer’s instructions. The miRNA microarray
analysis was performed by LC Sciences (Houston, TX). Ten
micrograms of total RNAwere labeled with Cy3 (EtOH) or Cy5
(VD) fluorescent dyes, which produces a green and red color,
respectively. Dye switching was performed to eliminate dye
bias. Pairs of labeled samples were hybridized to dual-channel
microarrays. Microarray assays were performed on a �ParaFlo
microfluidics chip with each of the detection probes containing
a nucleotide sequence of coding segment complementary to a
specific miRNA sequence. The arrays were designed to detect
miRNA transcripts corresponding to 327miRNAs contained in
the Sanger miRBase Release 8.0. The maximum signal level of
threshold and background probes was 190. Data were analyzed
by subtracting the background followed by signal normaliza-
tion with a LOWESS (locally weighted regression) filter. The
ratio of the 2 sets of detected signals (log2 transformed and
balanced) and the p values of the t test were calculated. Differ-
entially detected signals were those with p values less than 0.01.
RT-PCR and Quantitative RT-PCR—Total RNA was

extracted using TRIzol (Invitrogen) according to the manufac-
turer’s protocol. cDNA was reverse-transcribed from 1 �g of
total cellular RNA with random hexamer primers and thermo-
stable reverse transcriptase (Invitrogen). Analyses of hTERT
and GAPDH expression by RT-PCR were performed as
described previously (26). To quantify hTERT and GAPDH
expression, PCR products were subjected to electrophoresis in
a 15% polyacrylamide gel. PCR products were hybridizedwith a
gene-specific probe, and signals were detected using a CSPD
(Chloro-5-substituted adamantyl-1,2-dioxetane phosphate)
chemiluminescence-based Southern blot analysis system accord-
ing to themanufacturer’s instructions.
Small RNAswere isolated from tissues and cells using themir-

VanaTMmiRNAisolationkit (Ambion) according to themanufac-
turer’s instructions.Drosha,miR-498, andRNU6(U6)expressions
weremeasured by RT-PCRwith following primers. Drosha prim-
ers were 5�-CACCTGTTCTAGCAGCTCAGAC-3� and 5�-C-
TCCTCCCACTGAAGCATATTG-3�, miR-498 primers were
5�-TTTCAAGCCAGGGGGCGTTTTTC-3� and 5�-GCTTCAA-
GCTCTGGAGGTGCTTTTC-3�, and U6 primers were 5�-A-
ACGCTTCACGAATTTGCGT-3� and 5�-CTCGCTTCGGC-
AGCACA-3�. The amplification of target genes was carried out
using 1 �l of reverse transcription product in a total reaction
volume of 25 �l. The PCR reaction included a 5-min denatur-
ation at 94 °C followed by 32 cycles of denaturing at 94 °C for
30 s, annealing at 60 °C for 45 s, and extension at 72 °C for 15 s
with a final extension phase of 10 min. The PCR products were
separated on a 1.5% agarose gel and visualized by staining with
ethidium bromide.
Taqman microRNA assays (Applied Biosystems) were used

to quantify mature miRNA expression as previously described
(27). U6was used as endogenous control formiRNAexpression
studies. PCR reactions were performed in a 20-�l reactionmix-
ture containing 1.33 �l of reverse transcription product, 1.0 �l
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of 5�TaqManmicro-assaymix, and 10�l TaqMan 2� univer-
sal PCRMasterMix. Reactions were run on theABI Prism 7900
Fast Real-Time PCR system in triplicate. The PCR reaction was
conducted by incubation at 95 °C for 10 min followed by 40
cycles of 15 s of denaturing at 95 °C and 1 min of annealing at
60 °C. The miRNA expression level at each time point was nor-
malized with cognate U6 level by subtracting the Cycle thresh-
old (Ct) value for U6 fromCt formiR498 to produce a�Ct. The
-fold of induction over vehicle control was calculated based on
the formula 2�(�Ct(1,25(OH)

2
D
3
) � �Ct(vehicle)).

Plasmids, Constructions, and Site-directed Mutagenesis—
p91023B-VDR (28) has been described previously. To con-
struct miR-498 target validation vector, the 3�-UTR fragment
of hTERT containing themiR-498 binding sitewas amplified by
PCR (forward, 5�-GATCACTAGTTGGCCACCCGCCC-
ACA-3�; reverse, 5�-TCGAAAGCTTCCCCCATCCAGGTG-
CAGCTGGGT-3�) to generate SpeI and HindIII sites at the 5�
and 3� ends, respectively. To generate the control vector,
3�-UTR regions lacking the target site were amplified by
PCR (forward, 5�-GATCACTAGTCCCGGGACGACGCT-3�;
reverse, 5�-TCGAAAGCTTGGGTCCTTCTCAGGGT-3�).
The amplified fragments were cloned into the SpeI andHindIII
sites of pMIR-Report luciferase vector (Ambion).
To construct the miR-498 expression vector, pre-miR-498

double-stranded oligos were synthesized and inserted into the
EcoRI site of pBS/U6 vector. The sequence of the pre-miR-498
sense strand from 5� end to 3� end is: CCGAATTCAACCCT-
CCTTGGGAAGTGAAGCTCAGGCTGTGATTTCAAGCC-
AGGGGGCGTTTTTCTATAACTGGATGAAAAGCACCT-
CCAGAGCTTGAAGCTCACAGTTTGAGAGCAATCGTC-
TAAGGAAGTTGAATTCCGG.
To generate pGL3-VDRE1 luciferase, the VDRE1 (585 bp)

fragment was generated by PCR using primers 5�-CGGCTAG-
CGGAATTACCCTCCCCGCTCGAGTTCATCAGGTG-3� (for-
ward) and 5�-CCCCCCGGGTTAAAACCCAGACTCTGAG-
ACCA-3� (reverse) and cloned into the NheI and SmaI sites of
pGL3-promoter vector. pGL3-VDRE2 luciferase was con-
structed similarly by generating a NheI site at the 5�-end and a
SmaI at the 3� end of the VDRE2 fragment (407 bp). The
sequence of VDRE2 primers is 5�-CGGCTAGCTATCTGTC-
GACGCGTTTGCT-3� (forward) and 5�-CCCCCCGGGAGG-
CCCTCATTCTGTTACTTCTT-3� (reverse).
To mutate VDRE2 luciferase reporter, CA dinucleotides in

the second half-site were replaced with TT using PCR-based
site-directed mutagenesis (QuikChange, Stratagene, La Jolla,
CA). The forward (5�-GCTTAATACCTAGCTCAATAGGT-
TTTGCAAACCACCACGG-3�) and reverse (5�-CCGTGGT-
GGTTTGCAAAACCTATTGACCTAGGTATTAAGC-3�) prim-
ers were designed according to manufacturer’s instructions.
The PCR reactions were started with incubation at 95 °C for 2
min followed by 18 cycles of 20 s at 95 °C, 10 s at 60 °C, and 30 s
at 68 °C and a final 5-min extension at 68 °C. The PCR products
were digestedwith 10 units of DpnI for 1 h at 37 °C before being
transformed into the XL10-Gold ultracompetent cells. After
transformed colonies were screened by PCR, the mutant plas-
mids produced from the clones were isolated, purified, and
sequenced.

Vectors expressing control and miR-498 “sponges” were
constructed based on a method described in previous reports
(16, 29, 30). Oligos with seven repetitive miR-498 complemen-
tary sequences were synthesized by Integrated DNA Technol-
ogies (Coralville, IA). Each segment was designed with no spac-
ers formiR-498 sponge (miR-498-SP) or with a four-nucleotide
spacer at positions 9–12 for bulged sponge (miR-498-bSP). The
entire cassette was cloned into the pBabe-puro vector digested
with BamHI and SalI. The control sponge was designed based
on a non-existent miRNA targeting CXCR4 as described previ-
ously (29).
siRNA, Transfections, and Reporter Assays—Drosha-specific

siRNA was synthesized by Thermo Fischer Scientific (Wal-
tham, MA). The sense and antisense sequences of Drosha
siRNA oligos were 5�-AAGGACCAAGUAUUCAGCAAGd-
TdT-3� and 5�-CUUGCUGAAUACUUGGUCCUUdTdT-3�,
respectively. Nonspecific scrambled siRNA oligos were used as
controls. 2�-O-Methyl (2�-O-me) siRNA oligonucleotides
(antisense inhibition of miR-498) were synthesized by Ambion.
The sequence of 2�-O-me-anti-miR-498 (2�-O-me-miR-498)
is 5�-UUUCAAGCCAGGGGGCGUUUUUC-3�. 2�-O-me-
scrambled miR (2�-O-me-control) (5�-AAAACCUUUUGAC-
CGAGCGUGUU-3�) was used as a control.
For transfections, cells were plated at 1.5 � 105 cells/well in

6-well plates. One day after plating, transfections were per-
formed with Lipofectamine following the protocol from Invit-
rogen. Forty-eight hours later, cells were treated with either
vehicle (EtOH)) or 10�7 M 1,25(OH)2D3. For longer treatments,
cells were placed in freshmediumwith new compounds every 2
days. Luciferase and�-galactosidase activities were determined
as described previously (24).
For the establishment of stable clones, OVCAR3 or OV2008

cells were transfected with 2 �g of pBABE vector expressing
control or MiR-498 sponges and the pGL3 control plasmid
(Promega, Madison, WI). The stable clones were obtained
through selection with 2 �g/ml puromycin for about 5 weeks.
Telomerase Assays—Telomerase activity was measured by

the telomeric repeat amplification protocol assay using the
telomerase PCR-enzyme-linked immunosorbent assay kit
(Roche Applied Science) as described (26).
Ribonuclease Protection Assays (RPAs)—The expression lev-

els of mature miRNAs in tissue samples and cells were also
measured by RPAs with a mirVana miRNA detection kit
(Ambion). Small RNA from different tissues and cells were iso-
lated for RT-PCR. Probes for miRNA detection were synthe-
sized by IntegratedDNATechnologies (Coralville, IA) and end-
labeled with 32P using the mirVana probe and marker kit
(Ambion). Briefly, 1 �g total RNA was incubated with 32P-la-
beled probes, which were prepared by [�-32P]ATP using a T4
polynucleotide kinase labeling system. After digestion to
remove the probe that was not bound by target miRNA, the
radiolabeled products were separated by denaturing polyacryl-
amide gel electrophoresis in a 15% gel. The signals were visual-
ized and quantified with a phosphorimaging system (Bio-Rad).
Electrophoretic Mobility Shift Assay (EMSA)—EMSA was

performed as described previously (31) with modifications.
Briefly, double-stranded oligonucleotides were end-labeled
with 32P using a T4 polynucleotide kinase labeling system
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(Invitrogen). 1�l of radiolabeled probe (about 50,000 cpm) was
mixed with 19 �l of DNA binding reaction mixture that con-
tained 250 ng of VDR and RXR in 10mMTris-HCl (pH 7.9), 100
mM KCl, 0.1 mM EDTA, 15% glycerol, 100 �g/ml poly(dI-dC),
0.1�g/�l bovine serum albumin, 1mM dithiothreitol, and 10�7

M 1,25(OH)2D3. The mixture was incubated at room tempera-
ture for 30 min. For competition and supershift experiments,
VDR and RXR proteins were preincubated with a 100-fold
excess of cold VDRE1 or VDRE2 probes and 2 �g of VDR anti-
body, respectively, on ice for 20 min before EMSA reactions.
The reaction mixture was resolved in a 5% non-denaturing
polyacrylamide gel, and protein-oligo complexes were revealed
by autoradiography. The sequence in sense orientation of oli-
gonucleotides used for producing complementary double-
strand oligos is: VDRE1, 5�-CATCAGGTGAGGAAGTTGAG-
ACC-3�; VDRE2, 5�-CCTAGGTCAATAGGTTCAGCAA-3�;
hOC, 5�-ACTCACCGGGATGAACGGGGGCATT-3�.
Chromatin Immunoprecipitation (ChIP) Assay—For ChIP

assays, OVCAR3 cells were treated with EtOH or 10�7 M

1,25(OH)2D3 for 60 min and cross-linked with 1% formalde-
hyde. Then the cells were lysed in buffer containing 5mMPIPES
(pH 8.0), 85mMKCl, 0.5%Nonidet P-40, and protease inhibitor
mixture. Cell nuclei were pelleted and resuspended in buffer
containing 50 mM Tris-Cl (pH 8.1), 10 mM EDTA, 1% SDS, and
protease inhibitor mixture. Soluble chromatin was prepared by
sonication and diluted in buffer containing 16.7 mM Tris-HCl
(pH 8.1), 0.01% SDS, 1.1%TritonX-100, 1.2mMEDTA, 167mM

NaCl, and protease inhibitor mixture. Immunoprecipitates
were prepared with rat anti-VDR antibody or rat IgG (Sigma).
24-Hydroxylase (CYP24) was used as a positive control. DNA
was extracted from the immunocomplexes using a QIAquick
spin kit. 2 �l (of 30 �l) of the DNA extracts were used for PCR
with primers: VDRE1, forward, 5�- ATGATTCCTAGCTAGC-
GAGATATAGATGATATCAGA-3�; reverse, 5�- AACCAT-
AGTCTTCCCCCGGGTGGGTGTGAATTCCCAGT-3�; VDRE2,
forward, 5�-ACTGGAACCTTGCCTGGCCA-3�; reverse, 5�-
GCCAGGCCCTCATTCTGTTA-3�; CYP24, forward, 5�-CAG-
ACGCGGCAGCTTTTCTG-3�; reverse, 5�-CGTTTCCTCC-
TGTCCCTCTC-3�. PCR products were resolved on a 2% aga-
rose gel and stained with ethidium bromide.
Apoptosis and Methylthiazole Tetrazolium Assays—To

determine the apoptotic index, cells were treated with EtOH or
10�7 M 1,25(OH)2D3 for 6 days, harvested by trypsin digestion,
and washed with phosphate-buffered saline. Cell suspensions
were incubated with phycoerythrin (PE) and 7-amino-actino-
mycin according tomanufacturer’s protocol (PEAnnexin V kit,
BD Biosciences). Flow cytometry was performed in a FACScan
(BD Biosciences). For each data point, duplicate samples were
analyzed, and the experiment was reproduced three times.
To analyze cell growth, methylthiazole tetrazolium assays

were performed as described previously (32). Cells were plated
at 10 � 104 in 96-well plates and treated with EtOH or 10�7 M

1,25(OH)2D3 for the indicated times. Absorptions at 595 nm
were measured with a MRX microplate reader (DYNEX Tech-
nologies, Chantilly, VA).
Xenograft Model—OV2008-Luciferase cells stably express-

ing control (control-bSP) or miR-498 (miR-498-bSP) sponges
were harvested and resuspended inDMEMmediumcontaining

5% FCS with Matrigel (1:1) at a concentration of 5 � 106 cells
per 100 �l, which was delivered by intraperitoneal injections
into the peritoneal cavity of 6-week-old female athymic nu/nu
mice (Harlan Sprague-Dawley, Indianapolis, IN). The mice
were fed with a vitamin D-deficient diet supplemented with
0.47% calcium (Harland Teklad, Madison,WI) for the duration
of the study.Micewere randomized and treated every other day
by gavagewith either EtOHor EB1089 at 0.5�g/kg bodyweight
diluted in sesame oil in a volume of 50 �l. The treatments
started on the day following cell inoculation.Mice bodyweights
were monitored every 5 days over the course of treatment.
Tumor growth and invasion were monitored with IVIS-200
Live imaging system at 15 and 30 days. After 30 days of treat-
ment, mice were sacrificed, and tumor weight, number, and
extent of overt metastases were quantified. Metastases were
defined as visible tumor nodules �1 mm in diameter. Tumors
were fixed in 10% neutral-buffered formalin for histological
analysis. Serum calcium levels weremeasured as described pre-
viously (33). Mice studies were carried out according to the
procedures approved by the Institutional Animal Care and Use
Committee at University of South Florida.
Bioluminescence Imagingwith IVIS—Micewere anesthetized

with isoflurane inhalation and subsequently injected (intraperi-
toneal) with 100 �l of 15 mg/ml D-luciferin (Xenogen). Biolu-
minescence imaging with a CCD camera (IVIS-200 series,
Xenogen) was initiated 5 min after luciferin injection with
imaging times ranging from 1 to 2 min, depending on the
amount of luciferase activity. Bioluminescence from the region
of interest was defined manually, and the data were expressed
as photon/s/cm2/steradian. Background photon counts were
defined as the region of interest from a mouse that was not
given an intraperitoneal injection of D-luciferin. All biolumi-
nescent data were collected and analyzed using Living Imaging
software 3.2.
Immunohistochemical Analyses—The proliferative and apo-

ptotic indices of OV2008 xenograft tumors were determined as
previously described (26). Briefly, tumors were fixed in forma-
lin, embedded in paraffin, and sectioned at 5 �m. Tumor pro-
liferation was assessed by Ki-67 immunostaining. Apoptotic
cells in tumor sections were detected by in situ terminal deoxy-
nucleotide transferase-mediated dUTP nick end labeling
(TUNEL) using theApoptag peroxidase in situ apoptosis detec-
tion kit (Serologicals). Apoptotic and proliferative indices were
calculated by dividing the total number of cells with the number
of TUNEL and Ki-67-positive cells, respectively, in 10 ran-
domly selected microscopic (40� objective) fields.

RESULTS

Identification of MiR-498 as a Primary Target Gene for
1,25(OH)2D3—Our published studies showed that 1,25(OH)2D3
decreased hTERT mRNA stability (26), opening the possibility
for miRNA involvement in hTERT regulation. To identify
miRNA target genes for 1,25(OH)2D3,miRNAmicroarray anal-
yses were performed in OVCAR3 cells treated with ethanol
(EtOH) or 1,25(OH)2D3 for 6 days. Of 327 miRNA elements
represented on the array, 190 miRNAs were expressed above
background levels. Multiple miRNAs were increased (red color
in the overlay image) by 1,25(OH)2D3 treatment, including
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miR-498 (red arrow) (Fig. 1, A and B). Quantification of the
signal intensity of the miR-498 after normalization with LOW-
ESS filter (Fig. 1C) revealed that miR-498 was significantly (n�
3, p � 0.01) increased (up to �7-fold) by 1,25(OH)2D3. The
microarray analyses identified miR-498 as a potential target
gene for the hormone.
To validate the array data, OVCAR3 cells were treated with

different concentrations of 1,25(OH)2D3 for 24 h, and then
miR-498 expression levels were determined by RT-PCR. As
shown in Fig. 2A, miR-498 was increased in a dosage-depen-
dent manner by 1,25(OH)2D3. A subsequent time course study
(Fig. 2B) showed that miR-498 was induced within 30 min by
10�7 M 1,25(OH)2D3, and the level of induction appeared max-
imized around 24 h, suggesting that miR-498 may be an imme-
diate early response gene. In parallel analyses, the vehicle did
not change MiR-498 levels, and U6 expression was not altered
by 1,25(OH)2D3, showing that the induction is specific to miR-
498. Quantitative RT-PCR analyses detected miRNA-498
induction by 1,25(OH)2D3 in multiple vitamin D-sensitive
human OCa as well as breast (MCF-7) and endometrial
(Ishikawa) cancer cells (Fig. 2C), showing that the regulation
occurs in many human cancer types.
To test whether the miR-498 induction is due to RNA stabi-

lization, we measured the half-life (t1⁄2) of miR-498 in the pres-
ence of RNA synthesis inhibitor, actinomycin D, by quantita-
tive RT-PCR. As shown in Fig. 2D, the half-life of miR-498 was
essentially the same in cells treated with 1,25(OH)2D3 or vehi-
cle. Comparison of MiR-498 induction by 1,25(OH)2D3 in
OVCAR3 cells treated with or without protein synthesis inhib-

itor, cycloheximide, demonstrated that the induction did not
require newprotein synthesis (Fig. 2E), identifyingmiR-498 as a
primary target gene for the hormone.
Sequence analyses of the miR-498 locus of human chromo-

some 19 clone CTC-360P9 (GenBankTM accession number
AC011456) revealed the presence of two putative DR3-type
VDREs, namely VDRE1 and VDRE2 (Fig. 3A), which matched
the consensus VDRE (34) and the VDRE sequence of known
target genes such as osteopontin (35), osteocalcin (36), and
GADD45 (24). In EMSA assays, the recombinant receptor pro-
teins and the VDRE2, but not VDRE1, probe formed a complex
(data not shown). The complex formation was specific for the
VDR-RXR heterodimer as neither VDR nor RXR alone formed
a detectable complex. This specificDNAoligo-protein complex
was reduced by a 100-fold excess of coldVDRE2but notVDRE1
probe and up-shifted by a VDR-specific antibody (data not
shown). Overall, the analyses suggest a specific interaction
between the VDR and VDRE2 in vitro.
To find out whether the VDRE2 interacts with the receptors

in vivo, ChIP assays were conducted in OVCAR3 cells. As
shown in Fig. 3, B and C, antibodies against the VDR and its
co-activator NCoA3 precipitated genomic DNA fragments
containing the CYP24 VDRE and miR-498 VDRE2, but not
VDRE1, in cells treatedwith 1,25(OH)2D3. Reduced amounts of
DNA fragments were precipitated by the VDR and NCoA3
antibodies in vehicle-treated cells, and noDNAwas detected in
IgG precipitates, showing that the VDR and its coactivators
were recruited to the miR-498 genomic DNA fragments con-
taining VDRE2 and the recruitments induced by 1,25(OH)2D3.

FIGURE 1. Microarray analyses identify a group of miRNA target genes for 1,25(OH)2D3. Total RNAs were isolated from OVCAR3 cells treated with EtOH or
10�7

M 1,25(OH)2D3 (VD) for 6 days labeled with Cy3 and Cy5, respectively, and subjected to independent miRNA microarray analyses. A, ChIP images from a
representative region with pseudo-colored fluorescent signals are shown. The overlay image of Cy3/Cy5 is presented, and genes unchanged, increased, and
decreased by VD were shown in yellow, red, and green colors, respectively. MiR-498 is indicated by a red arrow. B, VD miRNA target genes with Log2 values
greater than one (relative to vehicle control) are presented as bar graphs. C, miR-498 signal intensity was quantified, and values are expressed as -fold change
(mean � S.D., n � 3). Statistical analyses were performed with Student’s t test.
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To further validate the functionality of the VDREs of miR-
498, the ability of VDRE1 and VDRE2 tomediate the activation
of luciferase reporterswas tested inHeLa cells that contain little
endogenous VDR. In the reporter assays, VDRE2 reporter
activity was increased by the hormone in a VDR-dependent
manner, whereas VDRE1 reporter activity did not respond to
1,25(OH)2D3 treatment or VDR expression (Fig. 3D). More
importantly, themutation of the VDRE2 at two key nucleotides
of the second half-site eliminated the induction by
1,25(OH)2D3 (Fig. 3E), showing that the VDRE2 in themiR-498
genome is functional.
Establishment of MiR-498 as the Mediator for hTERT Down-

regulation by 1,25(OH)2D3—Sequence analyses revealed the
presence of a potential miR-498 target site in the 3�-UTR of
hTERT (nucleotides 21,800–21,831 of clone AF128894).
Sequence alignment showed a complementary pairing in the
“seed” region of miR-498 (Fig. 4A) and the 3� “compensatory”
site, which has the ability to compensate for mismatches in the
seed region (37). The sequence analyses indicate that hTERT
mRNA may be a direct target of miR-498. To test this idea, we
constructed luciferase reporter genes (Fig. 4B) in which the
hTERT 3�-UTR region with (pMIR-3�-UTR-WT) or without
(pMIR-3�-UTR-MT) the putative miR-498 target site was

inserted between luciferase cDNA and the poly(A) tail of the
pMIR vector and tested its down-regulation by ectopic miR-
498 expression inHeLa cells. As shown in Fig. 4C, the activity of
the wild type reporter, not the mutant reporter devoid of the
target site, was decreased by ectopic miR-498 expression. Con-
sistent with the reporter data, ectopic miR-498 expression in
OVCAR3 cells decreased the telomerase activity in telomeric
repeat amplification protocol assays (Fig. 4D).
To test whether miR-498 indeed targets hTERT mRNA,

2�-O-methylated siRNA oligonucleotides against miR-498
were synthesized, and their effect on miR-498 expression was
tested in RPAs developed for quantitative miR-498 measure-
ment. The probe used in the RPAs was four nucleotides longer
than miR-498, so the product of the RPAs was easily distin-
guishable from the undigested probe. The assay detected the
mature miR-498 induced by 1,25(OH)2D3, which was dimin-
ished by the synthetic miR-498 siRNA oligos without an effect
on U6 expression (Fig. 4E). The scrambled control siRNA did
not alter the expression of either miR-498 or U6. Subsequent
reporter assays showed that the miR-498 siRNA, but not
the scrambled control oligos, diminished miR-498-induced
decrease in the activity of the luciferase reporter gene contain-
ing wild type hTERT 3�-UTR but not the mutant reporter lack-

FIGURE 2. 1,25(OH)2D3 increases miR-498 expression in OVCAR3 cells. A, shown is dose-dependent induction of miR-498 expression by VD. OVCAR3 cells
were treated with EtOH or VD at the indicated concentrations for 24 h. Total RNA was extracted and subjected to RT-PCR analyses. B, time-dependent induction
of miR-498 expression by VD is shown. Total RNA was extracted from OVCAR3 cells treated with EtOH or 10�7

M VD for the indicated times. RT-PCR was
performed as in panel A. C, VD induces miR-498 in multiple cancer cell lines. Cells were treated with EtOH or 10�7

M VD for 6 days. Total RNAs were extracted and
subjected to quantitative RT-PCR. The levels of miR-498 were normalized with corresponding U6 levels and expressed as -fold of the EtOH controls (*, p �
0.0001; #, p � 0.0004). D, lack of a VD effect on miR-498 stability is shown. OVCAR3 cells were treated with EtOH or 10�7

M VD for 24 h followed by subsequent
treatment with actinomycin D (5 �g/ml) for the indicated times. The levels of miR-498 and U6 were determined by quantitative RT-PCR. The miR-498 levels were
normalized with corresponding U6 levels and presented as percentage of the miR-498 level of time 0. E, shown is the effect of cycloheximide (CHX) on
the induction of miR-498 by VD. OVCAR3 cells were treated with EtOH or 10�7

M VD for 24 h in the presence or absence of 25 �M of cycloheximide. Quantitative
RT-PCR was performed as in panel C, and miR-498 levels were normalized with U6 and expressed as -fold of the vehicle control. Values are presented as the
mean � S.D. (n � 3 in panels C–E). Statistical analyses were performed with Student’s t test.
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ing the putative miR-498 target site (Fig. 4F). Consistently,
1,25(OH)2D3 decreased the activity of the wild type but not the
mutant reporter (Fig. 4G), and the ability of 1,25(OH)2D3 to
decrease the wild type hTERT reporter (Fig. 4H) and the telom-
erase activity (Fig. 4I) was compromised by themiR-498 siRNA
but not the scrambled control oligos.
Consistent with a role for miR-498 in mediating the effect of

1,25(OH)2D3 on hTERT mRNA, RT-PCR analyses revealed an
inverse correlation between hTERT mRNA and miR-498 in
response to 1,25(OH)2D3 treatments (Fig. 5A) and Drosha
siRNA diminished both miR-498 induction and hTERT down-
regulation by 1,25(OH)2D3 (Fig. 5, B and C). The MiR-498
siRNA, but not the scrambled control, blunted a 1,25(OH)2D3-
induced decrease in hTERTmRNA expression (Fig. 5D). These
analyses establish miR-498 as the primary target gene that
mediates hTERT down-regulation by 1,25(OH)2D3.
In Vitro and in Vivo Role of MiR-498 in Ovarian Tumor Sup-

pression by 1,25(OH)2D3 and Its Synthetic Analog EB1089—Our
published studies have shown that 1,25(OH)2D3 suppressed the
growth of OCa cells throughmultiple mechanisms and that the
growth suppression is partly mediated through hTERT down-
regulation (26). To assess the contribution of miR-498 to over-
all growth suppression by 1,25(OH)2D3, control and miR-498
sponges (Fig. 6A) were designed and stably expressed in
OVCAR3 cells. As shown in Fig. 6, the miR-498 sponges, either
standard or bulged, diminished the apoptosis induced by
1,25(OH)2D3 (Fig. 6B) and partially relieved the overall growth

suppression (Fig. 6C). This shows that miR-498 is an important
mediator of 1,25(OH)2D3 in suppressing OCa growth.

To investigate the role ofmiR-498 in the antitumor activity of
1,25(OH)2D3 compounds in vivo, OV2008 cells stably trans-
fected with the firefly luciferase gene together with either the
control or miR-498 sponges were injected into the peritoneal
cavity of nu/nu mice and treated with a synthetic 1,25(OH)2D3
analog EB1089. As shown in Fig. 7, A and B, the growth of
tumors expressing control spongeswas significantly reduced by
EB1089. The expression of miR498 sponges enhanced the basal
growth of tumors treated with the vehicle, indicating a role of
basal miR-498 expression in suppressing ovarian tumor
growth. More importantly, miR-498 sponges significantly
diminished the suppressive effect of EB1089, causing an
increase in both tumor volumes (Fig. 7C) and nodules of tumors
invading the abdominal wall (Fig. 7D).
Tumor TUNEL assays (Fig. 7E) and Ki-67 immunostaining

(Fig. 7F) showed that the percentage of apoptotic cells in
tumors expressing control sponges was significantly increased,
whereas the percentage of Ki-67-positive cells decreased by
EB1089. In tumors expressing miR-498 sponges, the effects of
EB1089 on both cell apoptosis and proliferation were dimin-
ished. The data suggest that the mechanistic information
obtained in cell line studies is translatable into tumor suppres-
sion in vivo. The body weight of mice was not affected by the
treatment with EB1089, and serum calcium levels remained in
the normal range during EB1089 treatment (data not shown).

FIGURE 3. A functional VDRE is identified in the upstream region of miR-498 genome. A, a schematic diagram of the human miR-498 locus in chromosome
19 shows the positions of miR-498 and the putative VDREs. The consensus DR3 sequences and the two putative miR-498 VDREs are listed. Hexameric VDRE
half-sites are shown in capital letters, and the 3-bp spacer is shown in small letters. The numbering is based on Homo sapiens chromosome 19 clone CTC-360P9
(GenBankTM accession number AC011456). It should be noted that the miR-498 gene is on the strand complementary to the sequence of CTC-360P9. B and
C, shown is the in vivo interaction of VDR (panel B) and co-activator (NCoA3) (panel C) with miR-498 VDRE2. OVCAR3 cells were treated with EtOH or 10�7

M VD
for 60 min, and ChIP assays were performed with control (rat IgG), anti-VDR, or anti-NCoA3 antibody. PCR was performed with primers spanning CYP24 VDRE
or the putative VDREs of miR-498. D, VD induces VDRE2 reporter activity. VDR-deficient HeLa cells were transfected with VDRE1 or VDRE2-Luc reporters and
pCMVGal with or without p91023B-VDR. Transfected cells were treated with either 10�7

M VD or EtOH for 36 h. Luciferase activity was determined, normalized
with cognate �-gal activity, and plotted as -fold of control. Values are presented as the mean � S.D. (n � 3). E, mutational analyses of the VDRE2 reporter is
shown. The second half-site of the VDRE2 was mutated as described under “Experimental Procedures.” The wild type (WT) and mutant (MT) VDRE2 reporters
were transiently transfected into OVCAR3 cells. The cells were treated, and reporter activities were measured as described in panel D and presented as the
mean � S.D. (n � 3).
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These analyses show that EB1089 inhibits invasive ovarian
tumor growth and that miR-498 is an important mediator of its
antitumor activity.
Consistent with its role in the suppression of ovarian tumor

growth in vitro and in vivo, miR-498 was expressed at reduced
levels in a panel of humanOCa cells when compared with non-
tumorigenic OSE cells (Fig. 7G). Analyses of human tumor
samples with the same assay revealed a significantly decreased

miR-498 expression in frankly malignant human ovarian
tumors in comparison to tumors of low malignant potential
(Fig. 7H). Together with the fact that hTERT expression and
telomerase activity are known to be higher in malignant tumor
cells, the analyses support the existence of an overall inverse
relationship between miR-498 and hTERT expression. The
data also implicate miR-498 as a potential marker to monitor
ovarian tumor progression.
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DISCUSSION

These studies are the first to define a role for a miRNA in
regulating hTERT mRNA stability in response to a natural
compound. Overall, the studies support a model of
1,25(OH)2D3 actions involving a miRNA in cancer cells as
depicted in Fig. 7I. 1,25(OH)2D3 induces the activation of VDR-
RXR heterodimer and its binding to the functional VDRE
located in the 5� regulatory region of miR-498 gene to increase

its production through recruitment of coactivators. After pro-
cessing, nuclear export, strand selection, and assembling into
RNA-induced silencing complex, the mature miR-498 binds to
the target site in the 3�-UTR of hTERT mRNA, resulting in its
degradation. ThemiRNA-mediated decrease in hTERTexpres-
sion contributes to cell death and the growth suppression of
human tumor cells by 1,25(OH)2D3. Although the majority of
the data were collected in ovarian tumor cells, the induction

FIGURE 4. hTERT 3�-UTR contains a target site for MiR-498 and is targeted by VD. A, shown is sequence alignment of human miR-498 with the 3�-UTR region
of hTERT showing the complementary match between the seed sequence at the 5� end of miR-498 and hTERT 3�-UTR. B, a schematic presentation of the
reporters constructed with the hTERT 3�-UTR (WT) or the 3�-UTR lacking miR-498 target site (MT) in the pMIR backbone (pMIR-3�-UTR Reporters). C, shown is the
effect of ectopic miR-498 on pMIR-3�-UTR reporters. HeLa cells were transfected with control (U6) or miR-498 expression vector (U6-miR-498) together with
pMIR-hTERT 3�-UTR reporters and pCMVGal. Forty-eight hours later, luciferase activity was determined, normalized with cognate �-gal activity, and plotted as
percentage of U6 control. D, OVCAR3 cells were transfected with control (U6) or the miR-498 expression vector (U6-MiR-498). Forty-eight hours later, cells were
extracted and equal amounts of proteins subjected to PCR-telomeric repeat amplification protocol assays. E, knockdown of miR-498 by 2�-O-me-siRNA is
shown. OVCAR3 cells were transfected with 2�-O-me-siRNA oligonucleotides targeting miR-498 (2�-O-me-MiR-498) or 2�-O-me-scrambled miRNA (2�-O-me-
control). Transfected cells were treated with EtOH or 10�7

M VD. RPAs were performed, and MiR-498 was quantified by phosphorimaging and normalized with
U6. F, shown is the effect of 2�-O-me-siRNA against miR-498 on the ability of ectopic miR-498 to decrease hTERT UTR reporters. HeLa cells were transfected as
in C but with 2�-O-me-miR-498 or 2�-O-me-control. Luciferase activities were determined, normalized with cognate �-gal activity, and plotted as percentage of
controls. G, shown is the effect of VD on pMIR-3�-UTR reporters. OVCAR3 cells were transfected with pMIR-hTERT 3�-UTR reporters and pCMVGal. Transfected
cells were treated with EtOH or 10�7

M VD for 3 days. Luciferase activity was determined, normalized with cognate �-gal activity, and plotted as percentage of
vehicle control. H, shown is the effect of 2�-O-me-siRNA against miR-498 on the ability of VD to decrease hTERT UTR reporters. OVCAR3 cells were transfected
as in G but with 2�-O-me-miR-498 or 2�-O-me-control. Transfected cells were treated with EtOH or 10�7

M VD for 3 days. Luciferase activity was determined,
normalized with cognate �-gal activity, and plotted as percentage of vehicle control. I, shown is the effect of 2�-O-me-siRNA against miR-498 on the ability of
VD to decrease telomerase activity. OVCAR3 cells were transfected and treated as H. Cellular extracts with equal amounts of protein were subjected to PCR-
telomeric repeat amplification protocol assays. Values are presented as the mean � S.D. Statistical analyses were performed with Student’s t test (n � 3 in
panels C, D, and F–I).

FIGURE 5. MiR-498 mediates the hTERT down-regulation by VD. A, inverse correlation between hTERT and miR-498 regulation by VD is shown. OVCAR3 cells
were treated with EtOH or 10�7

M VD for the indicated days, and miR-498, U6, and hTERT mRNA levels were detected by RT-PCR. B, shown is the effect of Drosha
knockdown on the regulation of miR-498 and hTERT by VD. OVCAR3 cells were transfected with control or Drosha siRNA (20 �M). Forty-eight hours later, cells
were treated with EtOH or 10�7

M VD for 3 days. Total RNAs were extracted, and RT-PCR analyses were performed. C, RT-PCR products of hTERT and GAPDH from
panel B were blotted to nitrocellulose membrane, detected by Southern blot analyses, and quantified by phosphorimaging. The hTERT signals were normalized
with cognate GAPDH signals and presented as -fold of the control. D, MiR-498 knockdown diminishes hTERT mRNA down-regulation by VD. OVCAR3 cells were
transfected with 2�-O-me-MiR-498 or 2�-O-me-control and treated with 10�7

M VD or EtOH for the indicated times. The hTERT mRNA levels were determined
as in panel C and presented in bar graphs as percentage of the time zero. GAPDH was included as a loading control.
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was also detected in other human tumor cells such as cells of
human breast and endometrial cancers. Consistently, the
down-regulation of hTERT by 1,25(OH)2D3 was also observed
in cancer cells other than OCa (Fig. 2C). The analyses indicate
that the 1,25(OH)2D3 action through miR-498 to control
telomerase is not limited to OCa and can be generalized to
other vitamin D-sensitive human cancers. Given the important
role of telomerase in tumor cell growth and survival, targeted
delivery of miR-498 or its induction by a nutraceutical may
represent a new strategy for targeted telomerase inhibition to
treat various human cancers.
It was originally thought that miRNAs mainly work through

translational inhibition due to imperfect pairing between miR-
NAs and their target sites. Because the pairing between miR-
498 and the complementary region in hTERT 3�-UTR is imper-
fect, it might thus appear more reasonable to expect a
translational inhibition of hTERTbymiR-498 instead ofmRNA
degradation. It becomes increasingly clear now that miRNAs
can work through translational inhibition, mRNA degradation,
or both (38, 39). There are numerous examples for miRNA-
inducedmRNAdegradations in different species. As amatter of

fact, the realization that miRNA can promote mRNA degrada-
tion has allowed the identification of miRNA targets using
mRNAmicroarrays (40). Contradictory to early belief that per-
fect pairing is important for small RNA-mediatedmRNAcleav-
age and degradation, the present consensus is that, except the
match in the seed region, the extent of miRNA pairing to com-
plementary region of the targetmRNAoften does not necessar-
ily play an essential role in determining the ability of miRNA to
decrease target mRNAmolecules (9). Nevertheless, it is impor-
tant to point out that the present studies do not exclude the
involvement of translational inhibition in hTERT down-regu-
lation by miR-498. It remains possible that miR-498 works
though both mechanisms to exert its negative effect or that the
mRNA degradation revealed in the current studies is a conse-
quence of blocked translation. Although degradation can be
uncoupled from translation, it is often the case that the
increased mRNA degradation by miRNAs is because of dead-
enylation, decapping, and exonucleolytic digestion of the
mRNA (41) instead of argonaute-catalyzed mRNA cleavage as
for siRNA.
OCa is the fifth leading cause of cancer death among women

in the Western world and has the highest mortality rate of all
gynecological cancers (42), primarily due to the fact that
patients relapse quickly from cisplatin-based chemotherapy.
Published studies have shown that 1,25(OH)2D3 and its syn-
thetic analogs suppress OCa cell growth (24, 25) and induce
apoptosis (26, 33), raising the potential of using synthetic vita-
min D analogs as an alternative or complementary method for
OCa intervention (43). Published studies have identified EGF
receptor (44) and GADD45 (24) as primary target genes for
1,25(OH)2D3 to induce cell cycle arrests in OCa cells. The pres-
ent studies define a functional VDRE in the miR-498 loci and
identified miR-498 as a primary and immediate early response
gene to mediate the cell death induction by the hormone.
EMSA assays show that miR-498 regulation is mediated
through a VDR-RXR heterodimer. ChIP assays demonstrate
that in vivo binding of VDR to the VDRE is ligand-induced,
which also occurred in CYP24 VDRE as well as the functional
VDREs in GADD45(24) and osteopontin promoter (45). To the
best of our knowledge, miR-498 is the first miRNA primary
target gene identified to mediate the effects of 1,25(OH)2D3 on
OCa cells. The studies lay a foundation for continued studies to
fully define the mechanisms of vitamin D action in OCa cells
and to test 1,25(OH)2D3 and its analogs either alone or in
combination with other therapeutic modalities for OCa
intervention.
miRNAmolecules can act as either a tumor suppressor or an

oncogene (46, 47) and are frequently deregulated in cancers
(48) through different mechanisms, including transcriptional
deregulation, epigenetic alterations, dysfunction of key pro-
teins in the miRNA biogenesis pathway, mutation, and DNA
copy number abnormalities. So far, literature information for
miR-498 in cancers is very limited except that its expression is
reported to correlate with the probability of recurrence-free
survival by multivariate analysis in stage II colon cancers (49)
and that it is one of many miRNAs identified in profiling as
being differentially expressed in cancer cells and tissues (50).
The present studies suggest that miR-498 is down-regulated in

FIGURE 6. MiR-498 contributes to apoptosis induction by VD. A, a sche-
matic presentation of pBABE plasmid expressing control or miR-498 sponges
is shown. LTR, long term repeat; IEP, immediate early promoter. B, OVCAR3
cells were stably transfected with control or miR-498 sponges, treated with
10�7

M VD or EtOH for 6 days, and assayed for apoptosis by phycoerythrin
annexin V method. The data were reproduced three times. SP, sponges.
C, OVCAR3 cells stably transfected with control or miR-498 sponges were
treated with 10�7

M VD or EtOH for 6 days. Cell growth was assessed by meth-
ylthiazole tetrazolium assays. For each data point, triplicate samples were
analyzed, and the experiment was reproduced three times.
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FIGURE 7. MiR-498 contributes to in vivo ovarian tumor suppression by a synthetic VD analog EB1089. A–F, EB1089 inhibits invasive ovarian tumor
growth in vivo through miR-498. OV2008-Luc cells (5 � 106) expressing control or miR-498 sponges were mixed with Matrigel and injected intraperitoneally
into female athymic nu/nu mice. Mice bearing OV2008 tumor xenografts were treated every other day with EB1089 (0.5 �g/kg) or vehicle (EtOH) in sesame oil.
After 15 and 30 days of treatments, tumor growth was monitored by bioluminescent imaging (panel A). The bioluminescence intensity (photons/sec/cm2/
steradian), a measurement of viable tumor volume, was presented as the mean � S.D. (n � 8) (panel B). Statistical analyses were done with Student’s t test. *.
p � 0.05 (control-bSP-EtOH versus miR-498-bSP-EtOH); **, p � 0.0001; ***, p � 0.0002 (control-bSP-EB1089 versus miR-498-bSP-EB1089). Tumor weight
(cumulative weight of tumor tissues) (panel C) and the number of tumor nodules (�1 mm in diameter) (panel D) from mice treated with either EtOH or EB1089
for 30 days are presented as the mean � S.D. Apoptotic (panel E) and proliferation (panel F) indices of OV20008 tumors treated with either EtOH or EB1089 for
30 days were determined by tissue TUNEL assays and Ki-67 staining, respectively. G and H, small RNAs were extracted from immortalized human OSE (n � 4)
and OCa (n � 8) cells (panel G) or tissues of frankly malignant human ovarian tumors (n � 9) and tumors of low malignant potential (LMP) (n � 5) (panel H).
miR-498 and U6 expression levels were determined by RPA analyses and quantified by phosphorimaging. The averages of quantified miR-498 levels after being
normalized with cognate U6 are shown as bar graphs. Statistical analyses were done with Student’s t test. I, a model shows how VD induces tumor suppression
and apoptosis through miRNA-498 induction and hTERT down-regulation. See the discussion section for details.
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malignant ovarian tumors. Together with its negative effect on
telomerase and cell survival, miR-498 appears to function as a
tumor suppressor. The concept is consistent with the fact that
the miR-498 gene is located in chromosome 19q13.42, a region
in which loss of heterozygosity has been reported in human
ovarian carcinoma (51). In addition, chromosome 19 is
reported to be most frequently deleted in OCa (52), and high
hTERT expression or telomerase activity is associated with
poor prognosis in most human malignancies (53) including
OCa (54). A recent study of exome capture and sequencing
analyses of DNA isolated frommore than 300 serous OCa sam-
ples revealed hTERT as one of the new tightly localized ampli-
fication peaks (55). Overall, the information suggests that the
imbalance between miR-498 and telomerase may play an
important role in ovarian tumorigenesis.
Besides cancer cells, high telomerase activity is also essential

for the functionality of embryonic stem cells. Because the VDR
is known to be expressed in embryonic stem cells (56), the
induction ofmiR-498 by 1,25(OH)2D3 in embryonic stems cells
appears possible, which may have profound implications in
aging and lifespan regulation. Interestingly, miR-498 belongs to
a cluster of primate-specific miRNA molecules absent in mice
and rats (57), and the miR-498 target sequence in hTERT also
appears missing in the 3�-UTR of mouse TERT. Although the
selective pressure and evolution advantages are at present
unclear, the gain of miR-498 expression in primates is likely to
contribute to their complex telomerase biology and regulation.
It is established that, in many aspects, telomere biology is dif-
ferent between mice and humans, with the former having lon-
ger telomere length and higher telomerase activity detected in
somatic cells. The establishment of a role of a primate-specific
miRNA in telomerase expression and its regulation by vitamin
D advances the current understanding about species-specific
telomerase regulation, which is an important issue to be con-
sidered when using rodents in modeling the human aging pro-
cess and related diseases.
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