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Abstract
Background & Aims—Vitamin D protects against colorectal cancer by unclear mechanisms.
We investigated the effects of calcitriol (1α,25-dihydroxyvitamin D3, the active form of vitamin
D) on levels of different microRNAs (miRs) in colorectal cancer (CRC) cells from humans and
xenograft tumors in mice.

Methods—Expression of microRNAs in CRC cell lines was examined using the Ambion
mirVana miRNA Bioarray. The effects of calcitriol on expression of miR-627 and cell
proliferation were determined by real-time PCR and WST-1 assay, respectively; growth of
colorectal xenograft tumors was examined in nude mice. Real-time PCR was used to analyze
levels of miR-627 in human colon adenocarcinoma samples and non-tumor colon mucosa tissues
(controls).

Results—In HT-29 cells, miR-627 was the only microRNA significantly upregulated by
calcitriol. Jumonji domain containing 1A (JMJD1A), which encodes a histone demethylase, was
found to be a target of miR-627. By downregulating JMJD1A, miR-627 increased methylation of
histone H3K9 and suppressed expression of proliferative factors such as GDF15. Calcitriol
induced expression of miR-627, which downregulated JMJD1A and suppressed growth of
xenograft tumors from HCT-116 cells in nude mice. Overexpression of miR-627 prevented
proliferation of CRC cell lines in culture and growth of xenograft tumors in mice. Conversely,
blocking the activity of miR-627 inhibited the tumor suppressive effects of calcitriol in cultured
CRC cells and in mice. Levels of miR-627 were decreased in human colon adenocarcinoma
samples, compared with controls.

Conclusions—miR-627 mediates tumor-suppressive epigenetic activities of vitamin D on CRC
cells and xenograft tumors in mice. The mRNA that encodes the histone demethylase JMJD1A is
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a direct target of miR-627. Reagents designed to target JMJD1A or its mRNA, or increase the
function of miR-627, might have the same antitumor activities of vitamin D without the
hypercalcemic side effects.
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gene regulation; mRNA processing; apoptosis; cancer prevention

Introduction
Low circulating vitamin D levels have been linked to increased risks of cancer by
epidemiologic studies, and preclinical research has demonstrated clear antitumor activities
of vitamin D against various types of cancers 1. For colon cancer, clinical studies have
shown that vitamin D supplementation achieving a level of >82 nM 25(OH)D3 can lower
cancer incidence by 50% 2. Further supporting a role of vitamin D in colon cancer,
epidemiologic studies have demonstrated close relationships between levels of sunlight
exposure 3, 4, serum levels of 25(OH)D3 5–7, vitamin D receptor polymorphisms 8, 9, and
colon cancer. Calcitriol (1α,25(OH)2D3), the active form of vitamin D, has been shown to
inhibit proliferation, induce differentiation, and activate apoptosis in colon cancer cells 1, 10.
However, the mechanism of calcitriol’s antitumor action remains poorly defined and the
hypercalcemic side effect of vitamin D limits its use as an anti-cancer agent. Thus, it is
critical to identify molecular targets of calcitriol in order to design therapy utilizing the
anticancer mechanisms while bypassing its toxic effects.

microRNAs (miRNAs) are small 19–25 nucleotide-long, single-stranded non-coding RNAs
that silence their target genes by inhibiting mRNA translation or causing mRNA
degradation 11. The miRNAs are transcribed by pol II as long pri-miRNAs and processed to
form ~60–70 nucleotide-long pre-miRNAs by Drosha RNase III endonuclease 12. Dicer,
another RNase III endonuclease, further processes the pre-miRNAs and the mature miRNAs
are incorporated into the RNA-induced silencing complex (RISC) to recognize and bind to
target mRNAs. Recent studies have implicated the involvement of miRNAs in many aspects
of cancer development, regulating cell cycle 13, differentiation 14, 15, metabolism 16,
invasion and metastasis 17, as well as apoptosis 18.

Post-translational modification of the histones (acetylation, methylation, phosphorylation,
and ubiquitination) is an important epigenetic mechanism to regulate gene expression.
Histone lysine residues (for example, H3K4, H3K9, H3K27, H4K20, etc) can be mono-, di-,
or trimethylated. While histone methyltransferases catalyze the methylation of histones, the
histone demethylases remove the methylation marks in a site-specific manner 19, 20. In
general, H3K9, H3K27, and H4K20 methylation are associated with repression of gene
expression, while H3K4, H3K36, and H3K79 methylation are associated with active
transcription 21, 22. Two families of histone demethylases have been identified, including the
flavin adenine dinucleotide (FAD)-dependent family and the jumonji C (JmjC) domain
containing family 23. JMJD1A is a member of the JmjC domain containing family and
responsible for demethylation of mono- and dimethylated H3K9 24. Recent studies have
shown that JMJD1A enhances colon cancer growth by acting as a mediator of hypoxia-
inducible transcription factor (HIF) to induce the expression of hypoxia-inducible genes 25.

To explore the role of microRNAs in the action of calcitriol, we examined the miRNA
expression profiles in colon cancer cells treated with calcitriol. We found that calcitriol
selectively induces the expression of miR-627. We further demonstrated that miR-627
targets histone demethylase JMJD1A. Our data suggest that miR-627-mediated JMJD1A
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downregulation is an important intracellular target for calcitriol and mediates epigenetic
activities of calcitriol.

Results
Calcitriol inhibits the proliferation of colon cancer cells

We examined the effects of calcitriol on colon cancer cell growth. As shown in Figure 1A,
calcitriol was effective in suppressing the in vitro proliferation of HT-29 and HCT-116 cells.
To determine the potential mechanism of calcitriol-induced growth suppression, we
analyzed the cell cycle distribution of calcitriol-treated cells. As shown in Figure 1B,
calcitriol slightly increased the percentage of cells in the G1 phase of cell cycle (but not
statistically significant). To determine if calcitriol caused a general slowdown of the cell
cycle, we measured the cell doubling time. After measuring cell numbers at various time
points in control and calcitriol-treated cells, we calculated the cell doubling time using an
online doubling time calculator (http://www.doubling-time.com/compute.php). As shown in
Supplementary Figure 1A, calcitriol increased the cell doubling time by about 3 hours (p <
0.01). We also measured cell cycle progression by a pulse-chase experiment using flow
cytometric analysis, which simultaneously detected bromodeoxyuridine (BrdU) labeling and
DNA content (propidium iodide labeling). After a brief (30 minutes) pulse labeling with
BrdU, the S phase cells (which were labeled with BrdU) were followed as they progressed
through the cell cycle (at 4h, 12h, and 16h after labeling), with the cells entering G2 phase
and subsequently mitosis. At 16 hours after BrdU labeling, most of the BrdU labeled cells
had complete mitosis (G2 and M phases together are usually less than six hours 26) and in
the process of a new cycle (anywhere in the G1, S, or G2 phases). As shown in
Supplementary Figures 1B and 1C, calcitriol caused a slowdown of the cell cycle: more
BrdU-labeled cells were found to lag behind at all three time points among the calcitriol-
treated cells than the control cells. Calcitriol may increase the cell doubling time through
various mechanisms, for example, by acting on the cell cycle regulators. We examined the
effects of calcitriol on the cyclin-dependent kinase inhibitors. As shown in Figure 1C, p15,
p21, and p27 were not induced by calcitriol, while p16 was slightly increased (Figure 1C).
While it was previously reported that calcitriol induced p21 in HCT-116 cells, a
significantly higher dose (1 μM) was used in that study 27. At the lower doses that we used,
induction of p16 may contribute to the effects of growth inhibition of calcitriol.
Furthermore, using annexin V staining assay, we found that calcitriol induced minimal
levels of apoptosis in the cancer cells (Figure 1D).

Calcitriol selectively induces miR-627 expression and miR-627 mediates the antitumor
activity of calcitriol

In order to understand the mechanism of how calcitriol inhibits cancer growth, we explored
the effects of calcitriol on the expression of the microRNAs in colon cancer cells. We
compared microRNA expression profiles in HT-29 cells before and after calcitriol treatment,
using the Ambion mirVana miRNA Bioarray. Among the 471 human miRNAs examined,
miR-627 is the only microRNA whose expression level was significantly increased by
calcitriol (Supplementary Table 1). The upregulation of miR-627 by calcitriol was
confirmed by real-time PCR in HT-29 and HCT-116 cells (Figure 2A). We selected
miR-627 to further study its role in the antitumor activity of calcitriol. MiR-627 is one of the
miRNAs identified in a recent genome-wide miRNA expression study in colon cancer
cells 28. To date, there are no studies on the function of miR-627 reported. To determine the
effects of miR-627 on cancer proliferation, we transfected synthetic miR-627 mimic into
HCT-116 cells. As shown in Figure 2B, miR-627 significantly inhibited cancer cell growth
while the negative control miRNA had no effects. Thus, miR-627 may mediate the anti-
proliferative activity of calcitriol. To further test this hypothesis, we overexpressed a cDNA

Padi et al. Page 3

Gastroenterology. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.doubling-time.com/compute.php


fragment containing a miR-627 target sequence (part of the 3′UTR of JMJD1A gene, see
text below) in HCT-116 cells. The overexpressed mRNA containing the miR-627 target
sequence (driven by a strong CMV promoter) served as a “sponge” to sequester and block
the activity of miR-627. We employed this miRNA sponge strategy 29, 30 to create HCT-116
cell lines stably expressing the 3′UTR-derived miR-627 sponge for in vitro and long term in
vivo (see text below) studies. When miR-627 was blocked by the sponge, calcitriol failed to
suppress the growth of HCT-116 cells (Figure 2C), indicating that induction of miR-627 is
critical to the action of calcitriol. In contrast, when the miR-627 binding site was mutated
and the sponge did not block miR-627, calcitriol was still able to suppress cancer cell
proliferation (Figure 2C). To determine if the vitamin D receptor VDR is required for the
activation of miR-627 expression, we examined the effects of calcitriol in SW620 cells, a
colon cancer cell line that expresses extremely low level of VDR (undetectable by Northern
Blot) 31. As shown in Figure 2D, calcitriol induced miR-627 expression at a level relatively
lower than that in HT-29 or HCT-116 cells (comparing to Figure 2A). However, after
transfection of SW620 cells with a plasmid to overexpress full length VDR, calcitriol
induced miR-627 expression to a level similar to that in HT-29 or HCT-116 cells (Figure
2D).

miR-627 Targets JMJD1A
Using the computational methods available at www.microrna.org and miRBase (http://
microrna.sanger.ac.uk/), we identified JMJD1A as a potential target for miR-627. The
mirSVR score 32 (available at microrna.org) of JMJD1A was relatively high (−1.17). There
are about 400 mRNA targets having mirSVR scores similar or higher than that of JMJD1A.
We selected JMJD1A for further study because of its known involvement in promoting
colon cancer growth (as discussed below). JMJD1A is an iron- and 2-oxoglutarate-
dependent dioxygenase which catalyzes the demethylation of mono- and dimethylated
H3K9 24. JMJD1A has recently been shown to promote colon cancer growth by mediating
the effects of HIF-1α 25. The growth-promoting activity of JMJD1A makes it an interesting
target for miR-627. The JMJD1A mRNA contains a 3′UTR sequence that is partially
complementary to miR-627 (Figure 3A). When a cDNA fragment containing the 3′UTR
sequence of JMJD1A was inserted downstream of the GFP gene in the pEGFP-C1 plasmid
and the plasmid was transfected into HCT-116 cells together with pcDNA6.2-GW-miR-627
(to overexpress miR-627), GFP expression was reduced comparing with cells transfected
with pEGFP-JMJD1A-3′UTR and pcDNA6.2-GW-negative-control plasmids (Figure 3B,
left). The action of the miR-627 was dependent on the miRNA binding site within the
JMJD1A 3′UTR, since GFP expression was reduced to a much lesser degree by the miRNA
when the binding site was mutated (Figure 3B, right). To further confirm that miR-627
targets JMJD1A, we overexpressed miR-627 in HCT-116 cells using the pcDNA6.2-GW-
miR-627 vector. Overexpression of miR-627 decreased JMJD1A protein in the cells (Figure
3C). If miR-627 targets JMJD1A, then calcitriol should decrease JMJD1A since it induces
miR-627. Indeed, treatment with calcitriol decreased JMJD1A protein levels in a dose
dependent manner in HT-29 and HCT-116 cells (Figure 3D). Conversely, transfection of
HCT-116 cells with an LNA-modified synthetic inhibitor anti-miR-627 effectively blocked
calcitriol-induced miR-627 and the decrease of JMJD1A (Figure 3E). Since JMJD1A
demethylates both di- or mono-methylated histone H3 lysine 9 (which are associated with
repressed gene promoters), by decreasing JMJD1A, calcitriol may increase H3K9
methylation on the promoters of JMJD1A target genes, such as GDF15 25. To determine the
effects of calcitriol on histone methylation, we performed chromatin immunoprecipitation
(ChIP) assay on the promoter region of the GDF15 gene. Calcitriol induced a significant
increase of H3K9me2 on the promoter of GDF15 (Figure 3F). As a result, GDF15 mRNA
expression was suppressed by calcitriol (Figure 3F). We also determined the effects of
calcitriol on two additional histone methylation markers. As shown in Supplementary Figure
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2A, calcitriol increased histone H3K27 methylation and decreased histone H3K4
methylation on the promoter of GDF15. Since H3K27 methylation is associated with
repression of gene expression and H3K4 methylation is associated with active
transcription 21, 22, the observed changes in these two markers may collectively influence
GDF15 expression. It has been shown recently that JMJD1A promotes cell cycle
progression through the G1/S transition by activating HOXA1 and CCND1 (encoding cyclin
D1) expression 33. Using real-time PCR, we found that these JMJD1A target genes were
also downregulated by calcitriol (Supplementary Figure 2B). To further determine the role
of miR-627 suppression of JMJD1A in colon cancer growth, we specifically knocked down
JMJD1A using siRNA. As shown in Supplementary Figure 3A, siRNA knockdown of
JMJD1A significantly inhibited the proliferation of the HCT-116 cells. On the other hand,
when we overexpressed JMJD1A in the HCT-116 cells, we found that cell proliferation was
stimulated. More importantly, the suppressive effect of miR-627 on cell proliferation was
abolished by JMJD1A overexpression (Supplementary Figure 3B).

miR-627 is Induced by Calcitriol in vivo and Mediates the Antitumor Activity of Calcitriol
To determine if calcitriol induces miR-627 expression in vivo, we established human colon
cancer xenografts in nude mice and treated the mice with calcitriol. As shown in Figures 4A
and 4B, calcitriol induced miR-627 expression in vivo in the tumor xenografts while the
level of JMJD1A was decreased. At the dose of 0.4 μg (which does not induce
hypercalcemia in mice 34), calcitriol suppressed tumor growth in the nude mice, without
inducing significant toxicity (measured by the loss of body weight), as shown in Figures 4C.
We did not observe any symptoms of toxicity (lethargy, decreased feeding, etc). We blocked
the activity of miR-627 by overexpressing the JMJD1A 3′UTR sponge which can sequester
miR-627, thus calcitriol was no longer able to decrease JMJD1A (Supplementary Figure 4).
As shown in Figure 4D, calcitriol failed to suppress tumor growth in the nude mice when
miR-627 was blocked by the sponge. In contrast, when the miR-627 binding site within the
3′UTR sequence was mutated, calcitriol was still able to decrease JMJD1A (Supplementary
Figure 4) and suppress tumor growth in nude mice (Figure 4E).

miR-627 Suppresses in vivo Colon Cancer Growth
To determine the effects of miR-627 on in vivo tumor growth, we established HCT-116 cell
lines stably expressing negative control miRNA or miR-627. After transplanted into nude
mice as xenografts, tumors stably expressing miR-627 exhibited significantly slower growth
compared to tumors expressing the negative control miRNA (Figure 5A). There was no
significant change in body weight among the two groups of mice (Figure 5B).

miR-627 Expression is Decreased in Human Colon Cancer
To determine the expression levels of miR-627 in human colon cancers, we analyzed RNA
samples isolated from human colon adenocarcinoma specimens as well as non-tumor colon
mucosa tissues (Supplementary Table 2). As shown in Figure 6, miR-627 levels in the tumor
specimens were significantly lower than those in the normal tissues (Student’s t-test). Using
Pearson’s correlation coefficient test, we found no association between miR-627 expression
levels and tumor stages (r= −0.277, p=0.133) or nodal metastases (r=0.181, p=0.236). There
was also no correlation between miR-627 expression and tumor grade of differentiation or
tumor sites (left or right colon). It is possible that miR-627 expression is decreased during
the early stage of carcinogenesis in the colon.

Discussion
MicroRNAs have been indicated to play important roles in the regulation of cancer cell
functions including differentiation, proliferation, apoptosis, and metastasis 35, 36. In this
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study, we have demonstrated that miR-627 contributes to the anticancer activities of
calcitriol in colon cancer by targeting histone demethylase JMJD1A. Through miR-627,
calcitriol induces histone methylation and suppresses the expression of growth-promoting
genes such as GDF15. Other JMJD1A target genes (such as HOXA1, ADM, and EDN125)
may also be downregulated and together contribute to tumor suppression by calcitriol. In the
meantime, 3 miRNAs are increased by about 30% by calcitriol and 28 miRNAs are down-
regulated by calcitriol by 17% to 63% (Supplementary Table 1). These miRNAs may also
contribute to the antitumor activities of calcitriol by either down-regulating oncogenes or
up-regulating tumor suppressors. Thus, our data have established a novel epigenetic
mechanism of action of vitamin D in colon cancer (as summarized in a model shown in
Supplementary Figure 5). This study has also identified miR-627 and JMJD1A as novel
targets for the effective treatment of colon cancer.

A recent study involving 2690 participants has demonstrated that the circulating vitamin D
concentration is inversely associated with the risk of colon and rectal cancer 37. Our data
showed that miR-627 expression is lower in colon cancer specimens than that in the normal
colon tissues. Thus, lower blood levels of vitamin D may cause the decrease of miR-627
expression, which may serve as an important mechanism to promote colon cancer growth.
At present, we do not know how vitamin D up-regulates miR-627. The miR-627 gene is
located on chromosome 15. Vitamin D could induce miR-627 expression directly through
the VDR-RXR trans-activating effect on a cis-acting element in the miR-627 promoter (to
be identified). Alternatively, vitamin D could act indirectly on some other up-stream
regulator(s) of miR-627 transcription, such as the transcription factors that control miR-627
expression. Vitamin D could also affect the processing steps in miR-627 biogenesis (Drosha
and Dicer enzymes, etc.). Finally, vitamin D could raise miR-627 levels by increasing its
stability.

It has been shown that JMJD1A expression is induced by HIF-1α and JMJD1A enhances
hypoxic gene expression to promote tumor growth 25. By targeting JMJD1A, miR-627 may
mediate the activity of vitamin D to work against HIF-1α, which is a key factor in
promoting tumor growth and survival 38. In the in vivo growth experiments (Figure 5), we
observed that the tumors expressing miR-627 grew initially but the growth slowed down
significantly after reaching certain sizes. Some tumors even regressed during later days of
the experiments. As the tumor growes larger, the center core is subjected to hypoxia and
HIF-1α expression is increased to promote angiogenesis, growth, survival, metastasis, and
to regulate anaerobic glucose metabolism 39. Several hundred genes are induced in hypoxia
and the massive transcriptional reorganization may be the result of actions of the histone
modifying enzymes such as JMJD1A. By inducing miR-627 to decrease JMJD1A, vitamin
D might counteract HIF-1α and cause the collapse of tumor growth in hypoxia.

Our data indicate that induction of miR-627 expression may serve as an important
mechanism of vitamin D in suppression of colon cancer growth. Strategies to deliver
miR-627 or directly inhibit JMJD1A may prove to be effective against colon cancer without
eliciting hypercalcemia.

Materials and Methods
Cells and Transfection

The cell lines HT-29, HCT-116, and SW620 were purchased from American Type Culture
Collection. HCT-116 and SW620 cells were cultured in RPMI1640 media containing 10%
fetal bovine serum (FBS). HT-29 cells were cultured in Dulbecco’s Modified Eagle Medium
containing 10% FBS. For transient transfection, plasmids were transfected into cells using
LipofectamineTMPlus Reagent (Invitrogen) following the manufacturer’s protocol. miRNA
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mimics and inhibitors were transfected into cells using X-treme GENE siRNA transfection
reagent (Roche) following the manufacturer’s protocol.

Plasmids Construction, siRNA, miRNA Mimics and Inhibitors
The 3′UTR cDNA fragment and the full-length cDNA of JMJD1A gene and full-length
VDR gene were obtained by PCR using EST clones as templates. The PCR primers for the
JMJD1A 3′UTR amplified a 120 bp sequence containing the miR-627 target site (Forward:
TCTCCCTGCACATTGGAAAT; Reverse: CTCACAAGTTGGGTACAGTT). The 3′UTR
cDNA was inserted into pEGFP-C1 plasmid at the 3′ end of the EGFP cDNA (Xho I and
EcoR I). The pEGFP-C1-3′UTR plasmid containing a mutation within the miR-627
recognition site (ATTC to TGAG mutation within JMJD1A 3′UTR) was created by PCR
using the QuickChange II site-directed mutagenesis kit (Stratagene), following the supplied
protocol. For the miR-627 sponge experiments, the 3′UTR cDNA was also inserted into
pRNAT-CMV3.2/Puro plasmid (BamH I and Xho I) to create pRNAT-CMV3.2/
Puro-3′UTR for stable transfection into HCT-116 cells. The pRNAT-CMV3.2/
Puro-3′UTR-mut containing mutation within the miR-627 recognition site (ATTC to
TGAG) in the 3′UTR was created by PCR using the QuickChange II site-directed
mutagenesis kit (Stratagene). The VDR cDNA was cloned into the pCEP4-Flag vector to
express VDR as a Flag-tagged protein. To construct miRNA expression vectors, double
strand oligoes containing pre-miR-627 were cloned into pcDNA6.2-GW/EmGFP-miR
plasmid (Invitrogen) by directional cloning. For co-transfection of pEGFP-C1-3′UTR and
miRNA expression vectors, EmGFP was removed using Dra I digestion to create
pcDNA6.2-GW-miR-627. Negative control and JMJD1A siRNAs were purchased from
Ambion (# s31588). miRCURY LNA anti-miR-627 inhibitor and negative control inhibitor
were purchased from Exiqon. Synthetic miRNA mimics (Pre-miR™ miRNA Precursors) for
miRNA-627 (# AM17100) and negative control miR-NC (# AM17110) were purchased
from Ambion.

Western Blot Analysis
Cells were lysed in RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS in
PBS). Complete protease inhibitor cocktail (Roche) was added to lysis buffer before use.
Protein concentration was determined by Bio-Rad DC protein assay (Bio-Rad). Protein
samples were subjected to SDS-PAGE and transferred to nitrocellulose membrane. The
membrane was blocked in 5% non-fat milk in PBS overnight and incubated with primary
antibody and subsequently with appropriate horse radish peroxidase-conjugated secondary
antibody. Signals were developed with ECL reagents (Pierce) and exposure to X-ray films.
Anti-JMJD1A polyclonal antibody was kindly provided by Dr. Doug Demetrick at
University of Calgary. Anti-β-tubulin anti-GFP antibodies were purchased from Santa Cruz
Biotechnology. Anti-p15, p16, p21, and p-27 antibodies were purchased from Cell Signaling
Technology. Anti-Flag antibody was purchased from Sigma. Image digitization and
quantification were done with UN-SCAN-IT software from Silk Scientific.

Real-time PCR
The miRNA expression was measure by real-time PCR using TaqMan® MicroRNA assay
(Cat # RT1560 for miR-627) from Applied Biosystems (Foster city, CA). Total RNA was
isolated from cells using mirVana™ miRNA Isolation Kit (Ambion). 5 μg of total RNA was
used in reverse transcription reaction. The cDNAs were used as templates to perform PCR
on an Applied Biosystems 7500 Real-time PCR System following the manufacturer’s
protocol. Relative miRNA expression levels were calculated using 18S RNA as reference.
GDF15, CCND1, and HOXA1 mRNA expressions were measured by real-time PCR using
the TaqMan® Gene Expression assay (Cat # Hs00171132_m1, Hs0076555_m1,
Hs00939046_m1, respectively).
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miRNA Expression Profiling
Total RNAs were isolated from HT-29 cells using the mirVana™ miRNA Isolation Kit
(Ambion). miRNAs were further concentrated with the flashPAGE™ Fractionator System
(Ambion). The miRNAs from control or calcitriol-treated HT-29 cells were labeled with the
mirVana miRNA Labeling Kit (Ambion) with Cy3 or Cy5 Post Labeling Reactive Dye
(Amersham Biosciences), respectively. The probes were then hybridized to the mirVana
miRNA Bioarrays (Ambion) overnight. The array slides were scanned with an Aron 4000B
Genepix Microarray Scanner and analyzed with the Genepix software.

Chromatin Immunoprecipitation Assay
HCT-116 cells were treated with 500 nM calcitriol for 48 hours. ChIP assay was performed
using the ChIP assay kit from Millipore (Billerica, MA), following the supplied protocol.
Immunoprecipitations were performed using anti-H3K9me2, anti-H3K4me3, anti-
H3K27me2/3 (Cell Signaling Technology, Danvers, MA) or control IgG antibodies. PCR
was performed with the primers designed from the sequences of the GDF15 promoter (5′-
CTGTCTCTGGCCGAGGCG AG-3′ and 5′-
CACTTACCTTCTGGCGTGAGTATCCGG-3′), covering a ~200 bp fragment that is
approximately 100 bp downstream of the transcription start sites of GDF15 gene.

Tumor Xenografts in Nude Mice
Six to eight weeks old female nude mice (Nu/Nu) were purchased from Charles River
(Wilmington, MA). The mice were maintained in sterile conditions using the Innovive IVC
System from Innovive (San Diego, CA), following the protocol approved by the Institutional
Animal Care and Use Committee of North Dakota State University. Tumor xenografts were
established by subcutaneous injection of 2×106 cancer cells in the flank area of the mice.
Calcitriol and DMSO (as control) were administered by i.p. injection. Two axes of the tumor
(L, longest axis; W, shortest axis) were measured with a caliper. Tumor volume was
calculated as: V = L × W2/2.

Human Colon Cancer Specimens
Total RNAs isolated from human colon adenocarcinomas and non-tumor colon mucosa
tissues were obtained from Department of Pathology, Roswell Park Cancer Institute, and
approved by the Institutional Review Board. All RNA samples were isolated using Trizol
and checked for RIN on Bioanalyzer.

Statistical Analysis
Differences between the mean values were analyzed for significance using the unpaired two-
tailed Student’s t-test for independent samples. Correlation significance was assessed using
Pearson’s correlation coefficient test. P 0.05 was considered to be statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

miRNA microRNA

3′UTR 3′ untranslated region

Calcitriol 1α,25-dihydroxyvitamin D3

JMJD1A jumonji domain containing 1A

GDF15 growth and differentiation factor 15

H3K9me2 dimethylated lysine 9 of histone H3

GFP green fluorescent protein
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Figure 1.
Calcitriol inhibits the in vitro growth of colon cancer cells. (A) HT-29 and HCT-116 cells
were treated with various doses of calcitriol for 48h and in vitro cell growth was analyzed
using WST-1 assay as described in Materials and Methods. (B) HCT-116 cells were treated
with 500 nM calcitriol for 48h and cell cycle distribution was analyzed by flow cytometry.
The experiment was repeated three times; representative results of three independent
experiments were shown. The percentages of cells in each phase of cell cycle (mean ± S.D.)
are: Control: G1 (60.6 ± 3.2), S (14.5 ± 0.4), G2 (22.5 ± 1.9); Calcitriol: G1 (65.0 ± 2.7), S
(12.8 ± 0.4), G2 (21.2 ± 2.0). (C) HCT-116 cells were treated with various doses of calcitriol
for 48h and the expression of cell cycle regulatory proteins was analyzed by western blots.
The experiment was repeated three times. Representative images of three independent
experiments were shown. (D) HCT-116 cells were treated with 500 nM of calcitriol for 48
hours, apoptosis was determined by annexin V staining and flow cytometry. The
experiments have been repeated three times, representative results of three independent
experiments were shown. Data shown are mean values + SD (*p<0.05, **p<0.01,
***p<0.001).
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Figure 2.
Calcitriol induces miR-627 expression in colon cancer cells. (A) HT-29 cells and HCT-116
cells were treated with 100 nM calcitriol for 24h and total RNA was isolated from the cells
and real-time PCR analysis was performed as described in Materials and Methods. (B)
HCT-116 cells were transfected with 100 nM negative control miRNA or miR-627 mimic.
Cell growth was determined at various time points after transfection by WST-1 assay. (C)
HCT-116 cells stably expressing the JMJD1A 3′UTR sponge (to block miR-627) or the
JMJD1A 3′UTR sponge with miR-627 binding site mutation (ATTC to TGAG) were treated
with various doses of calcitriol for 48h and in vitro cell growth was analyzed using WST-1
assay. (D) Untransfected or pCEP4-Flag-VDR transfected SW620 cells were treated with
100 nM calcitriol for 24 hours, total RNA was isolated and real-time PCR analysis was
performed. All of the above experiments have been repeated three times, data shown are
mean values + S.D. (*p<0.05, **p<0.01, ***p<0.001).
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Figure 3.
miR-627 targets JMJD1A. (A) Predicted duplex formation between human JMJD1A 3′UTR
and miR-627. (B) HCT-116 cells were transfected with GFP-JMJD1A 3′UTR (left) or GFP-
JMJD1A 3′UTR-mut (right) plasmids together with plasmids expressing miR-627 or a
negative control miRNA. Western blotting was performed with anti-GFP and anti-tubulin
antibodies. Relative protein levels were quantified and shown under the gel. The experiment
was repeated three times. The mean protein levels ± S.D. are: left panel, NC (1.0 ± 0),
miR-627 (0.375 ± 0.007); right panel, NC (1.0 ± 0), miR-627 (0.83 ± 0.09). (C) HCT-116
cells were transfected with pcDNA6.2-GW/EmGFP-miR-negative control or pcDNA6.2-
GW/EmGFP-miR627 plasmids. 48 hours after transfection, cell lysates were analyzed by
western blots with the indicated antibodies. The experiment was repeated three times. The
mean protein levels ± S.D. are: NC (1.0 ± 0), miR-627 (0.26 ± 0.13). (D) HT-29 and
HCT-116 cells were treated with various doses of calcitriol for 48h, and western blots were
done using the indicated antibodies. Relative protein levels were quantified and shown under
the gel. The experiment was repeated three times. (E) HCT-116 cells were transfected with
100 nM LNA-modified miRNA inhibitor specific to miR-627 or the negative control
inhibitor, and treated with 500 nM calcitriol for 48h. Total RNA and cell lysates were
analyzed by real-time PCR for miR-627 and western blots with the indicated antibodies. The
experiment was repeated three times. The mean protein levels ± S.D. are: left panel, Ctr (1.0
± 0), Calcitriol (0.33 ± 0.08); right panel, Ctr (1.0 ± 0), Calcitriol (1.07 ± 0.17). (F)
HCT-116 cells were treated with 500 nM calcitriol for 48 hours. ChIP assay was performed
as described in Materials and Methods, using primers specific for the GDF15 promoter and
the indicated antibodies. Total RNA was isolated and analyzed for GDF15 expression by
real-time PCR. The experiment was repeated three times. Representative images of three
independent experiments were shown.
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Figure 4.
Calcitriol induces miR-627 expression in tumor xenografts and miR-627 mediates the
antitumor activity of calcitriol. (A and B) Nude mice bearing HT-29 xenografts were treated
with calcitriol at i.p. doses of 0.1 and 0.4 μg daily for two days. Tumor samples were
collected 24h after the second dose and analyzed by real-time PCR (A) and western blotting
(B) with the indicated antibodies. The experiments have been repeated three times, data
shown are mean values + SD (**p<0.01). (C) Nude mice bearing HT-29 (n=9 per group)
xenografts were treated with calcitriol (i.p. doses of 0.4 μg, seven times as indicated by
arrows). The same volume of DMSO was administered to the control groups at the same
schedule. Tumor volumes and body weights were measured as described in Materials and
Methods. (D) Nude mice bearing HCT-116-3′UTR xenografts (transfected with pRNAT-
CMV3.2/Puro-3′UTR to stably express the JMJD1A 3′UTR sponge to block miR-627)
were treated with calcitriol (i.p. doses of 0.4 μg, seven times as indicated by arrows, the
same schedule as that in (C) or DMSO for the control groups, (n=5 per group). Tumor
volumes were measured. (E) Nude mice bearing HCT-116-3′UTR-mut xenografts
(transfected with pRNAT-CMV3.2/Puro-3′UTR-mut to stably express the JMJD1A 3′UTR
sponge with the miR-627 binding site mutated) were treated with calcitriol or DMSO for the
control group (n=7 per group) as described in (D). Tumor volumes were measured at
indicated time points.

Padi et al. Page 14

Gastroenterology. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
MiR-627 suppresses in vivo tumor growth. HCT-116 cell lines stably expressing miR-627 or
negative control miRNA were established and miR-627 expression was confirmed by real-
time PCR. Negative control miRNA (provided by Invitrogen, does not target any known
vertebrate gene) or miR-627 expressing cells were transplanted into nude mice to establish
tumor xenografts (five mice per group). Tumor volumes and body weights were measured,
(**p<0.01).
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Figure 6.
Expression of miR-627 in human colon cancer specimens. (A) Total RNA samples isolated
from 18 human colon adenocarcinomas and 6 non-tumor colon mucosa were analyzed for
miR-627 expression by real-time PCR. Statistical analysis was done with unpaired two-
tailed Student’s t-test. (B) The relative miR-627 levels in individual samples were shown
compared to one of the normal colon mucosa tissue.
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