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Abstract
When bound to the vitamin D receptor (VDR), the active form of vitamin D, 1,25-
dihydroxyvitamin D (1,25D ) is a potent regulator of osteoblast transcription. Less clear is the
impact of 1,25D on post-transcriptional events in osteoblasts, such as the generation and action of
microRNAs (miRNAs). Microarray analysis using replicate (n = 3) primary cultures of human
osteoblasts (HOB) identified human miRNAs that were differentially regulated by > 1.5-fold
following treatment with 1,25D (10nM, 6 hrs), which included miRNAs 637 and 1228. RT-PCR
analyses showed that the host gene for miR-1228, low density lipoprotein receptor-related protein
1 (LRP1), was co-induced with miR-1228 in a dose-dependent fashion following treatment with
1,25D (0.1 – 10nM, 6hrs). By contrast, the endogenous host gene for miR-637, death-associated
protein kinase 3 (DAPK3), was transcriptionally repressed by following treatment with 1,25D.
Analysis of two potential targets for miR-637 and miR-1228 in HOB, type IV collagen (COL4A1)
and bone morphogenic protein 2 kinase (BMP2K) respectively, showed that 1,25D-mediates
suppression of these targets via distinct mechanisms. In the case of miR-637, suppression of
COL4A1 appears to occur via decreased levels of COL4A1 mRNA. By contrast, suppression of
BMP2K by miR-1228 appears to occur by inhibition of protein translation. In mature HOBs,
siRNA inactivation of miR-1228 alone was sufficient to abrogate 1,25D-mediated down
regulation of BMP2K protein expression. This was associated with suppression of pro-
differentiation responses to 1,25D in HOB, as represented by parallel decrease in osteocalcin and
alkaline phosphatase expression. These data show for the first time that the effects of 1,25D on
human bone cells are not restricted to classical VDR-mediated transcriptional responses but also
involve miRNA-directed post-transcriptional mechanisms.

Introduction
Integrated transcriptome and proteome analyses based on new methods for more accurate
comparisons indicate that only 40–45% of the transcriptome is actually translated (1–3).
This discordance occurs as a consequence of the abundance of noncoding RNA produced,
and because mRNA is subject to multi-level, post-transcriptional regulation. These events
are largely mediated by regulatory networks established by RNA-binding proteins and RNA
species such as small non-coding microRNAs (miRNAs), that orchestrate the concerted
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production of complex post-transcriptional gene expression networks within specialized
cells such as bone-forming osteoblasts (4). Single stranded mature miRNAs are known to
regulate the post-transcriptional expression of genes by at least two mechanisms: 1)
degradation and gene silencing of target mRNA transcripts, and 2) repression of mRNA
translation via (partial) complementary base-pair binding with retainment of the RNA
silencing complex (reviewed in (5)). As a single miRNA may target several genes, this is a
very efficient mechanism for influencing biological responses. More than 1700 human
miRNAs have been identified so far, targeting approximately 40–60% of genes in many cell
types (6), but the functions and target genes for most of these miRNAs are still unknown.

Recent data from animal and cellular models suggest that miRNAs play a critical role in
skeletal development, osteoclast function, osteogenic lineage progression, adipose tissue-
derived stem cell development, and mesenchymal precursor and osteoblastic differentiation
under both normal and disease conditions (7). The active form of vitamin D, 1,25-
dihydroxyvitamin D (1,25D) also plays a pivotal in bone homeostasis. However, whilst there
are extensive data concerning transcriptional regulation by 1,25D and its cognate nuclear
vitamin D receptor (VDR) (8), relatively little is known about the interaction between 1,25D
and miRNAs in bone cells. Studies using various non-skeletal neoplastic cells have reported
induction of miRNAs by 1,25D (9,10), whilst also describing effects of miRNAs on VDR
expression (11) and 1,25D signaling (12). In other cells miRNAs have been shown to target
enzymes associated with the synthesis (13) and catabolism (11) of 1,25D. With this in mind,
the aim of the current study was identify miRNAs in primary human osteoblasts (HOBs)
that are induced or suppressed by 1,25D, and to assess the effects of 1,25D-mediated
miRNA induction on osteoblastic phenotype and function.

Materials and Methods
Reagents and cell culture

Crystalline 1,25D (Biomol, Plymouth Meeting, PA USA) was reconstituted in absolute
ethanol. Cells were maintained at 37°C in a 95% air/5% CO2 atmosphere until 80–90%
confluent and then passaged. Primary HOBs and media were purchased from PromoCell
GmbH (C-12720; Heidelberg, Germany) and supplemented (10%) with osteoblast growth
(C-27001) and mineralization (C-27020) medium when specified. These cells were obtained
from a single donor and stored at −80°C at passage 3. Individual aliquots of these cells were
thawed and used for separate experiments to provide replicate analyses. HOB passage 8
cells were used in miRNA profiling using technical triplicates. For biological replication and
target validation additional normal HOBs were obtained from hipbone biopsies from the
UCLA Pediatric Bone Clinic. Human MG-63 osteosarcoma cells (ATCC, Manassas, VA
USA) were cultured in a similar manner. For assays, cells were treated with 0–100nM 1,25D
incubated with low supplements (1%) in 12-well plates. Three treatment conditions (each
n=3) were analyzed per experiment. Ficoll-isolated peripheral blood mononuclear cells
(PBMCs) derived from anonymous healthy donors were obtained from the UCLA Center for
AIDS Research Virology Core/BSL3 Facility. Monocytes were enriched by adherence by
incubating 5×106 PBMCs per well in 12-well plates for 2 hrs in RPMI (Invitrogen, Carlsbad,
CA USA) with 10% FBS. Adherent monocytes were then washed and cultured overnight in
RPMI with 10% FBS. Cells were then washed and treated with 1,25D in 1% FBS.

miRNA reagents, assays and sequences
Total RNA was purified using the mirVana™ miRNA Isolation Kit (ABI, Carlsbad, CA
USA). For miRNA profiling, we utilized the 5th generation (human, mouse, rat) miRCURY
LNA™ microRNA Array Kit (Exiqon Inc., Woburn, MA USA). Total RNA recovered from
three independent experiments were quality checked using 1% formaldehyde-agarose gel
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electrophoresis and an Agilent bioanalyzer, and the microarrays were processed (i.e.
samples labeled, arrays hybridized, washed and scanned) by the UCLA Clinical Microarray
Core facility (http://www.pathology.ucla.edu/cmc). The 5th generation array contains
approximately 1891 capture probes, covering all human, mouse and rat microRNAs
annotated in miRBase 14.0, as well as all viral microRNAs particular to these species. In
addition, this array contains capture probes for 385 new miRPlus™ human microRNA.
TaqMan® MicroRNA Assays (U6 snRNA 001973; miR-1228, 002919; ABI) were
optimized using 50ng of total RNA with the TaqMan MicroRNA Reverse Transcription Kit
(ABI) following the manufacturer’s protocol. For miRNA detection, the PCR conditions
were: 95°C (10min), 40 cycles 95°C (15sec; denature) and 60°C (1min; anneal/extend), and
measured in quadruplicate. Relative miR-1228 levels were obtained by normalizing to U6
snRNA. Both negative control A (199020-04) and miR-1228 (426683-04) FAM-labeled
miRCURY LNA™ microRNA enhanced power inhibitors were purchased from Exiqon and
stored as 50μM frozen aliquots. Transfection of inhibitors was performed using the
siPORT™ NeoFX™ reagent (ABI) in 12-well (50 pmole) or 6-well (75–150 pmole) tissue
culture plates (Corning® Costar®; Sigma Aldrich, St. Louis, MO USA) following the
manufacturer’s protocol. Sequences were obtained from the mirbase.org registry:
MI0006318 (miR-1228 stem loop), MIMAT0005582 (miR-1228* degraded mature strand),
MIMAT0005583 (miR-1228-3p more abundant mature strand, performed target scan),
MI0003652 (miR-637 stem loop), MIMAT0003307 (miR-637-3p mature strand, performed
target scan).

Cell fractionation, Western blot analysis and fluorescence imaging
Treated cells were harvested and washed with ice-cold PBS. Cell lysates were prepared in
RIPA buffer (Sigma Aldrich) with 1X ProteoBlock protease inhibitor cocktail (Fermentas,
Glen Burnie, MD USA) and 1mM PMSF. Whole cell lysates (20μg) were separated by
SDS-PAGE. Human reactive mouse monoclonal antibody to BMP2K (ab55048; Abcam
Inc., Cambridge, MA USA) was used at a 1:1000 dilution. Anti-human β-actin antibody
(sc-81178; Santa Cruz Biotechnology, Santa Cruz, CA USA) was used to monitor loading.
I-Block™ blocking reagent (ABI) was used during incubation steps. Transfection efficiency
of the power LNA inhibitors was monitored using a Nikon Ti Eclipse inverted microscope
(Nikon Instruments, Melville, NY USA).

mRNA quantitative real-time PCR (qPCR) analysis
cDNA was synthesized from 200ng total RNA by SuperScript Reverse Transcriptase III
(Invitrogen) utilizing random hexamers. qPCR analysis was performed with a Stratagene
MX-3005P instrument utilizing TaqMan® system reagents from ABI (Table S1). Target
genes were normalized to 18S rRNA expression. All cDNAs were amplified under the
following conditions: 50°C for 2 min; 95°C for 10 min followed by 40 cycles of 95°C for 15
sec and 60°C for 1 min. All reactions were performed in triplicate. Data presented as
comparable arbitrary expression units.

Chromatin immunoprecipitation (ChIP) analyses
Four HOB/ChIP conditions were prepared: 1) IgG/15 min vehicle (ethanol), 2) IgG/15 min
10nM 1,25D3, 3) VDR/15 min vehicle, and 4) VDR/15 min 10nM 1,25D3. Formaldehyde-
cross-linked chromatin samples were processed in 1% SDS cell lysis buffer and sonicated to
yield fragmented chromatin. Samples were incubated with 10μg of anti-VDR antibody
(sc-1008x; Santa Cruz Biotech, CA USA) and IgG (sc-2027). qPCR was performed with
primers flanking putative vitamin D response element (VDRE) consensus sequences in the
regulatory region of hsa-miR-637 (see Table S2). Primers used were: miR-637-VDRE
cgttttccactcctgtcctc (forward) and atcatccctggggttttgag (reverse), and CYP24A1
cgaagcacacccggtgaact (forward) and ccaatgagcacgcagaggag (reverse); and VDRE non-

Lisse et al. Page 3

J Bone Miner Res. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.pathology.ucla.edu/cmc


specific hu-calponin agctaagagaagggcggaac (forward) and catctgcggaaagggtatgt (reverse),
and hu-TRPV6 tgatgtccaggccctgaacaagt (forward) and gctccggggcagcctccatcagc (reverse).
The amplified product was normalized to input DNA content and IgG immunoprecipitated
samples, and presented as fold enrichment after vehicle or vitamin D treatments in
duplication.

In silico nuclear receptor site prediction
For general nuclear receptor target prediction we used the program NubiScan
(www.nubiscan.unibas.ch). Sequences were analyzed using the general weighted matrix for
nuclear receptor halfsites (including the VDR canonical halfsites), whereby direct-repeat 3
sites were acquisitioned. For the search parameter, an automatic scan with a raw score
threshold of 0.5 was used, where the optimal match would have a raw score of 1.

Multiple miRNA array analysis, target site prediction and functional clustering
Multiple sample analysis to normalize, data adjust, statistically test and cluster was
performed with the TM4 microarray software suite (www.tm4.org). For normalization of
raw data, we utilized the locally weighted regression method to account for system-related
variations in individual array signal intensities to rescale and reveal biological variations
using the Midas software. Statistical Analysis of Microarrays (SAM) was performed using
TIGR MeV running a two class unpaired analysis with arrays sorted into two groups. For
hierarchal cluster analysis, we performed average linkage and Euclidean distance metric
methods, and the plots were generated using the MeV software. P-values were computed
from the theoretical t-distribution. miRNAs with P-values below a critical 0.05 value were
selected for cluster analysis. We used three well-established miRNA target-prediction
software: miRanda (14), TargetScan (15), and DIANA-MICROT (16) to predict bone-
related targets for the human miRNAs. For miRanda, predictions were ranked based on the
predicted efficacy of targeting as calculated using the mirSVR score (i.e. based on site-type,
3′ pairing, local AU, length of UTR and position contributions) of the sites. mirSVR is a
regression model that computes a weighted sum of a number of sequence and context
features of the predicted miRNA::mRNA duplex, and the scores can be interpreted as an
empirical probability of down regulation. The DAVID Gene Functional Classification tool
was utilized to determine functional clusters of the miRNA targets (17).

Results
1,25D-dependent miRNA expression in primary human osteoblasts

Cultures of primary HOBs at passage (P) 8 were treated with vehicle or 1,25D (10 nM) for 6
hrs, and RNA from these cells was then used for genome-wide miRNA expression profiling.
Using n=3 replicate cultures of HOBs we identified 5 human miRNAs (either registered
[(www.sanger.ac.uk/Software/Rfam/mirna] or proprietary) that were differentially regulated
following treatment with 1,25D (Figure 1A, Table S3, Gene Expression Omnibus repository
(www.ncbi.nih.gov/geo) accession number GSE34144). A series of cross-species/viral
miRNAs were also identified signifying potential homology to identified/unregistered
human miRNAs. These miRNAs may be homologous with either high or low similarity, and
may have arisen in an orthologus manner due to speciation events. No further studies were
therefore carried out using these miRNAs. Of the five human miRNAs shown to be
regulated by 1,25D three were proprietary (has-miRPlus-E1110, -E1148, -E1186), with
patented DNA sequences that are not part of the Sanger register. Although these “putative”
mature species are detectable in microarray analyses, further studies are necessary to
authenticate precursor miRNA forms. The only known miRNAs induced in HOBs following
treatment with 1,25D were miR-637 and miR-1228. These miRNAs are documented in the
Sanger registry and were therefore chosen for further studies. Analysis of the predicted

Lisse et al. Page 4

J Bone Miner Res. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



targets for these miRNAs revealed four targets common to miR-637 and miR-1228 (TSC1,
FAM98A, ANKRD52, CCND2), although individually these targets were not high-ranking
candidates based on mirSVR scores (Figure 1B).

The salient features of miR-637 and 1228, including their host gene locations, potential
bone-related biological mRNA targets and their likelihood of target suppression (mirSVR
score) are shown in Figure 1B. The range of mirSVR scores for miR-637 and miR-1228
were −2.25-1.0, and −1.95-1.0 respectively. Both miR-637 and 1228 are localized
intronically within their respective host genes (death associated protein kinase 3 [DAPK3]
and low density lipoprotein receptor-related protein 1 [LRP1] respectively), and both are
processed to pre-hairpin structures displaying unique sequence complementarities to the
predicted targets once matured (Figure 1C). The 5-prime seed region for miR-637 generates
perfect complementarity to the target type 4 collagen alpha 1 (COL4A1) 3′UTR, and the
seed region of miR-1228 contains a bulge within its target bone matrix protein 2-inducible
protein kinase (BMP2K) sequence spanning exons 3 and 4. Based on multi-organism
genome-wide sequence comparisons (BlastN suite, blast.ncbi.nlm.nih.gov, and mirbase.org),
human miR-637 belongs to a gene family on chromosome 19 that includes ITGB1BP3,
PIAS4, DAPK3, and which is conserved in Pongo pygmaeus and Pan troglodytes, and
therefore appears to be a primate-specific miRNA. By contrast, miR-1228 belongs to a gene
family (including TMEMK14A, LRP1, STAT6, NAB2) on chromosome 12 which is
conserved only in Pongo pygmaeus, but there is a mature miR-1228 ortholog on mouse
chromosome 12 identified as mmu-miR-667.

Computational analysis identified COL4A1 and BMP2K as the most high-ranking bone-
related targets for miR-637 and miR-1228 in 1,25D-treated HOBs (Figure 1B and
Worksheet 1). These targets were identified using the mature miRNA sequences that most
likely enter the RNA silencing complex for target degradation (see Materials and Methods).
COL4A1 was the second-most likely target of miR-637 (mirSVR score = -2.11), while
BMP2K revealed a lower level of predicted suppression with miR-1228 (mirSVR score =
−1.23). In silico functional cluster analysis of the diverse miRNA targets revealed
overlapping biological themes such as targeting of transmembrane proteins involved in cell
adhesion, homeobox binding factors and zinc finger binding proteins in the regulation of
transcription as potential repressive pathways regulated by 1,25D treatment (Worksheet 1).
Specific to miR-1228 is a cluster of targets known to be serine-threonine protein kinases
associated with a range of metabolic processes that includes BMP2K. Other well-conserved
target clusters for miR-637/1228 include DNA-binding transcription factors that may play a
role in the control of development.

Host gene and miRNA target regulation by 1,25D in primary HOBs
Further studies were carried out to assess 1,25D-mediated regulation of both miRNA host
genes and predicted miRNA targets in HOBs. Treatment with 1,25D down regulated mRNA
expression for the host gene (DAPK3), and the target for miR-637, (COL4A1) (Figure 2A).
By contrast, treatment with 1,25D increased expression of mRNA for the miR-1228 host
gene (LRP1), while the predicted target for miR-1228 (BMP2K) showed no change in
expression (Figure 2A). The efficacy of 1,25D action in the cultured HOBs was assessed by
analysis of markers such as 24-hydroxylase (CYP24A1), osteocalcin and osteopontin,
known to be transcriptionally regulated by 1,25D in HOB (Figure 2B). The effects of 1,25D
on miRNA host and target gene expression in HOBs were not observed in parallel studies of
the human osteosarcoma cell line MG-63 even at relatively high concentrations (100 nM),
indicating that the induction of miR-637 and miR-1228 is specific to primary HOBs (Figure
S1A–B).
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Genomic sequence analysis of human DAPK3 revealed two specific “hot spots” for
transcription factor regulatory activity (Figure S1C). The promoter region for DAPK3 and
the immediate transcription site upstream region of miR-637 were the only two domains to
house a cluster of transcription factor binding elements, suggesting that miR-637 is
transcribed from its own promoter. To determine whether this was indeed the case, ChIP
analysis of VDR binding to the regulatory region of miR-637 was carried out following
1,25D treatment of primary HOBs (Figure 2C). Quantification of data from three separate
HOB cultures showed potent enrichment of VDR binding within the miR-637 regulatory
region containing the putative VDRE. Interestingly, the VDR may also play a homeostatic
gene regulatory role as it was found to be comparatively enriched for miR-637 in the
absence of 1,25D. We also surmised that the miR-1228 host gene LRP1 is a direct target of
1,25D, which results in the concomitant up-regulation of the intronic miR-1228. These
observations are supported through in silico analysis of the promoter regions of DAPK3 and
LRP1 and their respective miRNAs that identified several potential vitamin D response
elements (VDREs) of the direct 3 repeat type (Table S2). The promoter regions for the host
gene LRP1 and miR-637 contain the most probable and highest-ranked VDR target sites
near the transcriptional start site and start of the miRNA sequence, respectively. On the
other hand, the upstream regions for DAPK3 and miR-1228 harbored predicted VDREs with
low-ranking scores. These in silico data, although predictive in nature, suggest potential
mechanisms by which 1,25D is able to regulate expression of miR-637 and miR-1228, and
their host genes in primary HOBs.

Analysis of the impact of 1,25D-induced miRNAs on HOB function
To determine the functional importance of miR-637 and miR-1228 in osteoblasts, studies
were carried out to characterize expression and regulation of host and target genes for the
miRNAs under different HOB culture conditions. For initial studies, the effects of 1,25D on
miRNA host and target were assessed in early (P3) and late (P11) passage HOBs (Figure 3).
In each case HOBs were cultured with vehicle or 1,25D (0–10 nM, 6 hrs) under pre-
stimulation (proliferating), osteogenic (differentiating) and non-osteogenic media
conditions. The non-osteogenic condition represents HOBs cultured for the same period of
time as differentiating HOBs but without osteogenic stimulus. The miR-637 host gene
DAPK3 and target COL4A1 were down-regulated by 1,25D, but only in early passage P3
cells, and only under pre-stimulation or osteogenic culture conditions. By contrast, the
miR-1228 host LRP1 was induced by 1,25D in P3 and P11 HOBs and under all culture
conditions. Despite this, expression of mRNA for BMP2K, the miR-1228 target, was
unaffected by 1,25D under any HOB culture conditions (Figure 3A and 3B). These
differential effects of 1,25D on miRNA host and target gene mRNA occurred despite
potently induced expression of the classical 1,25D osteoblastic target gene osteocalcin under
all HOB passage and culture conditions (Figure 3A and 3B). Interestingly, primary cultures
of monocytes from human peripheral blood mononuclear, which are highly responsive to
1,25D-mediated immune responses, showed no 1,25D-mediated miR-1228 induction (Figure
S3B), suggesting cell-type specificity of the miR-1228 effect.

In view of the fact that the miR-1228 host gene LRP1 is regulated by 1,25D under a broad
range of HOB culture conditions, further studies were carried out to assess the impact of this
miRNA on target gene expression and HOB function. Dose-dependency studies showed that
induction of HOB miR-1228 mRNA (Figure 4A), was associated with a concomitant
decrease in protein for BMP2K following treatment with 1,25D, indicating that miR-1228
most likely acts via suppression of translation (Figure 4B). Analysis of the broader impact of
miR-1228 as a regulator of HOB differentiation and function in the presence of 1,25D was
carried out using locked nucleic acid (LNA) antisense oligonucleotide power inhibitors.
These inhibitors are ultra-stable due to inclusion of an enzymatic degradation-resistant
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phosphorothioate backbone for longer lasting antisense activity. After 96 hrs post-
transfection, HOBs receiving the non-specific scrambled LNA (control) showed an increase
miR-1228 expression following treatment with 1,25D, similar to that observed in non-
transfected HOBs. Transfection of the miR-1228 LNA inhibitor had no effect on baseline
expression of miR-1228 but prevented its induction by 1,25D (Figure 4C). This effect of
LNA inhibition of miR-1228 was paralled by suppression of 1,25D-induced expression of
mRNA for osteocalcin and alkaline phopshatase (Figure 4C). By contrast, expression of the
1,25D-induced gene CYP24A1 was unaffected by LNA inhibition of miR-1228, whilst
DDIT4 (DNA damage inducible transcript 4), a gene known to be induced by 1,25D in
early-stage HOBs (18), showed increased 1,25D-induced expression in the presence of the
miR-1228 LNA inhibitor (Figure 4C). Western blot analyses showed that treatment with
1,25D decreased BMP2K protein expression in a dose-dependent fashion in the presence of
control scrambled LNA (Figure 4D). By contrast, HOBs treated with 1,25D and the
miR-1228 LNA inhibitor showed no change in BMP2K protein. Collectively these data
suggest that 1,25D-mediated suppression of BMP2K is dependent on miR-1228 to inhibit
BMP2K protein translation. These effects of miR-1228 also appear to be essential for
1,25D-mediated regulation of osteoblast markers such as osteocalcin and alkaline
phosphatase, but are independent of some direct transcriptional effects of 1,25D such as
induction of CYP24A1.

Discussion
Recent reports have identified a range of regulatory actions for miRNAs in the generation
and function of osteoblasts (19–24). However, despite its established effects on osteoblast
function (25), little is known about the contribution of vitamin D to miRNA activity in these
cells. Data presented in the current study identify two specific miRNAs, miR-637 and
miR-1228, that are closely associated with 1,25D responses in HOBs in vitro. As outlined in
Figure 5, the generation of these miRNAs from host genes in response to 1,25D is dependent
on distinct mechanisms involving either: 1) conventional VDRE-mediated transactivation of
a host gene (LRP1), and concomitant induction of its associated miR-1228; and 2) intronic
VDRE-mediated induction of miR-637 in the absence of conventional transactivation of its
host gene (DAPK3). In a similar fashion, the target gene effects of miR-637 and miR-1228
are mediated via different mechanisms, with miR-637 acting to stimulate degradation of
COL4A1 mRNAs, whilst miR-1228 inhibits translation of the BMP2K protein. These
observations highlight an entirely new repertoire of 1,25D functions in bone and suggest that
miRNAs are key players in fine-tuning the effects of 1,25D on osteoblast differentiation and
function.

The miR-1228 donor LRP1 is a multifunctional endocytic clearance receptor from the low
density lipoprotein receptor (LDLR) family that activates signaling pathways through
multiple cytosolic adaptor and scaffold proteins (26). Through its extracellular domain,
LRP1 mediates endocytosis of more than 40 different ligands, with diverse biological roles
(27). Within skeletal tissues LRP1 has been detected in osteoblasts and chondrocytes
(28,29), with a potential function in the delivery of lipoproteins and vitamin K to bone (29).
To date, no skeletal phenotypes in mice or humans have been attributed to LRP1 knockout;
homozygous null mice exhibit embryonic lethality (30). Given the availability of conditional
and Cre-specific LRP1 transgenic mouse lines (www.informatics.jax.org; MGI: 96828), it is
possible that osteoblast-specific LRP1 knockout will better clarify the role of LRP1 in
skeletal function in vivo. Other LDLR family members such as LRP5/6 play a key role in
mediating Wnt signaling responses in the regulation of skeletal homeostasis (31), and LRP4
is known to control limb and craniofacial development (32). LRP1 is also known to mediate
the canonical Wnt pathway in fibroblasts (33), and so it is possible that, independent of any
actions of its miR-1228 product, the induction of HOB LRP1 alone will be sufficient to
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influence osteogenic potential via the Wnt pathway. Previous studies have described
miRNA targeting of LRP1 expression (34), but to the best of our knowledge, our data are
the first example of miRNA generation linked to LRP1 expression.

The miR-637 donor gene DAPK3 has been postulated to act as a tumor suppressor serine/
threonine kinase (35), but it also plays a role in regulating cell morphology when over-
expressed in mammalian cells (36). There have been no reported studies of DAPK3 in bone,
but it is possible that suppression of DAPK3 may itself act as a regulatory switch to limit
cell death during 1,25D-mediated differentiation of osteoblasts. In contrast to LRP1 and
miR-1228, the induction of HOB miR-637 by 1,25D was associated with decreased
expression of its host gene DAPK3. A minority of miRNA genes are located in the introns
of protein-coding genes, preferentially in the same orientation as the mRNA, and notably
both DAPK3 and miR-637 are in the same orientation on the reverse strand. Thus miR-637
is effectively its own VDRE-containing gene which can be transcribed to pre miRNA and
then to mature miR-637 independent of its host DAPK3. This will lead to suppression of
COL4A1 which is a predicted target of miR-637, but we hypothesize that miR-637 will also
act to suppress expression of its host DAPK3 through transcriptional interference. This
phenomenon of transcriptional interference has been observed elsewhere as a result of either
tandem or convergent transcription of host and nested genes (37).

The miR-637 target, COL4A1, is found primarily in the basal lamina of blood vessels in
many distinct skeletal locations (38). Primary HOBs and other osteoblastic cell lines express
low levels of COL4A1 in vitro (39), and suppression of COL4A1 has been reported during
early stages of osteoblast differentiation (40). In support of our data, miR-29b was found to
be up-regulated during osteoblast differentiation and targets many collagens including
col4a2 (41), the fibrillation partner of col4a1. It is therefore possible to hypothesize that
1,25D facilitates this process via induction of miR-637 and mRNA targeting of COL4A1.
Recently, osteogenin, an extracellular matrix component of bone, was identified as a
differentiation factor that initiates endochondral bone formation (42). Importantly, both
osteogenin and transforming growth factor beta bind avidly to COL4A1 (43), suggesting a
functional role in bone development. It is unclear whether COL4A1 expression during
osteoblastic differentiation acts as an inhibitor of matrix mineralization as seen for other
bone matrix proteins. Further studies are required to clarify the importance of COL4A1
during vitamin D-induced osteoblastic differentiation.

BMP2K was identified as a gene whose expression was increased during bone morphogenic
protein 2 (BMP2)-induced differentiation of a mouse osteoblastic cell line (44). Stable
expression of BMP2K (initially referred to as BMP2-inducible kinase) in MC3T3-E1
osteoprogenitor cells, suppressed mature osteoblast function, suggesting that BMP2K plays
an important role in attenuating the program of osteoblast differentiation in mineralized
tissue. In our study, we show that 1,25D treatment alone can decrease the levels of BMP2K
in a BMP-independent manner. This effect was lost following LNA-knockdown of
miR-1228, which also impaired 1,25D-mediated induction of alkaline phosphatase and
osteocalcin, suggesting a key role for miR-1228 in osteoblast differentiation. In bone,
vitamin D and analogs are known to modulate intracellular signaling molecules and the
synthesis of ligands and receptors for both TGF-β and BMP pathways (45). Regulation of
BMP2K protein by miR-1228 therefore provides another level of complexity by which
vitamin D is able to interface with the BMP2 pathway.

Recent reports have highlighted a possible role for miRNAs in bone diseases such as
primary osteoporosis (46,47). In this study, we identified two highly evolved miRNAs that
are able to mediate novel regulatory responses to vitamin D in osteoblasts. The first,
miR-637, is a primate-specific miRNA that was recently identified in the colorectal
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miRNAome (48). Although it was discovered 6 years ago, its biological role still remains
elusive. Endogenous miR-637 was shown to be down-regulated in four hepatocellular
carcinoma (HCC) specimens, and over-expression of miR-637 in vitro blocked cell growth
and induced apoptosis of HCC (49). This antiproliferative, tumor suppressor function of
miR-637 is consistent with the cell cycle arrest and pro-apoptotic effects of 1,25D at
supraphysiological concentrations (50). More recent studies have highlighted a
musculoskeletal function for miR-637 where its expression was increased during adipocyte
differentiation in human mesenchymal stem cells (51). Conversely miR-637 was decreased
during osteoblast linage commitment with osterix (osx), an early osteoblast-specific
transcription factor, being a direct mRNA target. It is also interesting to note reports
demonstrating osx-mediated induction of VDR in osteoblasts (52), suggesting that 1,25D-
induced miR-637 may be part of a feedback mechanism controlling osx expression. Overall,
these data suggest a potential bi-phasic effect of miR-637 expression, i.e. low during initial
osteoblast commitment and higher during vitamin D-induced differentiation to potentially
maintain low levels of osx.

The 19 nucleotide mature miR-1228 sequence is homologous to mouse miR-667 (Figure
S3C). The 78% similarity between miR-1228 and miR-667 includes perfect similarity within
the crucial seed region. Interestingly, mouse miR-667 is located on chromosome 12 within
an intergenic region. The mouse LRP1 is located on chromosome 10, and harbors no
intronic miRNAs. This suggests that although mice express a miRNA similar to miR-1228,
host gene regulation of these miRNAs is likely to be different between the species. In
particular it is unclear whether mouse miR-667 is regulated by 1,25D in the same fashion as
miR-1228. Importantly, given that the seed region for mouse miR-667 is complementary to
human miR-1228, the predicted targets for these miRNAs may be similar. In this way,
miR-667 may provide an important future animal model to assess the bone impact of 1,25D-
induced miRNA in vivo.

Initial studies identified miR-1228 from a mammalian screen of small RNA libraries from
Rhesus macaque and human brain tissues (53), but no evidence of its function has been
documented to date. Rather than being a classical miRNA, miR-1228 was predicted to be a
mirtron; a short hairpin intron that uses splicing to bypass Drosha cleavage used for the
generation of canonical animal miRNAs as an alternative precursor for miRNA biogenesis
(54). Spliced mirtrons are exported out of the nucleus and then cleaved by Dicer and
incorporated into RNA silencing complexes. Our study shows that miR-1228 affects one of
its targets, BMP2K, via repression of protein translation, and this mode of miRNA-
translation repression is known to exist in a range of cells (55). In future studies it will be
interesting to assess in further detail the miRNA:mRNA interactions that are characteristic
of miR-1228 and BMP2K. Notably there was only one miR-1228 binding site within the
BMP2K sequence, suggesting that: 1) the singular occupancy of a miR-1228:BMP2K
mRNA multiprotein complex is sufficient to ensure aberrant protein translation, or 2) this
major duplex in combination with several different miRNAs help facilitate translational
repression in an additive manner.

Data presented here provide the first evidence for miRNA involvement in 1,25D-mediated
regulatory effects in bone. Further elucidation the role of miRNAs in osteoblast regulation
may provide novel strategies for studying the pathogenesis and treatment of vitamin D-
associated bone disorders such as rickets and osteoporosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. miRNA profiling of 1,25D-treated human osteoblasts
A) Regulated miRNAs in primary HOBs treated for 6 hrs with 1,25D (10 nM). Heat plot
represents statistically significant miRNA candidates (p<0.05), whereby three replicates
were performed per treatment condition. Proprietary miRNAs are referred to as “miRPlus”.
B) miRNA targets and salient features of the miRNAs of interest. The mirSVR score
represents the predicted level of repression of potential mRNA target (described in Materials
and Methods). C) Above, the optimal secondary structures in dot-bracket notation with
minimum free energy. The structures are colored by base-pairing probabilities. For unpaired
regions the color denotes the probability of being unpaired. Bracketed regions represent the
mature miRNA sequence (RNAfold, rna.tbi.univie.ac.at). Below, miRNA:target pairs
derived from miRBase (www.mirbase.org). In red letters are the mature miRNA nucleotides,
while the target seed region is underlined. Arrows depict predicted “slicing/cleaving”
nucleotides. hsa (Homo sapien), mmu (Mus musculus), ebv (Epstein Barr virus), rno (Rattus
norvegicus), mcmv (mouse cytomegalovirus), kshv (kaposi sarcoma-associated
herpesvirus), hsv1 (herpes simplex virus 1).
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Figure 2. 1,25D-induced regulation of miRNA host genes and miRNA targets
A) Effect of treatment with 1,25D (10 nM, 6 hrs) on mRNA for the host genes (DAPK3 and
LRP1) and target genes (COL4A1 and BMP2K) for miR-637 and miR-1228 respectively in
passage 8 (P8) HOBS. B) Effect of treatment with 1,25D (10 nM, 6 hrs) on mRNA for
vitamin D metabolism (CYP24A1) and osteoblast (osteocalcin, osteopontin) markers in
passage 8 (P8) HOBS. Data and error bars represent mean ± SEM (n=3; * = p≤ 0.05;
Student t test) of comparable arbitrary expression units. C) ChIP analysis of the miR-637
promoter after 1,25D treatment (15min, 10nM) showing VDR enrichment. CYP24A1
VDRE positive control and non-specific controls (calponin, TRPV6) lacking VDREs in
specific regions are included. Data are mean ± SEM (n=3 HOB cultures; * = p≤ 0.05;
Student t test) of comparable arbitrary enrichment units.
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Figure 3. 1,25D effects on miR host and target gene expression under different HOB culture
conditions
A) Effect of treatment with 1,25D (10 nM, 6 hrs) on mRNA for osteocalcin, and the host
(DAPK3 and LRP1) and target (COL4A1 and BMP2K) genes for miR-637 and miR-1228
respectively in passage 3 (P3) HOBS. Cells were analyzed prior to osteogenic stimulation
(pre-stimulation) and in the presence (stimulated) and absence (unstimulated) of osteogenic
treatment. B) Effect of treatment with 1,25D (0 -100 nM, 6 hrs) on mRNA for osteocalcin,
and the host genes (DAPK3 and LRP1) and target genes (COL4A1 and BMP2K) for
miR-637 and miR-1228 respectively in passage 11 (P11) HOBS. Data and error bars
represent mean ± SEM of arbitrary PCR units (n=3; for 3A and 3B) for 3A * = p≤0.05;
Student t test, for 3B and 3C * = p≤0.05; 2-factor ANOVA with Bonferroni post hoc test.)

Lisse et al. Page 16

J Bone Miner Res. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. miR-1228 mediates pro-differentiation effects of 1,25D in HOBs
A) Effect of treatment with 1,25D (0 -100 nM, 6 hrs) on miR-1228 expression in P3 HOBs.
Data represents mean ± SEM (n=3; * = p≤0.05; Student t test) of comparable arbitrary
expression units. B) Western blot analysis of BMP2K protein in P3 HOBs treated with
1,25D (50nM) for 48 hrs. C) Effect of LNA inhibition of miR-1228 on 1,25D-induced
expression of osteocalcin, alkaline phosphatase, CYP24A1 and DDIT4 mRNAs in P3
HOBs. Data are depicted as arbitrary units of mRNA levels (n = 3, means ± SEM). * =
p≤0.05; 2-factor ANOVA with Bonferroni post hoc test. D) Western blot analysis of the
effect of LNA inhibition of miR-1228 on BMP2K protein expression. For all experiments,
eqi-molar concentrations of control or miR-1228 LNA inhibitors were transfected into P3
HOBs. Samples were collected at 96 hrs post transfection with 72 hrs of 1,25D treatment.
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Figure 5. Regulation and target activities of miR-637 and miR-1228 in 1,25D-treated HOBs
Schematic representation of miRNA responses to 1,25D in osteoblasts showing: i) induction
of miR-637 transcription via candidate intronic VDRE; ii) associated negative regulation of
host gene DAPK3 mRNA transcription; iii) associated inhibition of target gene COL4A1
expression at the level of mRNA degradation; iv) 1,25D induced transcription of the
miR-1228 host gene LRP1, with parallel induction of the mirtron miR-1228; v) miR-1228
mediated suppression of BMP2K protein expression by inhibition of translation. The effect
of 1,25D on regulation of each miRNA activity is influenced by cellular aging as well as
osteogenic stimulation. In this way 1,25D promotes HOB differentiation and function via
direct effects on gene expression and by indirect regulation of gene expression by specific
miRNAs.
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