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Abstract
Dickkopf-related protein 1 (DKK1) is essential to maintain skeletal homeostasis as an inhibitor of
Wnt signaling and osteogenic differentiation. The purpose of this study was to investigate the
molecular mechanisms underlying the developmental stage–specific regulation of the DKK1
protein level. We performed a series of studies including luciferase reporter assays, micro-RNA
microarray, site-specific mutations, and gain- and loss-of-function analyses. We found that the
DKK1 protein level was regulated via DKK1 3′ UTR by miRNA control, which was restricted to
osteoblast-lineage cells. As a result of decreased DKK1 protein level by miR-335-5p, Wnt
signaling was enhanced, as indicated by elevated GSK-3β phosphorylation and increased β-catenin
transcriptional activity. The effects of miR-335-5p were reversed by anti-miR-335-5p treatment,
which downregulated endogenous miR-335-5p. In vivo studies showed high expression levels of
miR-335-5p in osteoblasts and hypertrophic chondrocytes of mouse embryos, indicating a pivotal
role of miR-335-5p in regulating bone development. In conclusion, miR-335-5p activates Wnt
signaling and promotes osteogenic differentiation by down-regulating DKK1. This cell- and
development-specific regulation is essential and mandatory for the initiation and progression of
osteogenic differentiation. miR-335-5p proves to be a potential and useful targeting molecule for
promoting bone formation and regeneration.
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Introduction
Wnt proteins are a family of secreted, cysteine-rich 39- to 46-kDa glycoproteins.(1-3)

Activation of canonical Wnt signaling is associated with phosphorylation-mediated
inhibition of a kinase-designated glycogen synthase kinase 3β (GSK-3β). This is the
principal kinase that induces degradation of cytosolic β-catenin.(4) As a consequence of
GSK-3β phosphorylation and inhibition by canonical Wnt signaling, β-catenin accumulates
in the cytoplasm and is translocated to the nucleus, where it associates with the Tcf/Lef
family of transcription factors to regulate a cohort of canonical Wnt target genes.(5-7)

Canonical Wnt signaling is functionally linked to key parameters of osteoblast commitment,
proliferation, and apoptosis.(8-10) Biologic relevance is reflected by the absence of skeletal
structures derived from the cranial neural crest in β-catenin null mice and arrest of osteoblast
differentiation in conditional β-catenin mutants animals.(11-13) Wnt signaling has been
reported to directly enhance the expression of Runx2, the master regulatory gene for
osteogenic differentiation, via a functional TCF regulatory element in the Runx2 gene
promoter (−97 to −93).(14)

Among the extracellular antagonists of canonical Wnt signaling, DKK1 was reported to act
through binding to and inactivating signaling from LRP5/6 receptors.(15-17) DKK1 plays a
critical role in embryonic bone development and adult bone remodeling.(18) DKK1-
regulated canonical Wnt signaling is essential to sustaining proper skeletal homeostasis, and
incremental decreases in DKK1 expression result in concomitant incremental increases in
bone mass.(19,20) In addition, dexamethasone-induced suppression of alkaline phosphatase
activity, osteocalcin expression, and rate of bone formation is mediated by DKK1.(21) DKK1
is emerging as an important molecular component to the development of malignant bone
lesions by inhibiting osteoblast differentiation(22) and has been found to be a major
determinant of bone and joint pathology in rheumatoid arthritis.(23) The binding of DKK1 to
LRP5 has been characterized as the most extensively used mechanism of modulation for
control of Wnt signaling in human bone tissues.(24)

Micro-RNAs (miRNAs) are a family of small, noncoding RNAs that posttranscriptionally
regulate gene expression for control of a broad spectrum of biologic processes, including
stem cell self-renewal, development, differentiation, growth, and metabolism.(25,26) By
imperfect or perfect base pairing with specific sequences in the 3′ UTR of target mRNAs,
miRNAs induce either translational repression or cleavage of the target mRNAs,
respectively.(26) In addition to studies reporting selective expression of miRNAs in
mesenchymal stem cells, osteoblasts, or osteoclasts,(27,28) miRNAs also have been
implicated in osteogenic differentiation. Lentivirus expression of shRNAs to downregulate
miRNA processing enzymes (Dicer and Drosha), as well as in vivo excision of Dicer in
osteoblast lineage cells, inhibits mesenchymal stem cell differentiation into
osteoblasts.(29,30) Two miRNAs, respectively, targeting Runx2 and Smad5 were identified.
These miRNAs, miR-133 and miR-135, are down-regulated following osteogenic
differentiation by bone morphogenetic protein 2 (BMP-2) treatment.(31) Using human
adipose tissue–derived stem cells (hADSCs), miR-26a was shown to target SMAD1 and
inhibit hADSC differentiation toward the osteogenic lineage induced by treatment with
dexamethasone, ascorbic acid, and β-glycerol phosphate.(32)

In contrast to lower eukaryotic model systems, our knowledge of miRNA function in
mammals is limited, and there is minimal understanding of miRNA regulatory activity in
bone research. In this study, we investigated the regulatory role of miRNAs targeting DKK1
in controlling Wnt signaling that is confined to osteogenic differentiation.
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Materials and Methods
Cell culture

C3H10T-1/2 cells were cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and antibiotics. MC3T3-E1 cells were
maintained in α modified essential medium (α-MEM) with 10% FBS and antibiotics. MLO-
A5 cells were cultured in α-MEM with 5% FBS, 5% iron-supplemented calf serum (iCS;
HyClone Laboratories, Logan, UT, USA) and antibiotics. MLO-Y4 cells were cultured in α-
MEM with 2.5% FBS, 2.5% iCS, and antibiotics. Osteogenesis was induced with 50 μg/mL
of ascorbic acid, as described previously.(33) MLO-A5 and MLO-Y4 cells were provided by
Dr Lynda Bonewald (University of Missouri, Kansas City, MO, USA). Primary calvarial
osteoblasts were prepared by enzymatic digestion, as described previously,(34) and routinely
cultured in α-MEM (Life Technologies, Rockville, MD, USA) supplemented with 10%
HIFBS (Life Technologies), 2 mM L-glutamine, 100 U/mL of penicillin, and 100 μg/mL of
streptomycin.

miRNA microarray analysis
Total RNA was extracted from MC3T3-E1 and MLO-A5 cell cultures treated with or
without 50 μg/mL of ascorbic acid for 10 days using the miRNeasy Mini Kit (Qiagen,
Valencia, CA, USA). Five micrograms of total RNA from each cell line was sent to LC
Sciences (Houston, TX, USA) for microarray analysis. Image processing and data extraction
and analysis also were performed by LC Sciences using their established protocols.(35)

Luciferase reporter constructs
The luciferase–3′ UTR constructs were created by subcloning the 3′ UTR polymerase chain
reaction (PCR) fragments into pMIR-REPORT miRNA luciferase reporter vector (Ambion,
Austin, TX, USA). Site mutations in DKK1 3′ UTR were performed using the Quickchange
XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). The mutated site was
confirmed by digestion of the mutated construct with HindIII, and all the newly constructed
plasmids were sequenced to confirm correct DNA sequence and orientation (Tufts
University Core Facility, Boston, MA, USA). The primer sets are listed in Supplemental
Table S1. The β-catenin reporter construct (p4xTRE1-Luc) was purchased from Addgene
(Addgene ID: 16535, Cambridge, MA, USA).(36)

Cell transfection and luciferase assay
For transient transfection, cells were cotransfected with the luciferase–3′ UTR plasmids and
pMIR-REPORT β-gal control plasmid (pMIR-β-gal) using lipofectamine (Invitrogen,
Carlsbad, CA, USA). Forty-eight hours after transfection, luciferase and β-gal levels were
determined using a luminometer (Lumat LB 9501; EG&G Berthold, Bad Wildbach,
Germany) and β-Gal Detection Kit II (BD Clontech, Palo Alto, CA, USA), respectively.
Luciferase activity was normalized to β-galactosidase activity. For stable transfection, cells
were transfected with luciferase-DKK1-3′UTR construct and selected with 1 μg/mL of
puromycin for 2 weeks. Luciferase level was determined and normalized for total protein.
For miRNA transfection, cells were transfected with miR-335-5p precursor hairpin, negative
control pre-miR, anti-miR-335-5p, or anti-negative control pre-miR (Ambion, Austin, TX,
USA) using siPORT NeoFX transfection reagent (Ambion).

Real-time RT-PCR for mRNA and miRNA analysis
Quantitative real-time reverse-transcriptase PCR (qRT-PCR) assay for mRNA analysis was
performed using iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA) on
a Bio-Rad iQ5 thermal cycler (Bio-Rad Laboratories). The evaluation of relative differences
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in PCR product amounts was carried out by the comparative cycle threshold (CT) method
using GAPDH as a control. For miRNA analysis, total RNA was extracted using the
miRNeasy Mini Kit (Qiagen), and cDNA was synthesized using an NCode miRNA First-
Strand cDNA Synthesis Kit (Invitrogen). qRT-PCR was performed on a Bio-Rad iQ5
thermal cycler using an NCode Express SYBR GreenER miRNA qRT-PCR Kit
(Invitrogen). The relative differences in PCR product amounts were evaluated by the
comparative cycle threshold (CT) method using U6 snRNA as a control. Primers used for
amplification are listed in Supplemental Table S2.

Western blot
Whole-protein lysates were prepared essentially as described previously.(37) Antibodies for
DKK1 or β-actin were obtained from Santa Cruz Biotechnologies, Inc. (Santa Cruz, CA,
USA). Antibodies for GSK-3β or phospho-GSK-3β (serine 9) were obtained from Cell
Signaling Technology (Beverly, MA, USA). The secondary antibodies were horseradish
peroxidase (HRP)–linked goat-anti rabbit IgG (Santa Cruz Biotechnologies, Inc.). Blots
were visualized using ECL chemiluminescence reagents from Pierce Biotechnology
(Rockford, IL, USA).

In situ hybridization and ALP staining
Nonradioactive in situ hybridization on paraffin sections was performed using DIG-labeled
miRCURY detection probes (Exiqon, Vedbaek, Denmark). Briefly, embryo tissue sections
(kindly provided by Dr Yiping Chen, Tulane University, New Orleans, LA, USA) were
deparaffinized, deproteinated, and hybridized with DIG-labeled probes specifically targeting
miR-335-5p. Positive signals were visualized using immunologic detection with 1:2000 anti-
DIG-AP Fab fragments and color reaction with light-sensitive NBT/BCIP. Alkaline
phosphatase (ALP) histochemistry was performed as described previously with minor
modifications.(38)

Statistical analysis
Generally, results are shown as the mean ± SEM of three or more experiments. One-way
ANOVA was used to test significance using the software package Origin 6.1 (OriginLab,
Northampton, MA, USA). Values of p lower than .01 or .05, as specifically indicated in the
legends, were considered statistically significant.

Results
miRNAs exhibit expression profiles that provide signatures for differentiation

We selected two well-studied osteoblast cell lines, MC3T3-E1 murine osteoblast-like cells
and MLO-A5 murine preosteocyte-like cells, representing two key developmental stages of
the osteoblast for miR profiling. After 10 days of osteogenic induction by 50 μg/mL of
ascorbic acid, both MLO-A5 and MC3T3-E1 cells exhibit unique miRNA expression
profiles when compared with corresponding control cells (Fig. 1A). Among 600 miRNAs
investigated, expression levels of 51 miRNAs were significantly altered by ascorbic acid
treatment in MC3T3-E1 cells, with 31 miRNAs being decreased. In MLO-A5 cells,
expression levels of 20 miRNAs were altered by ascorbic acid treatment, with 6 miRNAs
being downregulated (Fig. 1B). Statistically significant differences in the expression of 38
miRNAs between MLO-A5 and MC3T3-E1 cells also were observed (Fig. 1B). With DKK1
being identified as a preferential target, miRNA target prediction was carried out using a
combination of the following computational algorithms: www.targetscan.org,(39) Sloan-
Kettering Cancer Center Human MicroRNA Targets Database (www.microRNA.org),(40)

and miRBase Targets (http://microrna.sanger.ac.uk/targets/v5). Among miRNAs being
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predicted to target DKK1 3′ UTR (Fig. 1C), we selected the ones that are up- or
downregulated during osteogenic differentiation for further investigation. Changes in
expression levels of these miRNAs were provided by miRNA microarray analysis and are
shown in Fig. 1D.

miRNAs are functionally linked to the control of DKK1 expression in a cell- and
developmental stage–specific manner

To address the functional regulation of DKK1 by miRNAs as related to the progression of
osteoblastogenesis, we examined activity of a luciferase-DKK1-3′UTR construct (luc-
DKK1-UTR) in different cell types. C3H10T1/2 murine mesenchymal stem cells were
treated with 50 μg/mL of ascorbic acid for 13 days to increase osteoprogenitor
differentiation and were transiently transfected with luc-DKK1-UTR at different time points.
We found that in undifferentiated C3H10T-1/2 cells transfected with luc-DKK1-UTR (on
day 0), the luciferase level was only slightly lower than that in control cells. However, a
dramatic decrease in luciferase level was observed when the cells were treated with ascorbic
acid for 7 days. At later time points following ascorbic acid treatment, luc-DKK1-UTR-
transfected cells demonstrated a significant but less prominent decrease in luciferase levels
compared with control cells (Fig. 2A). These results provide the first evidence that during
osteogenic differentiation, the protein level of DKK1 is regulated in response to endogenous
miRNAs through activity of DKK1 3′ UTR sequence in a differentiation-specific manner.
Under the regulation of endogenous miRNAs, the protein level of DKK1 was decreased at
initial stages of osteogenic differentiation and subsequently increased.

To further investigate the role of endogenous miRNAs as a function of osteogenic
differentiation, we transiently transfected luc-DKK1-UTR into distinct cell lines, including
C3H10T-1/2 murine mesenchymal stem cells, MC3T3-E1 murine osteoblast-like cells,
MLO-A5 murine preosteocyte-like cells, MLO-Y4 murine osteocyte-like cells, and NIH3T3
murine fibroblasts. In Fig. 2B we show the percentage changes in luciferase activity
determined in cells transfected with luc-DKK1-UTR (DKK1) compared with cells
transfected with the empty vector (CONTROL). For comparison, luciferase activity in cells
transfected with the empty vector were arbitrarily assigned a value of 100%. We found that
the decreased luciferase levels that resulted from the insertion of DKK1 3′ UTR were barely
detectable in C3H10T-1/2 mesenchymal stem cells (99.56%) and NIH3T3 fibroblasts
(89.62%). However, in MC3T3-E1 cells transfected with luc-DKK1-UTR, the luciferase
level decreased to 41.33% compared with control cells. At the terminal stages of osteogenic
differentiation, as observed in MLO-A5 and MLO-Y4 cells, luciferase levels were restricted
to 71.11% and 89.84%, respectively. We also performed similar experiments using primary
calvarial osteoblasts. For osteogenic induction, these primary osteoblasts were treated with
50 μg/mL of ascorbic acid for 14 days and were transiently transfected with luc-DKK1-UTR
at different time points. Using these cells, we observed that the decrease in luciferase
activity resulting from insertion of the DKK1 3′ UTR became less prominent as cells were
induced to differentiate toward the terminal stage of osteogenic differentiation (Fig. 2C).
These findings confirm that the expression of DKK1 is posttranscriptionally regulated
through interactions between the DKK1 3′ UTR sequence and specific endogenous
miRNAs. Furthermore, the inhibitory effects of these miRNAs on DKK1 protein levels are
unique in certain cell types, suggesting that the regulatory role of these miRNAs is selective,
functioning in a cell- and stage-specific manner, as demonstrated in the regulation of
osteogenic differentiation.

DKK1 expression is subtly regulated during osteogenic differentiation
Expression levels of DKK1 were monitored in response to the induction of osteogenic
differentiation by ascorbic acid in a series of cell lines. In MC3T3-E1, MLO-A5, and MLO-
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Y4 cells, ascorbic acid treatment resulted in a significant increase in DKK1 mRNA levels
(Fig. 3B, D). However, in C3H10T-1/2 cells, the DKK1 mRNA level decreased 7 days after
ascorbic acid treatment and was restored subsequently (Fig. 3A). Expression of bone marker
genes, reflected by mRNA levels of bone sialoprotein (BSP) and osteocalcin (OC), were
monitored to document stages of osteogenic differentiation (Fig. 3A, D). The changing
levels in DKK1 expression suggest that as the osteoblast becomes fully differentiated, there
is a requirement to attenuate Wnt signaling.

As revealed by Western blot analysis, changes in DKK1 protein levels showed similar
responses (Fig. 3E, F). While, in MC3T3-E1 cells, the DKK1 protein level increased after
osteogenic induction, the change was not statistically significant. In MLO-A5 cells, 10 days
of ascorbic acid treatment resulted in an approximately 1.5-fold increase in DKK1 protein
levels (Fig. 3F). In contrast, the increased DKK1 mRNA levels in response to ascorbic acid
treatment in C3H10T-1/2 cells, MC3T3-E1 cells, and MLO-A5 cells ranged from 3- to 22-
fold (Fig. 3A, C). When osteogenic differentiation reached the terminal stage, as represented
by the MLO-Y4 late osteocyte cells, both the DKK1 mRNA level and the DKK1 protein
level increased dramatically to a similar extent (Fig. 3D, F). These results clearly indicate
that additional posttranscriptional inhibitors are involved in the regulation of DKK1 protein
level at certain stages of osteogenic differentiation. The regulatory effects of these
posttranscriptional inhibitors, including specific endogenous miRNAs, may be more
pronounced at early stages of osteogenic differentiation.

miR-335-5p specifically targets DKK1 3′ UTR and controls DKK1 expression, canonical
Wnt signaling activity, and osteogenic differentiation

MLO-A5 cells stably expressing luc-DKK1-UTR (MLO-A5-DKK1UTR) were transfected
with negative control pre-miR and some of the miRNA precursor hairpins listed in Fig. 1D
(Ambion). Among the miRNAs investigated, including miR-335-5p, miR-106a, and
miR-17, we found that miR-335-5p decreased luciferase activity by 40% in MLO-A5-
DKK1UTR compared with the negative control (Fig. 4A). We also transiently cotransfected
luc-DKK1-UTR with miR-335-5p precursor hairpin or with negative control pre-miR into
HEK 293 cells using siPORT NeoFX as the transfection reagent. In these cells, miR-335-5p
decreased luciferase activity by 31% compared with the negative control (Fig. 4A).
However, we failed to observe any statistically significant changes in luciferase activity in
MLO-A5-DKK1UTR transfected with miR-106a or miR-17 compared with control cells
(data not shown).

Site-specific mutations then were introduced into the predicted binding site of miR-335-5p
in the DKK1 3′ UTR sequence (Fig. 4B). This luciferase construct with mutated DKK1 3′
UTR (DKK1 mutant) was stably transfected into MLO-A5 cells. The inhibitory effect of
miR-335-5p observed on wild-type DKK1 3′ UTR disappeared in mutated DKK1 3′ UTR
(Fig. 4C), which convincingly substantiated the idea that the regulatory function of
miR-335-5p in control of DKK1 protein level is direct and site-specific. We also transfected
anti-miR-335-5p into MLO-A5 cells stably expressing wild-type or mutated DKK1 3′ UTR
constructs. However, we did not observe statistically significant changes in luciferase levels.
The insertion of DKK1 UTR only resulted in a nearly 30% reduction in luciferase activity in
MLO-A5 cells (Fig. 2B), suggesting that the level of endogenous miR-335-5p in MLO-A5
cells may be relatively lower than in cells at earlier stages of differentiation. This may
account for the absence of observed changes in luciferase activity in MLO-A5 cells after
anti-miR-335-5p treatment.

We then transfected miR-335-5p or anti-miR-335-5p into C3H10T-1/2 cells and MC3T3-E1
cells at different time points during osteogenic differentiation and determined the DKK1
mRNA and DKK1 protein levels. BSP mRNA levels also were determined to evaluate the
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osteogenic status. Consistent with previous findings showing that miRNAs principally
induce translational repression through 3′ UTR inhibition in mammals,(31) we found that
miR-335-5p did not have an inhibitory effect on DKK1 mRNA levels (Fig. 5B). However,
miR-335-5p significantly decreased DKK1 protein levels in both cell lines, whereas anti-
miR-335-5p increased DKK1 protein levels (Fig. 5A). Consequently, BSP expression levels
were elevated by miR-335-5p treatment (Fig. 5C).

We also transfected C3H10T-1/2 and MC3T3-E1 cells with miR-335-5p or anti-miR-335-5p
at three time points during 8 days of ascorbic acid modulation of osteogenic differentiation
(on days 0, 3, and 6) and monitored canonical Wnt signaling activity. Using Western blot
analysis, we directly determined the protein level of DKK1 and assayed the phosphorylation
level of GSK-3β at serine 9 as an indication of GSK-3β inactivation. Multiple transfections
with miR-335-5p or anti-miR-335-5p resulted in dramatic changes in DKK1 protein level
(Fig. 5D). Additionally, although miR-335-5p or anti-miR-335-5p did not influence the level
of total GSK-3β (data not shown), miR-335-5p significantly increased the phosphorylation
level of GSK-3β, which was notably decreased by anti-miR-335-5p (Fig. 5E). To evaluate
the transcriptional activity of β-catenin, we transfected C3H10T-1/2 and MC3T3-E1 cells
with miR-335-5p or anti-miR-335-5p at three time points during 8 days of ascorbic acid–
induced osteogenic differentiation (on days 0, 3, and 6), and cotransfected β-catenin reporter
constructs (p4xTRE1-Luc) with miR-335-5p or anti-miR-335-5p on day 6. Luciferase assays
indicated that the transcriptional activity of β-catenin was drastically enhanced by
miR-335-5p treatment but decreased by anti-miR-335-5p (Fig. 5F). We then monitored the
effect of miR-335-5p on expression levels of several Wnt target genes, including Runx2,
BSP, and OC in C3H10T-1/2 cells transfected with miR-335-5p or anti-miR-335-5p at three
time points during 8 days of ascorbic acid–induced osteogenic differentiation (on days 0, 3,
and 6). Consistent with the aforementioned results indicating enhanced Wnt signaling after
miR-335-5p treatment, expression levels of these Wnt target genes were increased
dramatically in cells transfected with miR-335-5p (Fig. 5G).

We also confirmed our findings using primary osteoblasts in the form of calvarial cells.
Briefly, calvarial osteoblasts were transfected with miR-335-5p or anti-miR-335-5p once
over 14 days of ascorbic acid treatment (transfected on day 12). Consistent with previous
findings, DKK1 protein level was downregulated by miR-335-5p treatment in these cells
(Fig. 5H). As a result, mRNA levels of osteogenic markers, including ALP, BSP, and OC,
were increased by miR-335-5p overexpression (Fig. 5I). However, no significant changes in
DKK1 protein level or mRNA levels of ALP, BSP, and OC were detected after the
transfection of anti-miR-335-5p (Fig. 5I, H), which may be the result of a lower endogenous
miR-335-5p level at this time point of osteogenic differentiation.

Expression levels of miR-335-5p in different cell lines then were determined. Consistent
with the Western blot results showing that protein levels of DKK1 in C3H10T1/2 cells were
decreased at an earlier time point during ascorbic acid–induced osteogenic differentiation
but increased at a later time point (Fig. 3F), expression levels of miR-335-5p were increased
in C3H10T1/2 cells on days 3 and 7 after ascorbic acid treatment but decreased thereafter
(Fig. 6A). Similarly, miR-335-5p expression levels in MC3T3-E1 cells (Fig. 6B) and MLO-
A5 cells (Fig. 6C) increased in response to ascorbic acid, which may explain why DKK1
protein levels are not increased in parallel with DKK1 mRNA levels in these cells (Fig. 3B,
C, F). However, when osteogenic differentiation moves toward the terminal stage, as occurs
in MLO-Y4 cells, miR-335-5p expression was not increased in response to ascorbic acid
(Fig. 6D), which is consistent with the Western blot results indicating that ascorbic acid
induces similar increases in DKK1 mRNA and protein levels in MLO-Y4 cells (Fig. 3D, F).
These results corroborate evidence demonstrating that miR-335-5p plays a significant role
during osteogenic differentiation through targeting the DKK1 3′ UTR sequence to dampen
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the increase in DKK1 protein levels. Such a mechanism may be physiologically relevant to
maintaining osteogenic competency in immature bone-forming cells.

miR-335-5p is robustly expressed in osteoblasts during bone development
To initially explore the in vivo function of miR-335-5p, we performed in situ hybridization
to monitor the in vivo distribution of miR-335-5p during bone development. ALP staining
also was performed as an indicator of new bone formation. At E13.5, perichondrium was
observed to surround the cranial base cartilage and Meckel’s cartilage, which consists of
mature chondrocytes (Fig. 7A, E). As shown by ALP staining, a component of the cells
residing in or adjacent to the perichondrium began to differentiate toward osteoblasts, and
the formation of mandibular bone could be observed around Meckel’s cartilage (Fig. 7B, F).
In situ hybridization for the detection of miR-335-5p indicats subtle positive staining in the
developing mandible and in some of the cells residing in the perichondrium in E13.5
embryos. The expression of miR-335-5p is minimally detectable in mature chondrocytes
(Fig. 7C, G).

At E16.5, the cranial base cartilage and Meckel’s cartilage are well developed and consist of
mature and hypertrophic chondrocytes. Osteoblasts align on the surface of the cranial base
cartilage and the newly formed mandibular bone (Fig. 7I, M). ALP staining reveals stronger
positive staining in osteoblasts and in components of the hypertropic chondrocytes (Fig. 7J,
N). Consistent with the ALP staining results, intense staining for miR-335-5p was detected
at this stage in some hypertropic chondrocytes and in osteoblasts aligned on the surface of
the cranial base cartilage. The E16.5 mandible also was positive with intense staining for
miR-335-5p (Fig. 7K, O).

Discussion
Numerous lines of evidence indicated stringent up- or down-regulation of Wnt signaling at
specific stages of osteogenic differentiation, and an altered Wnt signal even could
compromise bone regeneration.(41) For example, Wnt signaling is endogenously activated in
undifferentiated mouse embryonic stem cells (ESCs) to maintain pluripotency and self-
renewal in these cells,(42-45) and on differentiation of ESCs toward precursor cells, Wnt
signaling is downregulated.(42,43) However, upregulation of Wnt signaling is necessary for
osteoprecursor cells to differentiate into osteoblasts rather than chondrocytes.(12) When the
osteoblasts differentiate further toward the terminal stage of bone-forming cells, Wnt
signaling is inhibited again, as indicated by the upregulation of Wnt antagonists in the
postproliferative preosteocytic stage or osteocytic stage to limit excessive
mineralization.(46-48) In this context, a larger number of miRNAs increase during
progression of osteblast differentiation that potentially target components of Wnt
signaling.(49)

Consistent with these findings, we found that DKK1 expression is regulated in a stage-
specific manner. DKK1 mRNA and DKK1 protein levels are decreased initially when
osteogenic differentiation is initiated in mesenchymal stem cells (C3H10T-1/2).
Consequently, Wnt signaling is more efficiently activated at the onset of osteogenic
differentiation. Cartilage-forming chondrocytes and bone-forming osteoblasts are both
derived from common osteochondroprogenitor cells.(12) While Runx2 is widely accepted as
the master regulatory gene for osteogenic differentiation,(50) Sox9 is considered to be the
most important regulator for chondrogenic differentiation.(51) Furthermore, the
determination for osteochondroprogenitor cells to differentiate along the chondrogenic path
rather than the osteogenic path is controlled by the relative levels of Sox9 and Runx2.(52)

Several lines of evidence indicate that expression levels of both Sox9 and Runx2 are directly
regulated by Wnt signaling.(12,14,53) Together with previous findings, our results suggest
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that Wnt signaling is activated when osteogenic differentiation is initiated from
mesenchymal stem cells. Physiologic control may be mediated at least in part by
downregulation of the Wnt signaling antagonist DKK1. As a result, cellular levels of Sox9
are decreased and remain low relative to Runx2 levels. This mechanism supports
preferential commitment of the progenitor cells to osteogenic differentiation. When
osteogenic differentiation reaches the terminal stage, cellular levels of DKK1 protein are
again upregulated. Osteogenic differentiation is thereby slowed down by DKK1-mediated
inhibition of Wnt signaling to limit excessive mineralization.

Interestingly, the changes in DKK1 protein and DKK1 mRNA levels were not completely
consistent. Although after osteogenic induction, DKK1 mRNA levels in MC3T3-E1 and
MLO-A5 cells were increased by 3- to 22-fold, and DKK1 protein levels did not increase
significantly. Statistically significant changes were not observed in osteoblastic MC3T3-E1
cells, and less than a 2-fold increase was observed in osteocytic MLO-A5 cells. These
results suggest that additional posttranscriptional control may be operative in the regulation
of DKK1 protein levels.

Using a luciferase-DKK1 3′ UTR reporter construct, we showed that stage-specific changes
in DKK1 protein levels are, at least in part, regulated posttranscriptionally by miRNAs that
specifically target DKK1. On transfection with a luciferase-DKK1 3′ UTR construct, bone-
forming cell lines at various stages of osteoblast differentiation exhibit different levels of
luciferase activity that are consistent with the changes observed in DKK1 mRNA and DKK1
protein levels after osteogenic differentiation. To exclude confounding contributions that can
be attributed to characteristics of each cell line, we transfected the DKK1 3′ UTR construct
into C3H10T-1/2 cells at different time points following osteogenic induction and monitored
luciferase levels. Luciferase levels in C3H10T-1/2 cells transfected with the DKK1 3′ UTR
construct were decreased initially when C3H10T-1/2 cells were induced to differentiate
toward bone-forming cells and subsequently increased again at later time points as
osteoblast differentiation proceeded. These findings not only indicated that miRNAs are
actively involved in the regulation of DKK1 expression but also suggested that the
inhibitory roles of these miRNAs are compromised when osteogenic differentiation
progresses to the terminal stages and prevent excessive mineralization. In agreement with
this interpretation, a minimally detectable decrease in luciferase levels resulted from
insertion of DKK1 3′ UTR in mesenchymal stem cells and fibroblasts, indicating that the
regulatory role of these miRNAs occurs in a cell-specific manner and is particularly
important in control of osteogenic differentiation.

Combining miRNA microarray analysis, computational target prediction, and functional
analysis, we observed that miR-335-5p negatively regulates protein levels of DKK1, one of
the Wnt antagonists, through targeting a specific binding site in the DKK1 3′ UTR sequence.
As a result of downregulation of the DKK1 protein level, Wnt signaling is enhanced
significantly, as indicated by elevated phosphorylation of GSK-3β and increased β-catenin
transcriptional activity. Consequently, expression levels of Wnt target genes that include
Runx2, BSP, and OC are significantly upregulated, promoting osteoblast differentiation.

Further analysis revealed that in C3H10T-1/2 cells, expression of miR-335-5p was increased
at earlier time points following ascorbic acid induction of osteoblast differentiation and
decreased subsequently. In agreement, Western blot analysis showed that DKK1 protein
levels change in C3H10T1/2 cells following ascorbic acid treatment. Similarly, expression
levels of miR-335-5p were increased in MC3T3-E1 cells and MLO-A5 cells, whereas
changes in miR-335-5p expression were not detected in MLO-Y4 cells.
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Taken together, these findings suggest that when mesenchymal stem cells initiate
differentiation along the osteoblast lineage, the protein level of DKK1 is selectively
decreased by inhibitory miRNAs. When differentiation progresses, as observed for late-
stage osteoblasts and osteocytes, the protein levels of DKK1 are upregulated in response to
the downregulation of inhibitory miRNAs. It appears that at early stages of osteogenic
differentiation, miRNAs specifically target DKK1 to maintain the osteogenic state and
competency for osteoprogeniter cells to form bone. In contrast, at later stages of
differentiation, the silencing miRNAs are downregulated, resulting in elevated levels of
DKK1 protein and a consequential suppression of osteogenic differentiation to avoid
excessive mineralization. This regulation of DKK1 and Wnt signaling is mediated by
miR-355-5p. Thus our discovery of a specific microRNA, miR-355-5p, developmentally
upregulated at the onset of osteoblast commitment and regulating DKK1 protein levels
during osteoblast differentiation provides a novel mechanism contributing to the cell-fate
determination of osteochondroprogenitor cells to a committed osteoblast pathway by
upregulating canonical Wnt activity.

Using in situ hybridization, we dynamically validated the in vivo biologic modulation of
miR-355-5p regulation in bone tissue formation. In the perichondrium surrounding both
cranial base cartilage and Meckel’s cartilage, we observed positive ALP staining in cells
residing in or adjacent to the perichondrium that initially differentiate toward osteoblasts.
Consistent with previous findings,(54) hypertropic chondrocytes undergoing terminal
differentiation also were found to intensely express ALPase activity, reflecting the de novo
bone formation. We observed that the expression pattern of miR-335-5p paralleled ALPase
activity, indicating that by targeting the canonical Wnt antagonist, DKK1, miR-335-5p
activates canonical Wnt signaling in both osteoblasts and hypertropic chondrocytes. Earlier
findings have demonstrated that canonical Wnt signaling, characterized by cytoplasmic
accumulation of β-catenin, promotes terminal differentiation of mature chondrocytes into
hypertropic chondrocytes.(55) In a chick model, canonical Wnt signaling was reported to
block the initiation of chondrogenesis but accelerate terminal chondrocyte
differentiation.(56) In addition, Dkk1 inhibits β-catenin accumulation and β-catenin-induced
Runx2 gene expression in chondrocytes, which subsequently delays hypertropic
chondrocyte differentiation and endochondral bone formation.(55) Together with these
previous findings, our results demonstrating upregulation of miR-335-5p in both osteoblasts
and terminally differentiated hypertropic chondrocytes suggest an important regulatory role
of this miRNA in promoting endochondral and intramembranous bone formation through
modulating the activation level of canonical Wnt signaling.

In conclusion, our findings are consistent with a prominent role for miRNAs in the
regulation of Wnt signaling and osteogenic differentiation by controlling the expression of
DKK1. We are postulating that the regulatory effect of miRNAs is mandatory for the
initiation and progression of osteogenic differentiation in a spatial- and temporal-specific
manner. In a broader context, this mechanism may contribute to modulating the cellular
levels of regulatory factors that control subsequent stages of bone formation and remodeling
in a physiologically responsive manner.
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Fig. 1.
Changes in miRNA expression profiles as indicated by miRNA microarray analysis. (A)
Original images of the chips. The chip detects miRNA transcripts listed in Sanger miRBase
Release 11.0. (B) Data analysis revealed groups of miRNAs that were down- or upregulated
after ascorbic acid treatment, indicating that these miRNAs may be actively involved in the
regulation of osteogenic differentiation. (C) miRNA target prediction using a combination of
the following computational algorithms: TargetScan, Sloan-Kettering Cancer Center Human
MicroRNA Targets Database, and miRBase Targets. (D) Expression levels of some
miRNAs predicted to target DKK1 by the aforementioned computer algorithms also were
found to be regulated by ascorbic acid treatment, as indicated by miRNA microarray
analysis.
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Fig. 2.
DKK1 expressions were regulated by the interactions between miRNAs and 3 ′UTR
sequences in a stage- and cell-specific way. (A) C3H10T1/2 cells were treated with 50 μg/
mL of ascorbic acid (AA) and were transfected with DKK1 3′ UTR construct (DKK1) or
pMIR-REPORT (Control) at different time points. pMIR-β-gal was cotransfected to
determine the transfection efficiency. Forty-eight hours after transfection, luciferase and β-
gal levels were determined, and luciferase activity was normalized to β-galactosidase
activity. Three independent experiments were performed in triplicates, and data are
represented as mean ± SEM. *p < .05 versuscontrol group. (B) C3H10T1/2, MC3T3-E1,
MLO-A5, MLO-Y4, and NIH3T3 cells were transfected with pMIR-REPORT (Control) or
pMIR-REPORT-DKK1 3′ UTR (DKK1). Lucifearse and β-gal levels were determined as
stated in panel A. Three independent experiments were performed in triplicate, and data are
represented as mean ± SEM. *p < .01 versus control group. (C) Primary calvarial osteoblasts
were treated with 50 μg/mL of ascorbic acid (AA) for 14 days and were transiently
transfected with DKK1 3′ UTR construct (DKK1) or pMIR-REPORT (Control) at different
time points. Lucifearse and β-gal levels were determined as stated in panel A. Three
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independent experiments were performed in triplicates, and data are represented as mean ±
SEM. *p < .05 versuscontrol group.
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Fig. 3.
Real-time RT-PCR (A–D) and Western blot (E, F) analyses indicated mRNA and protein
levels of DKK1 before and after ascorbic acid (AA) treatment. Three independent
experiments were performed in triplicate, and data are represented as mean ± SEM. *p < .
05, AA-treated cells versus control cells.
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Fig. 4.
miR-335-5p specifically targets DKK1 3′ UTR. (A) Luciferase activity in MLO-A5 cells
stably expressing luciferase-DKK1 3′ UTR construct was decreased after transfected with
miR-335-5p precursor hairpin (miR-335-5p) when compared with cells transfected with
negative control pre-miR (Control). Luciferase level was normalized to total protein.
Luciferase-DKK1 3′ UTR construct and pMIR-REPORT β-gal control also were transiently
cotransfected with miR-335-5p precursor hairpin (miR-335-5p) or with negative control pre-
miR (Control) into HEK 293 cells using siPORT NeoFX transfection reagent. Three
independent experiments were performed in triplicate, and data are represented as mean ±
SEM. *p < .01 versus control cells. (B) Schema and sequence of predicted miR-335-5p
binding site, sequence of miR-335-5p, and sequence of mutated DKK1 3′ UTR. (C) The
inhibitory effect of miR-335-5p on wild-type DKK1 3′ UTR disappeared in mutated DKK1
3′ UTR. Three independent experiments were performed in triplicate, and data are
represented as mean ± SEM. *p < .05 versus control cells. NC = negative control.
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Fig. 5.
Functional analysis of miR-335-5p in C3H10T1/2 cells and MC3T3-E1 cells. (A–C)
C3H10T-1/2 cells and MC3T3 cells were transfected with miR-335-5p or anti-miR-335-5p
once over 7 or 10 days of ascorbic acid treatment (transfected on day 5 or day 8). DKK1
protein (A) and DKK1 mRNA (B) levels were determined. BSP mRNA levels (C) also were
determined to evaluate the osteogenic status. Three independent experiments were
performed in triplicate, and data are represented as mean ± SEM. *p < .05 versus control
cells. NC = negative control; AA = ascorbic acid. (D–G) C3H10T1/2 cells and MC3T3 cells
were transfected with miR-335-5p or anti-miR-335-5p for three times over 8 days of
ascorbic acid treatment (transfected on days 0, 3, and 6). (D) Western blot analysis indicated
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the changes in DKK1 protein levels. (E) Western blot analysis indicated the changes in
phospho-GSK-3β levels. (F) On day 6, β-catenin reporter construct (p4xTRE1-Luc) was
cotransfected with miR-335-5p or anti-miR-335-5p. Luciferase assays showed the changes
in transcriptional activity of β-catenin. (G) RT-PCR showed mRNA expression changes of
Wnt target genes, including Runx2, BSP, and OC (in C3H10T-1/2 cells). Three independent
experiments were performed in triplicate, and data are represented as mean ± SEM. *p < .05
versus control cells. NC = negative control. (H, I) Calvarial osteoblasts were transfected
with miR-335-5p or anti-miR-335-5p once over 14 days of ascorbic acid treatment
(transfected on day 12). DKK1 protein level (H) and mRNA levels of ALP, BSP, and OC (I)
were determined. Three independent experiments were performed in triplicate, and data are
represented as mean ± SEM. *p < .05 versus NC group. NC = negative control.
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Fig. 6.
Real-time RT-PCR analysis showed the expression levels of miR-335-5p in C3H10T1/2
cells (A), MC3T3 cells (B), MLO-A5 cells (C), and MLO-Y4 cells (D) before and after
ascorbic acid (AA) treatment. Three independent experiments were performed in triplicate,
and data are represented as mean ± SEM. *p < .05, AA-treated cells versus control cells.

Zhang et al. Page 21

J Bone Miner Res. Author manuscript; available in PMC 2013 October 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
In situ hybridization showing in vivo distribution of miR-335-5p in E13.5 and E16.5 mouse
embryos. (A–D) E13.5 cranial base cartilage by hematoxylin and eosin (H&E) staining (A),
ALP staining (B), in situ hybridization for miR-335-5p (C), and in situ hybridization for
negative control (D). (E–H) E13.5 Meckel’s cartilage by H&E staining (E), ALP staining
(F), in situ hybridization for miR-335-5p (G), and in situ hybridization for negative control
(H). (I–L) E16.5 cranial base cartilage by H&E staining (I), ALP staining (J), in situ
hybridization for miR-335-5p (K), and in situ hybridization for negative control (L). (M–P)
E13.5 Meckel’s cartilage by H&E staining (M), ALP staining (N), in situ hybridization for
miR-335-5p (O), and in situ hybridization for negative control (P). CBC = cranial base
cartilage; MC = Meckel’s cartilage; MB = mandibular bone; OB = osteoblasts; arrow =
perichondrium.
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