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Hey1 Basic Helix-Loop-Helix Protein Plays an Important Role
in Mediating BMP9-induced Osteogenic Differentiation of
Mesenchymal Progenitor Cells™
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Pluripotent mesenchymal stem cells (MSCs) are bone marrow
stromal progenitor cells that can differentiate into osteogenic,
chondrogenic, adipogenic, and myogenic lineages. We previ-
ously demonstrated that bone morphogenetic protein (BMP) 9
is one of the most potent and yet least characterized BMPs that
are able to induce osteogenic differentiation of MSCs both in
vitro and in vivo. Here, we conducted gene expression-profiling
analysis and identified that Hey1 of the hairy/Enhancer of split-
related repressor protein basic helix-loop-helix family was
among the most significantly up-regulated early targets in
BMP9-stimulated MSCs. We demonstrated that Heyl expres-
sion was up-regulated at the immediate early stage of BMP9-
induced osteogenic differentiation. Chromatin immunoprecipi-
tation analysis indicated that Heyl may be a direct target of the
BMP9-induced Smad signaling pathway. Silencing Hey1I expres-
sion diminished BMP9-induced osteogenic differentiation both
in vitro and in vivo and led to chondrogenic differentiation.
Likewise, constitutive Heyl expression augmented BMP9-me-
diated bone matrix mineralization. Heyl and Runx2 were shown
to act synergistically in BMP9-induced osteogenic differentia-
tion, and Runx2 expression significantly decreased in the
absence of Heyl, suggesting that Runx2 may function down-
stream of Heyl. Accordingly, the defective osteogenic differen-
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tiation caused by Heyl knockdown was rescued by exogenous
Runx2 expression. Thus, our findings suggest that Heyl, through
its interplay with Runx2, may play an important role in regulating
BMP9-induced osteoblast lineage differentiation of MSCs.

Mesenchymal stem cells (MSCs)® represent a very small frac-
tion of the total population of nucleated cells in bone marrow
(1) and are adherent multipotent marrow stromal cells (1-6).
Although primarily located within the bone marrow compart-
ment (5, 7, 8), MSCs have been isolated from periosteum, tra-
becular bone, adipose tissue, synovium, skeletal muscle, and
deciduous teeth (9). As members of the transforming growth
factor-B superfamily, BMPs play an important role in stem cell
biology (10, 11) and regulate cell proliferation and differentia-
tion during development (12, 13). Several BMPs have been
shown to regulate osteoblast differentiation and subsequent
bone formation (12-15). Genetic disruptions of BMPs result in
various skeletal and extraskeletal abnormalities during devel-
opment (14, 16). We have recently conducted a comprehensive
analysis of the osteogenic activity of 14 human BMPs and dem-
onstrated that BMP9 is one of the most potent BMPs promot-
ing osteogenic differentiation of MSCs both in vitro and in vivo
(17, 18). We also demonstrated that osteogenic BMPs regulate
a distinct set of downstream targets in MSCs (6, 19 -21).

BMP9 (also known as GDF2) was originally identified from
fetal mouse liver cDNA libraries and is a relatively uncharacter-
ized member of the BMP family. BMP9 is highly expressed in
the developing mouse liver, and recombinant human BMP9
stimulates hepatocyte proliferation (22, 23). BMP9 has been
shown to be a potent synergistic factor for hematopoietic pro-
genitor-cell generation and colony formation and may play a
role in the induction and maintenance of the neuronal cholin-
ergic phenotype in the central nervous system (24). Although
the recombinant human BMP9 protein was shown to exert little

®The abbreviations used are: MSC, mesenchymal stem cell; ALP, alkaline
phosphatase; BMP, bone morphogenetic protein; ChIP, chromatin immu-
noprecipitation; GFP, green fluorescent protein; HES, hairy/Enhancer of
split; HERP, HES-related repressor protein; MEF, mouse embryo fibroblast;
qPCR, quantitative real-time PCR; MicroCT, microcomputed tomography;
siRNA, small interference RNA; AdGFP, adenovirus expressing only GFP.
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osteoinductive activity in vivo (22), we and others have demon-
strated that exogenously expressed BMP9 is highly capable of
inducing osteogenic differentiation (6, 17, 18, 25). However, the
molecular mechanism behind BMP9-regulated MSC differen-
tiation remains to be elucidated.

In this study, we investigated the mechanism underlying
BMP9-regulated osteoblast lineage-specific differentiation of
MSCs. Through gene expression-profiling analysis, we identi-
fied that Heyl (also known as Hesrl, HRT1, CHF2, and
HERP2), a transcription factor of the HERP family (26), is
among the most significantly up-regulated targets in MSCs in
response to BMP9. The HERP family of basic helix-loop-helix
transcription factors is a direct target of the Notch signaling
pathway (27), which is implicated in cell fate decision. Although
Heyl is up-regulated in early somitogenesis (26), the role of
Heyl in osteoblast differentiation is unclear. One study dem-
onstrated that Heyl is specifically up-regulated by BMP2 when
MSC:s differentiate to osteoblast lineage (28), whereas another
study showed that Heyl inhibited osteoblast maturation via
interaction with Runx2, a known regulator of osteogenic differ-
entiation (29). We sought to determine the functional role of
Heyl in BMP9-induced osteogenic differentiation.

We demonstrated that Hey! is an important and direct target
of BMP-9 signaling and is up-regulated at the immediate early
stage of osteogenic differentiation. Silencing Hey!l expression
reduced BMP9-stimulated osteogenic differentiation both in
vitro and in vivo. Heyl overexpression in MSCs increased
BMP9-stimulated osteogenic differentiation in vitro, and en-
hanced mineralization of bone matrix in response to BMP9 in
vivo. We further demonstrated that Heyl and Runx2 act syner-
gistically in BMP9-induced osteogenic differentiation and that
exogenous expression of Runx2 provides a partial rescue of the
Heyl knockdown phenotype. Thus, our results suggest that
Heyl may play an important role in mediating BMP9-induced
MSC differentiation.

EXPERIMENTAL PROCEDURES

Cell Culture and Chemicals—HEK293 and C3H10T1/2 lines
were obtained from the ATCC (Manassas, VA) and maintained
in complete Dulbecco’s modified Eagle’s medium and basal
medium Eagle, respectively. Unless indicated, all chemicals
were purchased from Sigma or Fisher Scientific.

Isolation of Mouse Embryo Fibroblasts—MEFs were isolated
from post coitus day 13.5 mice, as previously described (30).
Each embryo was dissected into 10-ml sterile phosphate-buft-
ered saline, voided of its internal organs, and sheared through
an 18-gauge syringe in the presence of 1 ml of 0.25% trypsin and
1 mm EDTA. After 15-min incubation with gentle shaking at
37 °C, Dulbecco’s modified Eagle’s medium with 10% fetal calf
serum was added to inactivate trypsin. The cells were plated on
100-mm dishes and incubated for 24 h at 37 °C. Adherent cells
were used as MEF cells. Aliquots were kept in a liquid nitrogen
tank. All MEFs used in this study were within five passages.

Isolation of Total RNA—Subconfluent cells were seeded in
75-cm? cell culture flasks in complete medium supplemented
with 0.5% fetal calf serum and infected with a predetermined
optimal titer of adenoviruses, such as AABMP9 or AdGFP. At
the indicated time after infection, total RNA was isolated using
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TRIzol reagents (Invitrogen), according to the manufacturer’s
instructions.

Microarray Analysis—Subconfluent C3H10T1/2 cells were
maintained in basal medium Eagle containing 0.5% fetal calf serum
and infected with AABMP9 or AdGEFP. At 30 h after infection, total
RNA was isolated. The fully characterized RNA samples were used
for target preparation and subjected to hybridizations to
Affymetrix mouse gene chips 430A (containing ~22,000 known
genes and expressed sequence tags). The acquisition and initial
quantitation of array images were performed using Affymetrix
MAS 5.0 with the default parameters as previously described (19—
21, 31). The acquired microarray raw data were further filtered and
normalized to remove noise, whereas retaining true biological
information by filtering out the genes with signal intensity in all
samples <100 intensity units, and by removing the genes that
received an “absent” call for all hybridizations. The clustering anal-
ysis was carried out by using the DNA-Chip Analyzer (dChip) soft-
ware (51). Thresholds for selecting significant genes were set at a
relative difference >2-fold, an absolute difference >100 signal
intensity units, and a statistical difference at p < 0.05 (supplemen-
tal Table S1).

Establishment of Stable MSC Lines Expressing Heyl—We
PCR-amplified and cloned the mouse HeyI coding region into a
retroviral vector that also conferred resistance to blasticidin,
designated RV-Heyl. The cloning regions and PCR-ampli-
fied coding regions were verified by DNA sequencing. The
RV-Heyl vector was transfected into a retroviral packaging
line (empty vector as a control), and the recombinant retrovirus
was used to infect C3H10T1/2 cells followed by blasticidin
selection. The resultant stable pooled clones were designated as
C3H10-Heyl. Overexpression of Heyl in this line was verified
by qPCR. Construction details are available upon request.

Construction and Validation of siRNA Expression Vectors
Targeting Mouse Heyl—W'e constructed and validated siRNA
target sites (supplemental Table S2) for mouse HeyI using our
recently developed pSOS system (32). The selected target sites
were first screened for their knockdown efficiency using our
recently developed pSOS system (32). These vectors, RV-sim-
Heyl, were transfected into a retroviral packing cell line, and
the recombinant retrovirus was used to infect C3H10T1/2 cells
followed by blasticidin selection. The resultant stable pooled
clones were designated as C3H10-Hey1*P. The knockdown of
HeylI expression in this line was verified by qPCR. Construction
details are available upon request.

Adenoviruses Expressing BMP9, Heyl, Runx2, and simHeyl—
Recombinant adenoviruses expressing BMP9 were generated
as previously described (17, 18, 33). An analogous adenovirus
expressing only GFP (AdGFP) was used as a control (34, 35).
Adenoviruses expressing mouse Hey!l and Runx2 (AdHey1 and
AdRunx?2) were generated in the same fashion using the AdEasy
technology as described (33, 36). The adenovirus expressing
mouse Heyl siRNA (Ad-simHeyl) was generated using our
recently developed pSES system (32). All PCR-amplified frag-
ments and cloning junctions were verified by DNA sequencing.

qPCR Analysis—The qPCR was carried out as described (20,
21, 31). Ten micrograms of total RNA was used to generate
cDNA templates by reverse transcription with hexamer and
Superscript II reverse transcriptase (Invitrogen). The first
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strand cDNA products were further diluted 5- to 10-fold and
used as qPCR templates. The qPCR primers (supplemental
Table S2) were 18-mers, designed by using the Primer3 pro-
gram, frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi, to
amplify the 3'-end (~120 bp) of the gene of interest. SYBR
Green-based qPCR analysis was carried out using the Opticon
DNA Engine (M] Research). The specificity of each qPCR reac-
tion was verified by melting curve analysis and further con-
firmed by resolving the PCR products on 1.5% agarose gels.
pUCI19, 5-fold serially diluted, was used as a standard. Dupli-
cate reactions were carried out for each sample. All samples
were normalized by the expression level of glyceraldehyde-3-
phosphate dehydrogenase.

Measurement of ALP Activity—ALP activity was assessed by
the colorimetric assay (using p-nitrophenyl phosphate as a sub-
strate) and/or histochemical staining assay (using a mixture of
0.1 mg/ml napthol AS-MX phosphate and 0.6 mg/ml Fast Blue
BB salt) as previously described (17-21, 31).

Stem Cell Implantation—The use and care of animals was
approved by the Institutional Animal Care and Use Committee.
Subconfluent C3H10T1/2 control line, C3H10-Heyl, and
C3H10-Hey1*P cells were infected with AABMP9, AdGFP, or
co-infected with AABMP9, AdRunx2, or AdHey1 for 15 h, and
collected for subcutaneous injection (5 X 10° cells per injec-
tion) into the flanks of athymic nude (nu/nu) mice (four injec-
tions per group, 4- to 6-week-old, male, Harlan Sprague-Daw-
ley). At 6 weeks after implantation, animals were sacrificed for
MicroCT imaging, and the implantation sites were retrieved for
histologic evaluation. A similar procedure was followed for the
MEF implantation experiments, except that the MEFs were
infected with Ad-simHeyl or AdHeyl.

ChIP Analysis—Subconfluent C3H10T1/2 cells were
infected with AAGFP or AABMP9. At 30 h after infection, cells
were cross-linked and subjected to ChIP analysis as previously
described (31). Smad4 antibody, Smad1/5/8 antibody, or con-
trol IgG was used to pull down the protein-DNA complexes.
The presence of Heyl promoter sequence was detected by PCR
using three pairs of primers corresponding to mouse HeyI pro-
moter region.

MicroCT Imaging Analysis—Animals were sacrificed at end-
points and subjected to a high performance MicroCT imager
that has a spatial resolution of 10—50 wm and a high contrast
resolution. This unit provides quantitative measurements
regarding the number and volume of each mass in each animal.
MicroCT data were acquired and reconstructed into a three-
dimensional image, and bone mass was quantified. To calculate
the volume of each mass, the Image]J program was used to deter-
mine the surface area of each planar slice of the MicroCT, the
surface areas were summed, and volume was calculated as
[(sum of the surface area of each slice) * 0.0543]. These volumes
were averaged by dividing by the number of samples for each
respective injection condition (n = 4).

Hematoxylin and Eosin, Trichrome, and Alcian Blue Staining—
Retrieved tissues were fixed in 10% formalin overnight and
embedded in paraffin. Serial sections of the embedded spec-
imens were stained with hematoxylin and eosin. Trichrome
and Alcian Blue stains were carried out as previously
described (18, 37).
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RESULTS

Hey1 Is Among the Most Significantly Up-regulated Targets of
BMP9-induced Osteogenic Differentiation of MSCs—We
recently evaluated the role of BMPs in regulating MSC differ-
entiation and demonstrated that among the 14 BMPs, BMP9 is
one of the most potent osteoinductive BMPs both in vitro and
invivo (17, 18). To gain further insight into the molecular basis
of BMP9-mediated osteogenic differentiation of MSCs, we per-
formed an expression profiling analysis of ~22,000 genes in
C3H10T1/2 MSCs stimulated with BMP9 or the GFP control.
C3H10T1/2 cells are commonly used and well characterized
MSC:s (6, 20, 21). Using the dChip analysis under a high strin-
gency (>2.0-fold and p < 0.05), we found that 40 genes were
most significantly regulated in MSCs upon BMP9 stimulation;
30 genes were up-regulated and 10 were down-regulated (Fig. 1,
A and B, and supplemental Table S1). This dChip analysis indi-
cated that the Heyl gene was among the most significantly up-
regulated genes in response to BMP9 (Fig. 1B).

To verify that Heyl was induced by BMP9 in MSCs,
C3H10T1/2 cells were infected with an adenovirus expressing
BMP9 or GFP (AdBMP9 and AdGFP), and total RNA was col-
lected at 1, 3, 5, and 7 days after infection. Using qPCR, we
demonstrated that HeyI expression was up-regulated by BMP9,
and HeyI expression level increased 5-fold, 6-fold, and 10-fold
at days 1, 3, and 5, with a trend returning toward basal levels
after 7 days. By day 7, BMP9-stimulated MSCs are usually com-
mitted to pre-osteoblast or early osteoblasts as indicated by the
elevated ALP activity, a well established early osteogenic
marker (Fig. 1C). Interestingly, although closely related, Hey2
gene expression was not significantly affected by BMP9 (data
not shown). Thus, our results indicate that Hey1 expression is
significantly induced at the immediate early stage of BMP9
stimulation in MSCs.

ChIP Analysis Indicates That Heyl Is a Direct Target of
BMPY-induced Smad Signaling—We next performed ChIP
assay to determine whether Hey! is a direct target of BMP9-
induced Smad signaling pathway. We examined mouse Heyl
promoter sequence and found that several putative Smad bind-
ing sites were located in the —2.5-kb region. Accordingly, we
designed three pairs of PCR oligonucleotides for ChIP analysis
(Fig. 2A). For ChIP analysis, we infected subconfluent
C3H10T1/2 with AAGFP or AdBMP9 for 30 h. Cells were cross-
linked, and genomic DNA was sonicated, following immuno-
precipitation with an anti-Smad4 antibody or IgG control. The
retrieved genomic DNA fragments were subjected to PCR
amplification using three pairs of primers, PP-1, PP-2, and
PP-3. As shown in Fig. 2B, anti-Smad4 antibody, but not IgG,
pulled down genomic fragments containing the mouse Heyl
promoter region. Smad4 binding to HeyI promoter was seem-
ingly BMP9-dependent, although there might be some basal
binding of Smad4 to HeyI promoter, as indicated by the primer
pair PP-3. All ChIP assays had a similar input of genomic DNA
(Fig. 2C). Similar results were obtained when Smad1/5/8 anti-
body was used for ChIP assays (Fig. 2D). These results strongly
suggest that Heyl may be a direct target of BMP9-induced
Smad signaling in MSCs.
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FIGURE 1. Identification and verification of Hey1 as an early target of BMP9 signaling. A, dChip clustering analysis of the top 40 most significantly
regulated genes by BMP9 in MSCs. B, list of the top 10 up-regulated and down-regulated target genes of BMP9 in MSCs. C, verification of BMP9-induced Hey1
expression in MSCs. Subconfluent C3H10T1/2 cells were infected with AdBMP9 or AdGFP. Total RNA was collected at the indicated times and subjected to qPCR
analysis. The timeline of MSC differentiation leading to osteocytes is indicated at the bottom. All samples were normalized for glyceraldehyde-3-phosphate
dehydrogenase expression. Reactions were done in duplicate. The fold induction was calculated by dividing the transcript level of BMP9-treated samples with
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that from GFP-treated samples.

Heyl Knockdown Inhibits BMP9-stimulated Osteogenic Dif-
ferentiation of MSCs—Recent studies reported conflicting
results about the role of Hey1 in osteoblast differentiation (28,
29). Therefore, we sought to determine if Heyl is critical to
BMP9-mediated osteoblast differentiation via RNA interfer-
ence-mediated knockdown of HeyI expression. Hey! silencing
was achieved by establishing stable cell lines or a recombinant
adenovirus that expressed siRNA targeting mouse Hey!. Using
our recently developed pSOS retroviral vector system for sim-
plified screening and validating of siRNA target sites (32), we
evaluated the silencing efficiency of the four siRNA sites target-
ing the mouse Heyl coding sequence. The top three sites were
shown to effectively silence the GFP-Hey1 chimeric transcript
(Fig. 3A). The retroviral vectors containing the top three siRNA
sites were pooled and used to generate a retrovirus pool via
co-transfection with the packaging plasmid. The resultant ret-
rovirus was used to infect C3H10T1/2 cells and to establish
stable cells using blasticidin selection. The pooled stable line
was designated as C3H10-Hey1*". As shown in Fig. 3B, Heyl
expression was reduced by 62% in the C3H10-Hey1*P cells.
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To evaluate the effect of HeyI knockdown on BMP9-medi-
ated osteogenic differentiation, we infected subconfluent
C3H10-Hey1*" and C3H10T1/2 cells with either AdBMP9 or
AdGFP and performed quantitative colorimetric analysis of
ALP activity at days 7 and 10. BMP9 infection of C3H10T1/2
cells resulted in 18- and 67-fold increase in ALP activity at days
7 and 10, respectively (in comparison to the cells infected with
AdGFP). However, knockdown of HeyI expression led to a 94%
and 88% decrease in ALP activity at days 7 and 10, respectively,
in comparison to C3H10T1/2 cells (Fig. 3C). Similar results
were obtained when ALP activity was evaluated qualitatively
using a histochemical assay at day 10 (Fig. 3D). These results
indicate that Heyl1 is an important mediator of BMP9-induced
osteogenic differentiation and that Heyl knockdown may
diminish BMP9-mediated bone formation.

Constitutive Overexpression of Heyl Enhances BMP9-in-
duced Osteogenic Differentiation of MSCs—W e next examined
the effect of continuous Hey1l expression on BMP9-induced
osteogenic differentiation of MSCs. We constructed a retro-
viral vector expressing the mouse Heyl gene to establish a
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FIGURE 2. ChIP analysis indicates that Hey1 is a direct target of BMP9-induced Smad signaling. 4, sche-  tected in the mice injected with the
matic depiction of mouse Hey1 promoter region. The approximate locations of the three pairs of primers and _ _ KD
their expected product sizes are indicated. B, subconfluent C3H10T1/2 cells were infected with AdGFP or BMP9 t.ransduced C3H10 HeYl, ’
AdBMP9 for 30 h. Cells were cross-linked. Genomic DNA was sonicated, following immunoprecipitation with Interestingly, Heyl overexpression
anti-Smad4 or IgG. The retrieved genomic DNA was subjected to PCR using the three pairs of primers, PP-1,  (C3H10-Hey1) reduced ectopic bone

PP-2,and PP-3.The arrows indicate the locations of the expected products. C, control assays demonstrated that
a similar amount of input materials was used for immunoprecipitation experiments. The arrows indicate the

formation (Fig. 54), but formed more

locations of the expected products. D, ChIP assays were carried out essentially the same as that describedin 8 mineralized bone as shown in
and C, except that Smad1/5/8 antibody was used for pulldown experiments. The arrows indicate the locations  MicroCT sectional images (supple-

of the expected products. The ChIP analysis was performed in three independent experiments, and the repre-

sentative results are shown.

stable cell pool of C3H10-Heyl1 cells. Using qPCR analysis,
we confirmed that Heyl expression increased by ~3-fold in
C3H10-Heyl cells when compared with the C3H10T1/2
control cells (Fig. 44). We also constructed a recombinant
adenovirus that constitutively expresses mouse Heyl (also
known as AdHeyl). As shown in Fig. 4B, Heyl overexpres-
sion synergized with BMP9-induced ALP activity in MSCs,
especially at the early immediate stage of BMP9-induced
osteogenic differentiation (see also supplemental Fig. S1A4).
Similar synergistic effects were observed by using histo-
chemical staining of ALP activity (Fig. 4C). Taken together,
these results indicate that Heyl, as an immediate early medi-
ator of BMP9 signaling, acts synergistically with BMP9 in
osteogenic differentiation of MSCs. Therefore, Heyl overex-
pression may promote early osteogenic differentiation and
hence accelerate bone formation.

Heyl Knockdown Decreases BMP9-induced Bone Formation
and Promotes Chondrogenesis, whereas Heyl Overexpression
Enhances Mineralization in BMP9-stimulated MSC Implanta-
tions in Vivo—Results from our in vitro knockdown and over-
expression studies suggest that Heyl may play an important
role in BMP9-induced osteogenic differentiation of MSCs. We
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mental Fig. S1C). Volumetric calcu-
lation of the bone masses indicated
that BMP9-transduced C3H10T1/2 cells formed much larger
bone masses than the BMP9-transduced C3H10-Hey1*" (7.16
mm? versus 0.27 mm?, p < 0.05). BMP9-transduced C3H10-
Hey1 also reduced ectopic bone formation as compared with
the BMP9-stimulated C3H10T1/2 cells, but the difference was
not statistically significant (3.5 mm? versus 7.16 mm?, p > 0.05)
(Fig. 5B).

The implantation sites were retrieved and subjected to his-
tologic analysis. Consistent with MicroCT imaging, no ossified
tissues or cell masses were found in the mice injected with the
GFP-transduced C3H10T1/2, C3H10-Heyl*P, or C3H10-
Heyl cells. The samples retrieved from the mice injected with
BMP9-transduced C3H10T1/2 cells demonstrated undifferen-
tiated stromal cells with a predominance of osteoid matrix and
a shell-like rim of mature trabecular bone (Fig. 5C). The sam-
ples retrieved from the mice injected with BMP9-transduced
C3H10-Heyl cells exhibited the most mature bone of all the
samples, yet the bone volume was smaller than the C3H10T1/2
control cells. This enhanced ossification phenotype was also
observed in the mice injected with C3H10T1/2 cells co-infected
with AdHey1 and AdBMP9 (supplemental Fig. S1D). Although
MicroCT imaging failed to detect any bone formation, the sam-
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FIGURE 3. Inhibition of BMP9-induced osteogenic differentiation by RNA interference-mediated knock-
down of Hey1 gene expression. A, selection and verification of siRNAs targeting mouse Hey1. The target sites
were subcloned and tested using the pSOS system (32). The resultant vectors were transfected into 293 cells,
and knockdown of chimeric GFP/Hey1 expression was recorded 5 days after transfection. B, verification of Hey1
knockdown in the stable line C3H10-Hey1¥P. Total RNA was collected from subconfluent stable and control
lines, and subjected to qPCR analysis using primers corresponding to the 3’-untranslated repeat of mouse
Hey1 (pUC19 as a DNA quantitation standard). All samples were normalized for glyceraldehyde-3-phosphate
dehydrogenase expression. C and D, inhibition of ALP activity by Hey1 gene knockdown in MSCs. RNA inter-
ference-mediated knockdown of the Hey1 expression reduced BMP9-stimulated ALP activity as compared
with the control line (C3H10T1/2) demonstrated by colorimetric assays at days 7 and 10 (C) and by histochem-
ical staining at day 10 (D). Representative results of three independent experiments are shown.

ples retrieved from the BMP9-transduced C3H10-Hey1*® dis-
played smaller but readily detectable masses of undifferentiated
stromal cells intermixed with chondroid matrix, chondroblasts,
and chondrocytes, yet exhibited minimal mature trabecular
bone (Fig. 5C). The decrease in BMP9-induced matrix miner-
alization was further confirmed by Trichrome staining assay.
We found that adenovirus-mediated expression of mouse sim-
Hey1 in MEFs remarkably reduced BMP9-induced matrix min-
eralization (Fig. 5D, panels a versus b). Conversely, knockdown
of HeyI expression increased the presence of chondroid matrix
when the MEFs were stimulated with BMP9 (Fig. 5D, panels ¢
versus d). Taken together, these results demonstrate that
BMP9-induced osteogenic differentiation can be inhibited by
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strated a delayed chondrocyte mat-
uration phenotype, suggesting the
importance of Runx2 in both chon-
drogenesis and osteogenesis (41).
Our in vivo studies suggest that
Heyl may promote osteogenic dif-
ferentiation and inhibit chondro-
genic differentiation. Therefore, we
sought to test the functional rela-
tionship between Runx2 and Heyl.
Similar to Hey1 overexpression, Runx2
overexpression in C3H10T1/2 MSCs
was not sufficient to induce any
detectable ALP activity in vitro and
de novo bone formation iz vivo (data not shown). These results
suggest that Heyl and Runx2 are not sufficient to initiate osteo-
genesis from MSCs and are only able to regulate osteogenic
differentiation in committed osteoblast progenitors. Con-
sistent with this possible role of Hey1 in the committed stage
of osteogenesis, we demonstrated that the late osteogenic
marker osteocalcin was up-regulated by BMP9 in the
C3H10T1/2 cells, but not effectively induced by BMP9 in
Hey1*P MSCs (Fig. 6A). Nonetheless, Runx2 acts synergis-
tically with BMP9 in inducing osteogenic differentiation (i.e.
ALP activity) in a Runx2 dosage-dependent fashion inde-
pendent of Heyl status (Fig. 6B and data not shown), sug-
gesting that Runx2 may be regulated by BMP9 in a parallel
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intermixed with osteoid matrix and
undifferentiated MSCs (Fig. 6E and
supplemental Fig. S1B). In compar-
ison to the results shown in Fig. 5C,
the addition of Runx2 resulted in a
significant increase in mature trabe-
cular bone.

The above results have demon-
strated that exogenous expression

|oBMPI + AdHey1
O C3H10-Hey1+BMPY

C3H10T1/2 C3H10-Hey1

C C3H10T1/2

Day 7

Day 10

of Runx2 partially rescued Heyl

C3H10-Hey1 knockdown-mediated inhibition

I
r 1 T

GFP BMPY . -

Day 7

GFP

Day 10

FIGURE 4. Constitutive Hey1 expression enhances BMP9- |nduced osteogenic dlfferentlatlon of MSCs.
A, confirmation of Hey1 expression in the C3H10-Hey1 stable line. Total RNA was collected from subconfluent
cells and subjected to gPCR analysis. All samples were normalized for glyceraldehyde-3-phosphate dehydro-
genase. Band G, synergistic induction of BMP9-induced ALP activity by Hey1 overexpression. C3H10-Hey1 and
C3H10T1/2 control lines were infected with AAGFP or AABMP9. Alternatively, C3H10T1/2 cells were infected
with AdGFP, AdBMP9, and/or AdHey 1. ALP activity was determined at indicated time points using colorimetric
assays (B) or histochemical staining (C). Representative results of three independent experiments are shown.

pathway and/or that Runx2 may function downstream of
Heyl in BMP9-induced osteogenic differentiation.

Given the facts that Runx2 and BMP9 act synergistically to
induce osteogenic differentiation of MSCs and Runx2 has been
shown to play an important role in endochondral ossification
(42, 43), we postulated that Runx2 may rescue the Hey1 knock-
down phenotype. To test this possibility, we co-infected the
C3H10-Hey1*® cells with AdRunx2 and AdBMP9 or AdGFP
and implanted them subcutaneously into athymic nude mice.
At 6 weeks after implantation, mice were sacrificed and ectopic
ossification was evaluated with MicroCT imaging. Although no
detectable ossification was observed in the mice injected with
the C3H10-Heyl1*® cells transduced with AdRunx2/AdGFP,
co-expression of AdRunx2/AdBMP9 in C3H10-Hey1*" cells
led to the formation of readily detectable ossified masses (Fig.
6C). Co-infection of AABMP9 and AdRunx2 in the C3H10-
Hey1*P cells resulted in over an increase of 20-fold in average
bone volume in comparison to the C3H10-Hey1*" line stimu-
lated by AdBMP9 alone. The average bone volumes in the
BMP9- and Runx2-stimulated C3H10-Heyl1*P cells was not
statistically different from that of the BMP9-stimulated control
C3H10T1/2 cells (5.49 mm?® versus 7.16 mm?, p = 0.53) (Fig.
6D). Histological evaluation of the retrieved samples revealed
ossified masses with multiple foci of mature trabecular bone
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of bone formation. One possible
explanation could be that Runx2
may function downstream of Heyl
during BMP9-induced osteogene-
sis. To test whether Runx2 expres-
sion is dependent on Heyl, we con-
ducted qPCR and demonstrated
that Runx2 expression decreased by
79% in the Heyl knockdown line
C3H10-Hey1*P, in comparison to
the control C3H10T1/2 cells (Fig.
6F). Thus, these results may provide
an explanation regarding the ability
of Runx2 to rescue the HeyI knock-
down phenotype in C3H10T1/2
cells.

DISCUSSION

Heyl Is an Important and Direct
Target of the BMP9 Osteogenic Sig-
naling Pathway—W e have recently
identified BMP9 as one of the most
potent osteogenic BMPs, and yet it
remains one of the least characterized BMPs (6, 17, 18). To gain
insights into the molecular basis of BMP9-mediated osteogen-
esis, we conducted an expression profiling analysis of genes
regulated by BMP9 and found that Heyl was among the most
significantly up-regulated genes in MSCs upon BMP9 stimula-
tion. We further investigated the functional role of Heyl in
BMP9-mediated osteogenic signaling in MSCs. We first con-
firmed that Heyl expression was significantly up-regulated at
the immediate early stage of BMP9 stimulation coinciding with
the commitment of MSCs to osteoblast lineage. ChIP analysis
indicated that HeyI is a direct target of BMP9-induced Smad
signaling. RNA interference-mediated knockdown of Heyl
expression diminished BMP9-stimulated osteogenic differenti-
ation, and constitutive overexpression enhanced BMP9-in-
duced differentiation in vitro and in vivo, suggesting Heyl
expression may play an important role in BMP9-induced osteo-
genic differentiation of MSCs. These results are in contrast to
our previous studies of early targets, such as Id HLH and CTGF,
in which their constitutive expression promotes proliferation
and inhibits BMP-induced osteogenic differentiation of MSCs
(6,19-21).

Heyl May Function Upstream of Runx2 during BMP9-in-
duced Osteogenic Differentiation—Our in vivo results demon-
strate that Heyl may play an important role in promoting
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FIGURE 5. Critical role of Hey1 in BMP9-induced ectopic bone formation. C3H10-Hey1®, C3H10-Hey1, and C3H10T1/2 control lines were transduced with
AdBMP9 or AdGFP in vitro and implanted subcutaneously in athymic nude mice. At 6 weeks, animals were sacrificed and subjected to MicroCT imaging.
A, MicroCT imaging analysis. Representative three-dimensional reconstructed images are shown. The injections sites are indicated by arrows. B, volumetric
analysis of ectopic bone formation. Knockdown of Hey1 expression decreased ectopic bone formation (C3H10-Hey1%P = 0.27 mm?, C3H10T1/2 = 7.16 mm>,
p = 0.02). Hey1 overexpression also reduced ectopic bone formation, although not statistically significant (C3H10-Hey1 = 3.5 mm?3, C3H10T1/2 = 7.16 mm?,
p = 0.08). C, histologic hematoxylin and eosin staining of retrieved samples. CC, chondrocyte; CM, chondroid matrix; MM, mineralized matrix; OB, osteoblast;
OC, osteocyte; UD, undifferentiated MSCs. D, Trichrome (panels a and b) and Alcian Blue (panels c and d) staining of the samples retrieved AdBMP9 or AABMP9

and Ad-simHey1 infected MEFs (3 weeks).

osteogenic differentiation and inhibiting chondrogenic differ-
entiation. The absence of mature osteoblast and subsequent
ossification in BMP9-stimulated Hey1*” MSCs is reminiscent
of the Runx2-deficient phenotype (40, 44). Runx2 (runt-related
gene 2; also known as, Cbfal) a known target of Notch signaling,
plays a critical role in osteogenesis (39). Furthermore, Runx2 is
an essential transcription factor for osteoblast differentiation,
and its expression can be-induced by both BMP2 and BMP7
(38, 44— 46). Runx2 can directly stimulate expression of most of
the well established bone markers, including ALP, osteopontin,
and osteocalcin, in osteoblast progenitors (38, 47—49). Runx2
also plays an important role in chondrogenesis and endochon-
dral ossification. Runx2 overexpression in chondrocytes via the
chondrocyte-specific type II collagen promoter results in
ectopic chondrocyte hypertrophy and endochondral ossifica-
tion, thereby demonstrating the importance of Runx2 in con-
trolling differentiation of both chondrocytes and osteoblasts
(42, 43). It has been reported that Hey1 is induced by BMP2 in
Runx2-deficient progenitors that failed to differentiate into
bone-forming osteoblasts (50), and thus Runx2 may function
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downstream of Hey1 in osteogenesis. Consistent with this pos-
sibility are our findings, in which we have demonstrated that
exogenous Runx2 could partially rescue the decreased osteo-
genic differentiation in Hey1*” MSCs both in vitro and in vivo.

Based on our findings, we propose a working model that
depicts a possible mechanism of Heyl function in BMP9-
induced osteogenic differentiation. In normal MSCs, osteo-
genic BMP9 induces Hey1 expression at the immediate early
stage, followed by Runx2 expression at the intermediate
stage. BMP9-induced expression of Heyl may promote os-
teogenic differentiation and inhibit chondrogenesis. Con-
versely, BMP9-stimulated expression of Runx2 stimulates both
osteogenesis and chondrogenesis (42, 43). In the absence of
differentiation stimuli, such as BMP9, expression of Heyl
and/or Runx2 is necessary but not sufficient for osteogenic
differentiation of MSCs. Removal of Heyl diminishes BMP9-
induced osteogenic differentiation, which can be rescued by
an exogenous expression of Runx2 that is functioning down-
stream or in parallel with Heyl. Consistent with our model
are the reported findings in which Heyl mRNA is up-regu-
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FIGURE 6. Inhibition of BMP9-mediated osteogenic differentiation due to Hey1 deficiency can be partially rescued by Runx2. A, Hey1 regulates

expression of the late osteogenic marker. C3H10-Hey 1P and control lines were infected with AdBMP9 or AdGFP. Total RNA was collected at the indicated time
points and subjected to qPCR analysis of osteocalcin (OC) expression. B, Runx2 and BMP9 act synergistically in the C3H10-Hey1¥P line to increase osteogenic
differentiation. Subconfluent C3H10-Hey1XP cells were infected with a low titer of AdBMP9 and increasing doses of AdRunx2. At indicated time points, cells
were collected for colorimetric assays of ALP activity. C, Runx2 rescue on Hey1 knockdown was demonstrated in vivo by MicroCT imaging. D, Runx2 rescues the
Hey1 knockdown phenotype. MicroCT imaging and volumetric data acquisition were carried out as described in Fig. 5B. E, histologic evidence of the Runx2
rescue effect on the Hey1%® MSCs. MM, mineralized matrix; OC, osteocyte; OB, osteoblast; UD, undifferentiated MSCs; magpnification, 200X. F, regulation of
Runx2 expression by Hey1. Total RNA was isolated from C3H10-Hey1*P and C3H10T1/2 control lines, and subjected to qPCR analysis for mouse Runx2

expression. See text for details.

lated by BMP2 treatment when MSCs differentiate to osteo-
blast lineage and its expression pattern is overlapping with
Runx2’s (28). Furthermore, it has been shown that Heyl
mRNA is up-regulated in Runx2-deficient cells by BMP-2
stimulation, indirectly suggesting that Heyl may function
upstream of Runx2 during BMP-stimulated osteoblast dif-
ferentiation (50).

The Exact Role of Heyl Basic-Helix-Loop-Helix Protein in
Osteogenesis Remains to Be Understood—Although our find-
ings suggest that Heyl may play an important role in BMP9-
induced osteogenic differentiation of MSCs, the molecular
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mechanism behind the Heyl functional role in osteogenesis
remains to be defined. Interestingly, it has been reported that
siRNA-mediated inhibition of Heyl induction led to an
increase in osteoblast matrix mineralization in vitro via inhibi-
tion of Runx2 transcriptional activity, suggesting that Hey1l may
be a negative regulator of osteoblast maturation (29). Although
we do not know the possible reasons for the discrepancy about
the consequence of Heyl knockdown, the experiments were
conducted in the mature osteoblast line MC3T3, and it is
unclear if the Heyl knockdown-mediated enhancement of
bone formation would be observed in vivo. In contrast to these
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findings reported by Zamurovic et al. (29), it has been demon-
strated that Hes1, the binding partner of Heyl, functions to
promote the transactivating ability of Runx2 (51). It is also con-
ceivable that BMP9 may regulate Hey1 function distinctly from
that of the BMP2 osteogenic mixture used in a previous study
(29). However, as a target of both BMP2 and Notch signaling,
Heyl is clearly implicated in BMP- and Notch-mediated osteo-
genic differentiation (52, 53). Interestingly, Heyl-deficient
mice exhibit behavioral alterations through the dopaminergic
nervous system (54) and otherwise unremarkable phenotypic
changes (55), although a combined loss of Hey1/HeyL or Heyl/
Hey?2 causes defects in heart development (56, 57). The bone
and skeletal phenotypes of HeyI-deficient mice have not been
extensively analyzed, and the osteoblast-specific HeyI deletion
has yet to be carried out.

In summary, we have demonstrated that Hey1 is an impor-
tant mediator of BMP9-induced osteogenic differentiation of
MSCs and that both Heyl and Runx2 are involved in BMP9
osteogenic signaling, because Runx2 provides a partial rescue of
the Heyl1*P phenotype. Future studies should be directed at
osteoblast-specific deletion of Hey1 in animal models, as well as
further examination of the interaction between Hey1 and other
regulatory factors such as Runx2 and Hesl in BMP9-mediated
osteogenic differentiation.
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