THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 27, pp. 18174-18183, July 3, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Meningioma 1 Is Required for Appropriate Osteoblast
Proliferation, Motility, Differentiation, and Function™
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The vitamin D endocrine system is essential for calcium and
phosphate homeostasis and skeletal mineralization. The 1,25-
dihydroxyvitamin D (1,25(OH),D;) hormone binds to the vita-
min D receptor (VDR) to regulate gene expression. These gene
products in turn mediate the actions of 1,25(OH),D; in mineral-
regulating target cells such as the osteoblast. We showed previ-
ously that meningioma 1 (MN1) is a novel target of 1,25(OH),D4
in MG-63 osteoblastic cells and that it is a coactivator for VDR-
mediated transcription (Sutton, A. L., Zhang, X., Ellison, T. L,
and MacDonald, P. N. (2005) Mol. Endocrinol. 19, 2234 -2244).
However, the functional significance of MN1 in osteoblastic cell
biology is largely unknown. Here, we demonstrate that MN1
expression is increased dramatically during differentiation of
primary osteoblastic cells. Using calvarial osteoblasts derived
from wild-type and MN1 knock-out mice, we provide data sup-
porting an essential role of MN1 in maintaining appropriate
osteoblast proliferation, differentiation, and function. MN1
knock-out osteoblasts displayed altered morphology, decreased
growth rate, impaired motility, and attenuated 1,25(OH),D;/
VDR-mediated transcription as well as reduced alkaline phos-
phatase activity and mineralized nodule formation. MN1 null
osteoblasts were also impaired in supporting osteoclastogenesis
in co-culture studies presumably because of marked reduction
in the RANKL:OPG ratio in the MN1 null cells. Mechanistic
studies supported a transcriptional role for MN1 in controlling
RANKL gene expression through activation of the RANKL pro-
moter. Cumulatively, these studies indicate an important role
for MN1 in maintaining the appropriate maturation and func-
tion of calvarial osteoblasts.

The skeleton is a dynamic organ that undergoes a continuous
remodeling process mediated by bone-forming osteoblasts and
bone-resorbing osteoclasts. Osteoblast precursors originate
from mesenchymal stem cells, which are thought to serve as
common progenitors for osteoblasts, adipocytes, and chondro-
cytes in developing skeletal tissues (1, 2). Osteoblasts promote
bone formation by secreting extracellular matrix proteins, such
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as collagen and non-collagenous proteoglycans, glycoproteins,
and y-carboxylated proteins (3). Osteoblasts are also required
to regulate the formation of mature osteoclasts by producing
essential cytokines and regulatory proteins, such as receptor
activator of NF-kB ligand (RANKL),> which stimulates oste-
oclastogenesis and osteoprotegerin (OPG), which inhibits this
process (4). In hematopoietic osteoclast precursors, RANKL
binds to the cell surface receptor, RANK, and activates an intra-
cellular signaling pathway by recruiting adaptor molecules,
such as tumor necrosis factor receptor-associated factors, c-src
non-receptor-type tyrosine kinase, and the c-Fos family pro-
teins (5). These adaptor proteins mediate the activation of
NE-kB, c-Jun NH,-terminal kinase, and mitogen-activated pro-
tein kinase (6-8). In contrast, OPG is an osteoclastogenesis
inhibiting factor that functions as a decoy receptor, binding to
RANKL and blocking the activation of the RANK signaling cas-
cade (9). The osteoblastic RANKL:OPG expression ratio is a
major determinant of osteoclastogenesis. It is enhanced by
numerous factors that promote osteoclastogenesis, such as glu-
cocorticoids and parathyroid hormone (10, 11), or reduced by
factors that inhibit osteoclastogenesis, such as estrogen and
growth hormone (12, 13).

The classic role of the vitamin D endocrine system is to reg-
ulate proper calcium and phosphate absorption in the intestine,
which is essential for maintaining appropriate bone mineraliza-
tion and skeletal development (14, 15). The active form of vita-
min D is 1,25-dihydroxyvitamin D, (1,25(0OH),D5). Its physio-
logical functions are mediated through the vitamin D receptor
(VDR). Ligand binding induces VDR association with retinoid
X receptor, binding to DNA, and the recruitment of coactiva-
tors to modulate the transcription of target genes. These gene
products mediate the activities of 1,25(OH),D, in vivo. In the
skeletal system both osteoblasts and osteoclasts are responsive
to 1,25(OH),D,. In osteoblasts, 1,25(OH), D, promotes the syn-
thesis of bone matrix proteins and regulates the expression of
osteoclastogenic factors. For example, 1,25(0OH),D; enhances
RANKL synthesis and inhibits OPG secretion, generating a

2The abbreviations used are: RANKL, receptor activator of NF-«B ligand;
a-MEM, a-minimum essential medium; 1,25(0H),D;, 1,25-dihydroxyvita-
min Ds; BSP2, integrin binding bone sialoprotein; DMP1, dentin matrix
protein 1; MN1, meningioma 1; OPG, osteoprotegerin; TRAP, tartrate-resis-
tant phosphatase; VDR, vitamin D receptor; MTT, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide; WT, wild type; KO, knock-out; siRNA,
small interfering RNA; BrdUrd, bromodeoxyuridine; kb, kilobase pair(s);
VDRE, vitamin D response element.

VOLUME 284 +-NUMBER 27-JULY 3, 2009


http://www.jbc.org/cgi/content/full/M109.001354/DC1

RANKL:OPG ratio that favors osteoclastogenesis (16). In oste-
oclasts, 1,25(0OH),D, enhances bone resorption activity and
promotes calcium release. This is critical in maintaining min-
eral homeostasis when serum calcium and phosphate levels are
low. The lack of active hormone or functional receptor results
in undermineralized skeletal disorders, including rickets in
children and osteomalacia in adults (14, 15).

We used gene expression array analysis to identify novel
1,25(0OH),D;-regulated genes to better understand the role of
1,25(0OH),D; in bone (17). Meningioma 1 (MN1) was identified
as one novel 1,25(0OH),D, target gene in the MG-63 osteoblas-
tic cell system. MN1 was originally discovered as a gene that is
disrupted by a balanced translocation in meningioma (18).
However, subsequent studies showed that overexpression of
MNT1 in bone marrow cells induces myeloid malignancy in mice
and predicts poor treatment outcome in acute myeloid leuke-
mia patients (19-21). In addition, a recurrent translocation
resulting in mis-expression of an MN1-TEL fusion protein was
identified in human myeloid diseases. Forced expression of
MNI-TEL or MN1 in multipotent progenitor cells causes
T-lymphoid tumors as well as acute myeloid leukemia (22-26).
Although MN1 overexpression is highly correlated with mye-
loid disorders, studies with the MN1 knock-out mouse point to
additional fundamental biologies. Targeted deletion of MN1 is
post-natal lethal due to severe cleft palate (27). Moreover, mul-
tiple craniofacial bones that form by intramembranous ossifi-
cation processes are either undermineralized or absent in
MN1-null mice. The mechanisms underlying these defects in
MNT1 null mice are unknown.

The ossification defect in the cranial skeleton of MN1 knock-
out mice (27) combined with the expression and regulation of
MN1 in osteoblasts (17) suggest a potential role for MN1 in osteo-
blast function. Because little is known about the function and reg-
ulation of MNT1 in bone cells, we initiated a series of studies to test
the putative role of MN1 in osteoblastic cell function. Our data
provide new insight, collectively showing a profound significance
for MN1 in maintaining appropriate proliferation, differentiation,
and function of the craniofacial osteoblast.

EXPERIMENTAL PROCEDURES

Cell Culture—MC3T3-E1 mouse fetal calvarial cells were
grown in a-MEM (Invitrogen) with 10% fetal bovine serum. For
differentiation studies, MC3T3-E1 cells were grown to conflu-
ence, and then the growth medium was supplemented for 2
weeks with 50 ug/ml L-ascorbic acid and 10 mm B-glycerophos-
phate to promote osteoblast differentiation. Medium was
replenished twice per week during the differentiation period.
All cell cultures were supplemented with 100 units/ml penicil-
lin and 100 pg/ml streptomycin.

Northern Analysis—Total cellular RNA was extracted with
RNA-Bee isolation reagent according to the manufacturer’s
recommendations (Tel-Test, Friendswood, TX). For Northern
blot analysis, 15-20 ug of total RNA were separated on a form-
aldehyde/agarose gel and transferred to Magna nylon mem-
brane (GE Osmanics, Minnetonka, MN) by capillary action.
The blots were hybridized with a-**P-labeled probes synthe-
sized using a Prime-A-Gene kit (Promega, Madison, WI).
Mouse probes were generated by reverse transcription-PCR
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from mouse osteoblast RNA using the amplification primers
listed in supplemental Table 1. Autoradiograms were quanti-
tated using scanning densitometry and normalized using 18 S
RNA.

Real-time PCR Analysis—Total RNA was reverse-tran-
scribed using the High Capacity RNA-to-cDNA kit from
Applied Biosystems as described by the manufacturer (ABI,
Foster City, CA). First strand cDNA was amplified and quanti-
tated using an ABI real time thermocycler coupled with Step-
One Plus software and specific Tagman Gene Expression
Assays for 18 S ribosomal RNA, murine Runx2, osterix, integrin
binding bone sialoprotein (BSP2), and dentin matrix-binding
protein (DMP1).

Reporter Gene Analysis—The 1,25(0OH),D,-responsive re-
porter gene constructs cyp24(-1200)-luc and VDRE*-TATA-
luc were described previously (17, 28). To create the
hRANKL(—1kb)-luc reporter vector, the human RANKL pro-
moter (—922 to +23 relative to the transcriptional start site)
was amplified by PCR and subcloned into the pGL3 basic vector
(Promega). The appropriate firefly luciferase reporter con-
struct (150 ng/well) together with the cytomegalovirus-Renilla
plasmid (5 ng/well) were transfected in quadruplicate into
osteoblastic cells plated in 24-well culture plates. Cells were
treated as indicated, lysed with 80 ul per well of passive lysis
buffer (Promega), and assayed for the firefly and renilla lucifer-
ase activities with the Dual Luciferase Reporter Assay System
(Promega) using an LMax microplate luminometer (Molecular
Devices, Sunnyvale, CA). All values are presented as the nor-
malized firefly:renilla luciferase activity. In siRNA knockdown
experiments, On-Target plus SMARTpool (Dharmacon Inc.,
Chicago, IL) siRNAs specific for mouse MN1 or nonspecific
controls (siCONTROL) (Dharmacon Inc.) were transfected in
triplicate into MC3T3-E1 cells with Lipofectamine 2000
(Invitrogen) following the manufacturer’s instructions. Twen-
ty-four hours later the hRANKL(-1 kb)-luc or pGL3 control
reporter constructs were transfected, and the reporter gene
expression was analyzed after 48 h.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bro-
mide (MTT) Assay—Primary osteoblasts were seeded at a den-
sity of 1 X 10 cells/cm® in 24-well culture plates and treated as
indicated. At various times 0.1 ml of MTT (5 mg/ml) was added
to 0.4 ml of culture media for each well, and cells were incu-
bated for another 3 h. Then the media were removed, and the
purple formazan product was dissolved in isopropanol contain-
ing 0.04 M HCl for 10 min at 37 °C. The absorbance at 570 nm of
each sample was determined with a scanning multiwell spec-
trophotometer. Experiments were performed in quadruplicate.

BrdUrd Labeling Assay—BrdUrd labeling and analysis of pri-
mary osteoblast cultures was similar to previous studies (17).
Briefly, primary osteoblasts were seeded in 4-well lab-Tak
chamber slides and treated as indicated. Cells were pulse-la-
beled for 4 h with media containing 10 um BrdUrd, fixed with
4% paraformaldehyde for 10 min, and permeabilized by 0.1%
Triton X-100 in phosphate-buffered saline for 5 min. The
BrdUrd incorporation sites were exposed by treating the mono-
layers with 100 units/ml DNase I (Amersham Biosciences) for
30 min. The monolayers were then blocked with 1.5% normal
goat serum and incubated with anti-BrdUrd mouse mono-
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clonal antibody (BD Biosciences) followed by Alexa Fluoro-
phore 594-conjugated goat anti-mouse secondary antibody
(Molecular Probes, Invitrogen). ProLong Antifade reagent with
4',6-diamidino-2-phenylindole (Vector Laboratories, Burl-
ingame, CA) was used to mount glass coverslips, and the sam-
ples were visualized using fluorescence microscopy. Cells from
three different areas (80 —120 cells each) were counted, and the
ratio of BrdUrd-positive cells versus total cell number was
determined.

To measure BrdUrd incorporation in embryonic calvaria,
BrdUrd (0.1 mg/g body weight) was injected into pregnant (18.5
day post-conception) MN1 heterozygous mice, and then the
E18.5 calvaria were isolated 3 h later. These calvaria were fixed
overnight in 10% neutral phosphate-buffered formalin and
decalcified overnight in Immunocal formic acid solution
(American Mastertech Scientific, Lodi, CA). After an overnight
equilibration in phosphate-buffered saline-buffered 30%
sucrose, the calvaria were embedded in Tissue-Tek O.C.T. fro-
zen tissue matrix (Sakura Finetek, USA, Torrance, CA). Repli-
cate 5-um cryostat sections were cut from three different areas
of each calvaria separated by 200-250 um. The sections were
immersed in 2 N HCl for 15 min at room temperature to expose
the BrdUrd incorporation sites and then blocked and stained as
described above except that Alexa Fluorophore 488 conjugated
goat anti-mouse secondary antibody (Molecular Probes) was
used. The sections were then counterstained with 0.5 ug/ml
4',6-diamidino-2-phenylindole and mounted with ProLong
Antifade reagent (Vector Laboratories). Overlapping images
were taken to cover the entire calvarial slice, cells from the three
different areas of each calvarium were counted, and the ratio of
BrdUrd-positive cells versus total cell number was determined.
Five animals from each genotype were analyzed.

In Vitro Wound Repair Assay—In vitro wound repair assays
were performed as described (29). Briefly, confluent primary
osteoblast monolayers were wounded by creating a linear
scratch using a sterile pipette tip. The cells were washed with
phosphate-buffered saline to remove debris, and then fresh
media were replaced. Images were taken 0 and 16 h after injury,
and the percentage of wound closure was determined.

Primary Osteoblast Culture—MN1 heterozygous breeding
pairs were kindly provided by Gerard C. Grosveld (St. Jude
Children’s Research Hospital). All animals were maintained in a
12-h light, 12-h dark cycle following the rules of Institutional
Animal Care and Use Committee at Case Western Reserve Uni-
versity. Primary osteoblasts were isolated from E18.5 calvaria as
described (30). Briefly, connective tissue was removed from the
isolated calvaria, and the osteoblasts were released through
sequential 15-min digestions in 60% a-MEM supplemented
with 0.024 mg/ml type 1 collagenase (Worthington Biochemi-
cal Corp., Lakewood, NJ), 0.072 mg/ml type 2 collagenase
(Worthington), 0.1 mm CacCl,, 0.06% bovine serum albumin,
and 15 mMm Hepes (pH 7.4) at 37 °C. The first two digestions
were discarded, and the next four digestions were collected and
combined. Collagenase was removed with sequential media
washes, and the osteoblasts were maintained in a-MEM sup-
plemented with 15% fetal bovine serum. Osteoblasts from dif-
ferent animals with the same genotype were combined for
experiments. Individual embryos were genotyped by PCR of tail
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digests as described (27). For differentiation experiments, the
osteoblasts were seeded at a density of 6 X 10° cells/cm?, grown
to confluence within 48 h, and replaced with growth media
supplemented with 10 mm B-glycerophosphate and 50 ug/ml
ascorbic acid. Media was changed every 3—4 days, and differ-
entiating osteoblasts were collected at the indicated time for
individual analysis.

Osteoclast Differentiation and Tartrate-resistant Phospha-
tase (TRAP) Activity Staining—Primary osteoblasts were iso-
lated and differentiated for 15 days as described above. Spleen
cells were isolated from 7-10-week-old female wild-type mice
as described previously (31) and plated overnight in phenol red-
free a-MEM (Invitrogen) supplemented with 10% heat-inacti-
vated fetal bovine serum (Atlanta Biologicals, Lawrenceville,
GA) and 10 ng/ml macrophage colony-stimulating factor (R &
D Systems, Inc., Minneapolis, MN). Non-adherent cells con-
taining osteoclast precursors were added to differentiated
osteoblasts at a density of 500,000 cells per cm® in phenol red-
free a-MEM containing 10% heat-inactivated fetal bovine
serum, 100 nm dexamethasone, and the indicated concentra-
tions of 1,25(0OH),D; The co-cultures were incubated for 8
days, and the medium was changed twice during this time.
Mature osteoclasts were analyzed for enzymatic activity of
TRAP using the leukocyte acid phosphatase kit (Sigma-Al-
drich). TRAP-positive multinucleated cells with three or more
nuclei were counted in triplicate wells.

Alkaline Phosphatase Activity Analysis—Primary osteoblast
cultures were isolated and differentiated as described above. To
stain for alkaline phosphatase activity, the cultures were fixed
with 4% paraformaldehyde and then incubated for 20 min at
room temperature with freshly prepared 0.4 mg/ml Fast Red
TR in 0.2 mg/ml naphthol AS-MX phosphate alkaline solution
(Sigma-Aldrich). Quantitative analysis of soluble alkaline phos-
phatase activity in cell extracts was performed using a colori-
metric kit (Sigma-Aldrich) that measures the conversion of
p-nitrophenyl phosphate to p-nitrophenol according to the
manufacturer’s instructions. Alkaline phosphatase activity was
normalized to protein concentration of the lysate as measured
by the bicinchoninic acid (BCA) assay (Pierce).

Mineralization Assay—Primary osteoblasts were isolated
and differentiated for 31 days as described above. To stain for
mineralized nodules, cells were fixed with 70% ethanol for 10
min at room temperature and then stained with freshly pre-
pared 1% Alizarin Red S solution for 10 min. The numbers of
mineralized nodules were counted under microscope. The
Alizarin Red S stain was extracted with 100 mM cetylpyridinium
chloride as described (32), and the absorbance at 500 nm was
determined with a scanning multi-well spectrophotometer. All
experiments were performed in triplicate.

RESULTS

MN1 mRNA Transcripts Are Induced by 1,25(OH),D; and by
Osteoblastic Cell Differentiation—We previously characterized
MNT1 as a 1,25(0OH),D;-induced gene in the human MG-63
osteosarcoma cell line (17). However, this is an immortalized,
transformed cell line representing a limited window of the
osteoblast life cycle, namely that of the immature osteoblast. To
more firmly establish the relevance of MN1 in osteoblastic cell
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biology, we examined more native osteoblastic cell systems,
including the MC3T3-E1 mouse fetal calvarial cell line and pri-
mary osteoblasts obtained from embryonic mouse calvaria.
Both models undergo a well defined differentiation program
that progresses from immature proliferating cells to post-con-
fluence mature, mineralized-matrix secreting cells in vitro.
Thus, we could monitor 1,25(0OH),D;-activated expression of
MN1 in immature proliferating osteoblasts as well as more fully
differentiated, mature osteoblasts. More significantly, we could
address whether MN1 expression levels were impacted by the
process of osteoblastic cell differentiation in these systems.
Thus, MC3T3-E1 cells or primary murine calvarial osteoblasts
were treated with 1,25(OH),D; at various times throughout
their in vitro differentiation program, and the steady-state lev-
els of MN1 were examined. As shown in Fig. 14, 1,25(0OH),D,
enhanced MNT1 transcript levels in proliferating MC3T3-E1
cells in a time-dependent manner with increases evident as
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FIGURE 1. MN1T mRNA transcripts are induced by 1,25(0H),D; and by
osteoblastic cell differentiation. MC3T3-E1 cells (A) or primary calvarial
osteoblasts (B) were maintained at the proliferating stage or differentiated for
2 weeks as described under “Experimental Procedures.” Proliferating or dif-
ferentiating cells were treated with 10 nm 1,25(0H),D; for the indicated times,
and the expression of MN1, 24-hydroxylase, VDR, or 18 S RNA was examined
by Northern blot analysis. C, primary osteoblasts were differentiated for the
indicated times, and the expression of MN1 or 18 S RNA was examined by
Northern blot analysis. D, total RNA was extracted from indicated tissues of
6-week-old wild-type mice, and the expression of MN1 was determined by
Northern blot analysis. Ethidium bromide staining of 18 5/28 S ribosomal RNA
was used to normalize loading differences.
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FIGURE 2. MN1 knock-out osteoblasts have diminished VDR-mediated transcriptional responses. Sub-
confluent WT and MN1 KO primary osteoblasts were transiently transfected with a 1.2-kb human 24-hydrox-
ylase promoter reporter (cyp24(-1200)-luc in A) or a multicopy VDRE-driven reporter (VDRE*-TATA-luc in B).
Cells were treated with the indicated concentration of 1,25(0H),D; for 24 h, and the normalized luciferase
activity was measured as described under “Experimental Procedures.” Data represent the mean = S.D. (n = 4
in each group). C, RNA was isolated from MN1 WT or KO cells that were treated ethanol vehicle (=) or 10 nm
1,25(0H),D; (+) for 24 h. The expression of 24-hydroxylase and glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) was examined by Northern blot analysis.
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early as 1 h with a maximal increase of 4.2-fold at 24 h. This
increase preceded the up-regulation of 24-hydroxylase, a well
established primary VDR target gene, and paralleled increases
of the VDR transcript. The up-regulation of MN1 by
1,25(0OH),D; was not as profound in differentiating MC3T3-E1
cells, possibly due to the dramatic down-regulation of VDR in
this system (compare VDR transcripts in lanes 6 —10 with lanes
1-5 in Fig. 1A). Indeed, 1,25(0OH),D;-induced expression of
24-hydroxylase was also dramatically reduced in differentiating
MC3T3-E1 cells.

Similar to MC3T3-E1 cells, steady-state levels of MN1 mRNA
in proliferating primary calvarial osteoblasts were increased by
1,25(0OH),D; in a time-dependent manner with a maximal effect
of 7-fold at 24 h (Fig. 1B, lanes 1-5). Again, we observed only
modest regulation (1.4-fold) of MN1 transcripts by 1,25(OH),D,
in more differentiated osteoblasts (Fig. 1B, lanes 6 and 7). Impor-
tantly, differentiating primary osteoblasts expressed a higher basal
level of MNI1 than did their proliferating counterparts (Fig. 1B,
compare lanes I and 6). Elevated MN1 mRNA levels were appar-
ent after 7 days of differentiation and continued to increase mod-
estly throughout the 28-day differentiation regimen (Fig. 1C, lanes
1—4). Finally, endogenous MN1 transcripts are readily detected in
extracts of bone obtained from mouse tibia (Fig. 1D, lane 7), which
represents one of the richest tissue sources of MN1 transcripts in
addition to brain and cardiac muscle. Overall, these expression
studies provide support for a potential significance of MN1 in skel-
etal biology and in the process of osteoblast cell differentiation
and/or function.

MNI Knock-out Osteoblasts Have Diminished VDR-medi-
ated Transcriptional Responses—In a previous study we char-
acterized MN1 as a coactivator for VDR-mediated transcrip-
tion using ectopic expression approaches in heterologous cell
lines (17). To evaluate the significance of endogenous MN1 in
VDR/1,25(0OH),D;-mediated transcription in the osteoblast,
we examined the consequence of MNI ablation on VDR/
1,25(0OH),D;-activated reporter gene activity in primary osteo-
blastic cell cultures derived from MN1 knock-out mice. As
shown in Fig. 24, 1,25(0OH),D;-activated expression of the
cyp24(-1200)-luc reporter containing the native promoter of
the human 24-hydroxylase gene was dramatically reduced in
MNT1 knock-out osteoblasts compared with the wild-type cells.
Similar results were obtained with a
more defined promoter consisting
of a minimal TATA element and

C
four tandem copies of a VDRE (Fig.
wr Ko 2B). We also consistently observed
125(0H),D; - + - + impaired activation of the native

24-hydroxylase gene by 1,25(0OH),D,
in the MN1 knock-out cells com-
pared with wild-type controls (Fig.
2C). These data strongly support a
significance for MN1 in 1,25-
(OH),D,/VDR-mediated transacti-
vation in osteoblasts.

MNI1 Knock-out Osteoblasts Have
a Reduced Growth Rate—The cellu-
lar basis for the undermineralized
skeletal phenotype in the MNI1

GAPDH =
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FIGURE 3. MN1 knock-out osteoblasts have reduced growth rate. A, WT
and MN1 KO primary osteoblasts were plated at a density of 1 X 10° cells/cm?
and treated with ethanol vehicle (-D) or 10 nm 1,25(0OH),D; (+D) at day 0.
Trypan blue-excluding cells were counted at the indicated time points. Data
represent the mean = S.D. (n = 3 in each group). B, MN1 WT and KO primary
osteoblasts were plated at equal densities and treated with ethanol vehicle
(-D) or 10 nm 1,25(0OH),D; (+D) for 72 h. Cells were labeled with BrdUrd, and
the BrdUrd-positive cells were quantitated. Data represent the mean =+ S.D.
(n = 3in each group). C, the percentage of growth inhibition by 4-day treat-
ment of 10 nm 1,25(0H),D; from three independent MTT assays. Data repre-
sent the mean = S.D. (n = 3 in each group).

knock-out mice is unresolved. Thus, to explore the potential
significance of MN1 in bone cell function, we examined a vari-
ety of osteoblastic cell parameters using calvarial osteoblasts
derived from E18.5 MNI1 knock-out and wild-type embryos.
Cell proliferation, as determined by counting trypan blue-ex-
cluding cells, indicated that MN1-null primary osteoblasts
grew at a much reduced rate compared with wild-type cells (Fig.
3A). Moreover, BrdUrd-labeling analysis consistently showed
that MN1 knock-out osteoblasts exhibited lower BrdUrd incor-
poration, indicating reduced S-phase entry in MN1 knock-out
cells (Fig. 3B). Cell cycle analysis revealed that MN1 null osteo-
blasts have a higher percentage of G,/G; cells (66%) compared
with the wild-type cells (56%) (data not shown). The antiprolif-
erative effects of 1,25(OH),D, were modest in these primary
osteoblasts, but there was no statistically significant difference
in the response of wild-type cells or MN1 null cells to
1,25(0OH),D; as measured by multiple MTT assays (Fig. 3C),
indicating that MN1 may not be required for the antiprolifera-
tive effects of 1,25(OH),Dj in this cell system. To explore the in
vivo significance of MN1 in controlling osteoblast proliferation,
BrdUrd incorporation was determined in embryonic calvaria.
Consistent with in vitro observations, MN1 knock-out calvaria
had 40% less BrdUrd-labeled cells compared with the wild-type
controls (Fig. 4). These studies indicate that MN1 is required
for appropriate osteoblast proliferation in vitro and in vivo.
MN1 Knock-out Osteoblasts Show Altered Morphology and
Reduced Motility—In proliferating osteoblast cultures, we
observed a dramatic difference in cell morphology between
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FIGURE 4. MN1 knock-out calvarial cells have reduced proliferation in
vivo. The BrdUrd-labeled calvaria from WT or MN1 KO E18.5 embryos were
prepared as described under “Experimental Procedures.” Three distinct sec-
tions from different areas of each calvarium were analyzed for BrdUrd (BrdU)
incorporation and counterstained with 4’,6-diamidino-2-phenylindole
(DAPI). A, representative images of BrdUrd and 4',6-diamidino-2-phenylin-
dole stained sections. B, the percentage of BrdUrd-positive cells was quanti-
tated. Five embryos from each genotype were analyzed. Data represent the
mean * S.D. (n = 15 individual sections in each group).
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FIGURE 5. MN1 knock-out osteoblasts have altered morphology and
decreased motility. A, representative phase contrast images of sub-conflu-
ent WT and MN1 KO primary osteoblasts. B, MN1 wild-type or knock-out cells
were grown to confluence, and linear scratches were created. Pictures were
taken 0 and 16 h after injury. The black dashed lines mark the wound edges.
C, the percentage of wound closure was quantified and presented as the
mean * S.D. (n = 9in each group).

MN1 knock-out and wild-type cells (Fig. 54). In general, sub-
confluent MN1 knock-out calvarial osteoblasts appeared
abnormal, displaying a large, flattened morphology. When
observed using phase contrast microscopy, the MN1 knock-out
cells were less refractile along their edges compared with the
wild-type cells. This morphological difference indicates poten-
tial changes in cell adhesion state and cytoskeletal structure,
suggesting a possible role for MN1 in cell migration. Thus, the
motility of wild-type and MN1 knock-out osteoblasts was ana-
lyzed. Confluent osteoblast monolayers were “wounded” with a
pipette tip to create a linear scratch, and the movement of cells
into the wound area was determined. Compared with the wild-
type controls, the wound closure in MN1 knock-out cells was
markedly impaired (Fig. 5, B and C). Delayed wound closure in
this model may result from impaired cell migration or prolifer-
ation. However, the 16-h time frame in which these migration
studies were conducted was significantly less than the 40- and
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60-h doubling times of the wild-type and knock-out cells,
respectively (Fig. 3A4). Thus, contributions of cell proliferation
were minimized under these conditions.

MN1 Knock-out Calvarial Cells Show Reduced Differentia-
tion and Mineralization—Mature primary calvarial osteoblasts
express alkaline phosphatase and produce a mineralized matrix
invitro. To investigate the functional roles of MN1 in osteoblast
maturation, MN1 wild-type or knock-out osteoblasts were dif-
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FIGURE 6. MN1 knock-out osteoblasts show decreased differentiation
and mineralization. A, WT and MN1 KO osteoblasts were cultured for 28 days
in differentiation media and stained in situ for alkaline phosphatase (ALP)
enzyme activity. Representative images of alkaline phosphatase stained cul-
tures are shown. Colorimages are shown in supplemental Fig. 1.8, MN1 WT or
KO osteoblasts were cultured under osteogenic conditions for the indicated
times. Alkaline phosphatase activity was determined with a colorimetric
assay as described under “Experimental Procedures.” C, Northern analysis of
alkaline phosphatase transcript levels in differentiating cultures of WT and
MN1 KO calvarial osteoblasts. D and E, WT and MN1 KO osteoblasts were
cultured for 31 days in differentiation media and stained for mineralized nod-
ules with Alizarin Red S. D, representative images of Alizarin Red S stained
cultures. Darkened areas are mineralized nodules. Color images are shown in
supplemental Fig. 1. E, mineralized nodules were quantitated and compared
(unfilled bars). The Alizarin Red S stain was extracted with 100 mm cetylpyri-
dinium chloride, and the absorbance at 500 nm (absorbancesy, ,,,,) Was meas-
ured (filled bars). Data represent the mean = S.D. (n = 3 in each group).
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FIGURE 7. MN1 knock-out calvarial cells have reduced expression of osteoblastic genes in vitro and in
vivo. A, WT and MN1 KO osteoblasts were cultured under osteogenic conditions for the indicated times. The
expression of BSP2, DMP1, Runx2, osterix, and 18 S RNA were determined by TagMan real-time reverse tran-
scription-PCR approaches using 18 S RNA as an internal control. B, total RNA was extracted from WT and MN1
KO E18.5 calvaria. The expression of MN1, Runx2, osterix, BSP2, alkaline phosphatase (ALP), osteocalcin (OC),
and cyclophilin B (CypB) was examined by Northern blot analysis. Cyclophilin B expression was used as a

loading control.
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ferentiated in vitro and analyzed for alkaline phosphatase
expression as well as calcium deposition. To minimize the
effects of proliferation differences on this analysis, MN1 wild-
type or knock-out osteoblasts were seeded at a high initial den-
sity (6 X 10° cells/cm?). Under these conditions proliferative
differences were minimal, and both cultures reached a state of
confluence within 48 h. As shown in Fig. 6, A-C, both mRNA
expression and enzymatic activity of alkaline phosphatase were
reduced in MN1 knock-out osteoblasts compared with wild-
type cells. In addition, MN1 knock-out osteoblasts formed
fewer and smaller Alizarin Red S-stained mineralized nodules
(Fig. 6, D and E). These data indicate a potential defect in dif-
ferentiation of MN1~/~ osteoblasts.

In this regard the expression of several key osteoblastic
marker genes was either attenuated or delayed as MN1~/~ cal-
varial cells progressed through the in vitro osteoblast differen-
tiation system compared with the MN1"/" cells (Fig. 7A). The
osteoblast matrix proteins BSP2 and DMP1 showed significant
decreases in expression in the MN1~/~ cultures at 14- and
28-days of differentiation, respectively. Expression of osterix
and Runx2, two obligatory factors that are required for appro-
priate osteoblast differentiation, are dramatically attenuated in
differentiating MN1 null osteoblasts compared with WT con-
trols (Fig. 7A). These data indicate that MN1 is required for
appropriate differentiation and mineralized matrix production
in this in vitro osteoblast culture system. To evaluate the signif-
icance of MN1 in osteoblastic maturation in vivo, the expres-
sion of osteoblast marker genes was examined in extracts
obtained from MN1 wild-type and knock-out calvaria. As
shown in Fig. 7B, MN1 transcripts were readily detected in WT
calvaria and, as expected, were undetectable in MN1 ™/~ mice.
We observed only modest, if any, differences in the expression
of BSP2 and osterix in the WT and KO calvarial extracts. This
may be due to the mixed population of pre-osteoblastic and
mature osteoblasts present in these calvarial extracts compared
with the more synchronous differentiation program of the in
vitro system. Importantly, the expression levels of alkaline
phosphatase, osteocalcin, and Runx2 were markedly reduced in
MNI1 knock-out calvaria compared
with the wild-type controls. Cumu-
latively, these data strongly suggest
that intact E18.5 calvaria from the
MN1 knock-out mice have fewer or
less differentiated osteoblasts in
vivo and that MN1 is an important
gene that controls osteoblast differ-
entiation and mineralization in vitro
and in vivo.

MNI1 Knock-out Osteoblasts Have
Reduced Ability to Support 1,25-
(OH),Ds-induced Osteoclastogenesis—
Mature osteoblasts secrete essential
factors that regulate osteoclasto-
genesis, and a key function of
1,25(0OH),D; in osteoblasts is to
stimulate the expression of genes
that support osteoclast differentia-
tion. To determine the significance
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FIGURE 8. MN1 knock-out osteoblasts have reduced ability to support 1,25(0H),D;-stimulated oste-
oclastogenesis. A, osteoclastogenic co-culture analysis was performed as described under “Experimental
Procedures” using WT and MN1 KO osteoblasts. Co-cultures were stained for TRAP, an osteoclast-selective
marker. Representative images of TRAP-stained co-cultures are shown. Colorimages are shown in supplemen-
tal Fig. 1. B, TRAP-positive multinucleated cells (=3 nuclei) were counted and compared. Data represent the
mean * S.D. (n = 3 in each group). The inset shows a high magnification image of TRAP positive, multinucle-
ated osteoclasts. The scale bar represents 60 um. C, MN1 WT and KO osteoblasts were differentiated for 15 days
and treated with ethanol (=) or 10 nm 1,25(0H),D; (+) for 24 h. Northern blot analysis was performed to
examine mRNA expression levels of OPG, RANKL, macrophage colony-stimulating factor (M-CSF), or 18 S RNA.

of osteoblastic MN1 in VDR/1,25(OH),D;-stimulated oste-
oclastogenesis, wild-type or MN1 knock-out osteoblasts
were used in spleenocyte co-culture studies, and TRAP-pos-
itive multinucleated osteoclast formation was assessed as
described under “Experimental Procedures” (Fig. 8, A and B).
As expected, no TRAP-positive multinucleated cells were
detected in the absence of 1,25(0OH),D,. In the presence of
10 or 100 nm 1,25(0OH),D,, the numbers of TRAP-positive,
multinucleated osteoclasts increased dramatically in the
wild-type cells. In contrast, osteoclastogenesis was severely
impaired in the MN1 knock-out cultures. These data suggest
that osteoblast-derived MN1 plays an important role in sup-
porting 1,25(0OH),D,-stimulated osteoclast differentiation.
However, these studies do not exclude the possibility that
intrinsic defects may also exist in osteoclast progenitors in
the MN1 knock-out mouse.

To investigate the mechanism underlying the reduced
ability of MN1 knock-out osteoblasts to support 1,25-
(OH),D,-induced osteoclastogenesis, osteoblast expression
of key osteoclastogenic factors were compared in wild-type
and MN1 knock-out cells. RANKL and macrophage colony-
stimulating factor are two factors that promote osteoclast
formation. MN1 knock-out osteoblasts expressed lower lev-
els of RANKL and macrophage colony-stimulating factor in
both the basal and 1,25(0OH),D;-activated states when com-
pared with the wild-type osteoblasts (Fig. 8C). In contrast,
MN1 knock-out osteoblasts produced higher levels of OPG,
a factor that inhibits osteoclast differentiation, in both the
absence and presence of 1,25(0OH),D, (Fig. 8C). These data
indicate that MN1 is important for maintaining an appropri-
ate RANKL:OPG ratio to support optimal osteoblast-medi-
ated osteoclastogenesis.

MN1 Stimulates RANKL Promoter Activity—The previous
data (Fig. 8C) suggest that MN1 may stimulate RANKL pro-
moter activity and enhance the synthesis of RANKL mRNA. To
test this hypothesis, the activity of a —1 kb human RANKL
promoter was examined under conditions of MN1 overex-
pression or MN1 depletion. As shown in Fig. 94, the RANKL
promoter was stimulated by ectopic expression of MN1 in
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dose-dependent manner (Fig. 9D).
Importantly, expression of the pro-
moter-less pGL3 control reporter
gene was unaffected by MN1 over-
expression or MN1 ablation (Fig. 9).
The stimulation of RANKL pro-
moter activity by MN1 supports a
potential mechanism in which MN1
promotes osteoclastogenesis via increased transcription of the
RANKL gene in osteoblasts.

DISCUSSION

We identified MNI1 as an osteoblast-expressed gene that is
up-regulated by 1,25(0OH),D, and that positively influences
VDR-activated transcription in the human MG-63 osteosar-
coma cell line (17). Those studies implied that MN1 has a pre-
viously unrecognized significance in the osteoblast. The studies
presented here provide strong support for that significance.
The major findings in the present study are that primary cal-
varial osteoblasts derived from the MN1 knock-out mouse are
defective in VDR-mediated gene expression and in osteoblast
proliferation, migration, differentiation, and mineralization as
well as in osteoblast-mediated osteoclastogenesis. We further
provide a mechanistic basis for the involvement of MNI1 in
osteoblast-directed osteoclastogenesis that likely involves tran-
scriptional regulation of the RANKL promoter, resulting in
enhanced RANKL:OPG ratios that favor osteoclast formation.
These new findings provide strong support for a role of MN1 in
maintaining appropriate calvarial osteoblast function.

MNI1 is a transcription factor that functions in part as a
nuclear receptor coactivator protein. Heterologous expression
studies in Hep3B and COS7 cells show that MN1 selectively
augments VDR- and retinoic acid receptor-activated transcrip-
tion, perhaps through direct interactions with the receptor
and/or with p160 and p300 coactivator proteins (17, 33). Limi-
tations of these past studies on nuclear receptor pathways
include a reliance on overexpression of MN1 and a lack of
approaches addressing a functional role for MN1 in appropri-
ate target cells. Thus, the observations that MN1 ablation
reduces both VDR-activated reporter gene expression as well as
1,25(0OH),D;-activated expression of the native cyp24 gene (a
direct VDR target gene) in primary osteoblastic cells (Fig. 2)
provides important support for the significance of MN1 in the
mechanism of VDR-mediated gene expression in osteoblasts.
MNT1 ablation also dramatically reduces 1,25(OH),D,-stimu-
lated, osteoblast-mediated osteoclastogenesis (Fig. 8), thus
showing a requirement for MN1 in critical VDR/1,25(OH),D,-
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MNI in the regulation of RANKL
gene expression in the osteoblast.
Indeed, several CACCCAC-like ele-
ments exist in the ~1 kb of the
5'-flanking region of the human
RANKL gene that was used here.
Clearly, additional studies are
needed to test whether this tran-
scriptional role for MNT1 is direct
and mediated through binding of
MNI1 to the RANKL promoter or
whether alternative mechanisms
exist. It is unlikely that these effects
are mediated through the VDR
as the vitamin D-responsive ele-
ments of the RANKL gene reside at
extreme upstream distal regions (at
1676 kb upstream from the tran-
scriptional start site) (36), far out-
side the immediate promoter
regions tested here. However, based
on the established role of MN1 in
VDR-activated transcription, it
would be intriguing to test the inter-

-+

plays between MN1 and these distal

WT KO regulatory regions as 1,25(OH),D,-

A B ) MNI1 siRNA
£ 025 r oo g 05 -
5 040 ng S o4l MN] -
; 0.2 r mg0ng § ' 18 e
g 5
8 015 | = 03
5] =
E =
S 01 g 02
[ N
S S
S 0.05 [ g 0l
§ s
z 0 e o s Y 2 0

pGL3  hRANKL MNIsRNA - +
(-1kb)-luc pGL3
C D
05 r _
z OwT z 2 ao
>
£ 04 | EKO £, | O5ngMNI
s 5 @10ng MN1
E 03 | % 15 | ®E20ngMNI
Q
2 02 t = 1k
B B
8 N
Té 0.1 g 05
s, L, 2, 1
pGL3 hRANKL WT KO
(-1kb)-luc pGL3

FIGURE 9. MN1 stimulates RANKL promoter activity. A, MC3T3-E1 cells were transiently transfected with a
1-kb human RANKL promoter reporter gene (hRRANKL(— 1kb)-luc) or pGL3 control reporter gene. The indicated
amounts of the MN1 expression plasmid were cotransfected with the total molar amount of expression plas-
mid DNA kept constant by the addition of empty vector. The normalized luciferase activity was measured after
48 h. Data represent the mean = S.D. (n = 3 in each group). B, control siRNA (—) or MNT1 siRNA (+) was
transfected into MC3T3-E1 cells 24 h before pGL3 or hRANKL(—1kb)-luc was transfected. The normalized
luciferase activity was measured 48 h later. Data represent the mean = S.D. (n = 3 in each group). The inset
shows a Northern blot analysis of MNT mRNA expression 24 h after siRNA transfection. C, WT or MN1 KO
primary osteoblasts were transfected with pGL3 or hRANKL(— 1kb)-luc. The normalized luciferase activity was
measured after 48 h. Data represent the mean = S.D. (n = 3 in each group). D, WT or KO primary osteoblasts
were transiently transfected with pGL3 or hRANKL(—Tkb)-luc. The indicated amounts of the MN1 expression
plasmid were cotransfected with the total molar amount of expression plasmid DNA kept constant by the
addition of empty vector. The normalized luciferase activity was measured after 48 h. Data represent the

mean = S.D. (n = 3 in each group).

mediated biological activities in the osteoblast. Although these
in vitro studies provide a solid foundation for the significance of
MNI1 in VDR-mediated transcription, it will be important to
explore the in vivo requirement of MN1 in the vitamin D endo-
crine system and the maintenance of global mineral homeosta-
sis or hair follicle cycling. Currently, this cannot be addressed
because the MN1 knock-out mice do not survive postnatally
where disruptions in the vitamin D endocrine system become
evident. Tissue-directed MN1 null models that survive postna-
tally, perhaps targeting intestine or bone, need to be developed
to tackle this important issue.

In addition to interacting with nuclear receptors and coacti-
vator proteins to influence their transcriptional activities, MN1
also binds DNA directly viaa CACCCAC promoter sequence to
increase transcription of the IGFBP5 gene as well as a variety of
other genes (34, 35). Our studies indicate that ectopic expres-
sion of MN1 stimulates RANKL promoter activity in osteoblas-
tic cells, and knockdown or ablation of MN1 attenuates it.
Thus, these observations support a transcriptional role for
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hRANKL (-1kb)-luc mediated expression of RANKL is
also impacted in MN1 knock-out
osteoblasts. Finally, the combination
of defective osteoblast differentiation,
mineralization, and impaired osteo-
blast-directed, RANKL-stimulated,
osteoclastogenesis has the potential
to produce a global bone cell imbal-
ance in the cranial vault that may
explain in part the undermineralized
phenotype in the MN1 knock-out
mice.

The craniofacial phenotype of the
MNT1 knock-out embryo highlights the additional concept that
MNT1 also functions in critical developmental pathways that are
independent of the VDR/1,25(0OH),D, endocrine system. This
is perhaps best illustrated by the lack of overt defects in cranial
skeletal development or palatal defects in the 1a-hydroxylase
or VDR knock-out mice which lack 1,25(OH),D, or its recep-
tor, respectively, or in humans with inactivating mutations in
these gene (37, 38). Thus, VDR is unlikely to play a major role in
the function that MN1 exerts during mouse development.
Interestingly, the MN1 knock-out skeletal defects are restricted
to cranial skeletal elements, many of which form by intramem-
branous ossification processes (27). Long bones of the appen-
dicular skeleton that form by endochondral ossification appear
to develop normally in the MN1 knock-out embryos when ana-
lyzed for gross mineralization using Alcian Blue and Alizarin
Red whole skeletal stains (27). Indeed, we observed no differ-
ences in bone mineral densities and morphological parameters
of tibia from E18.5 MN1"/* and MN1~/~ embryos using more
refined quantitative micro-computed tomography imaging
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technology (supplemental Table S2). Meester-Smoor et al. (27)
suggested that MN1 was selectively involved in intramembranous
bone formation. However, there are several important exceptions
to this selectivity issue. Not all bones that form by intramembra-
nous ossification are affected in the MN1 null embryos. The man-
dible and clavicle develop mainly through intramembranous ossi-
fication, and their development is intact in the MN1 knock-out
embryo. Moreover, MN1 knock-out embryos display anomalies in
numerous skeletal elements that form by endochondral ossifica-
tion processes including the agenic, delayed, deformed, and/or
undermineralized development of the pterygoid, basisphenoid,
alisphenoid, supraoccipital, exoccipital, and sternum (Ref. 26 and
data not shown). This indicates that the selectivity of the skeletal
elements that require MN1 for normal development may not be
related to the processes through which they form (e.g intramem-
branous versus endochondral) but, instead, may arise through
other, as yet unknown mechanisms.

The vertebrate skeleton is derived from three distinct sources.
In general, the craniofacial skeleton originates from cranial neural
crest cells, the axial skeleton is formed by paraxial mesoderm
(somites), and the appendicular skeleton is derived from lateral
plate mesodermal cells (39). The restricted craniofacial defects of
the MN1 knock-out mice indicate the potential involvement of
MN1 in neural crest cell migration and/or differentiation. Indeed,
a recent study revealed that MN1 acts upstream of Tbx22, a gene
that is mutated in X-linked cleft palate in humans (40). This sup-
ports an important role for MN1 in regulating the expression of
genes involved in neural crest-initiated, palatal shelf development.
This combined with the defects in osteoblast function in MN1
knock-out calvarial cells point to more global roles for MN1 in
early development of neural crest-derived skeletal structures, in
the subsequent differentiation and mineralization of osteoblasts
during embryonic development of the skull and perhaps in post-
natal skeletal homeostasis. Similar multifaceted roles in embryonic
development and in embryonic and/or postnatal osteoblast
dynamics exist for a variety of other genes including several of the
Distal-less (DIx) homeobox transcription factors (41), several of
the hox family of transcription factors including hoxA10 (42),
SATB2 (43), Connexin43 (44), Odd-skipped related 2 (45), trans-
forming growth factor-, bone morphogenic protein family mem-
bers (46), and numerous others. The significance of osteoblastic MN1
in postnatal skeletal dynamics can only be revealed with the develop-
ment of an osteoblast-targeted MN1 gene knock-out that survives
postnatally. The profound osteoblastic defects uncovered here pro-
vide strong justification for the development of such a model.

In summary, our studies provide key evidence for a signifi-
cance of MNI1 in vitamin D-mediated transcription and in
numerous other critical aspects of osteoblast biology. Our find-
ings help to establish MN1 as a critical protein that is needed for
appropriate osteoblast growth, differentiation, activity, and
function. Understanding detailed molecular and cellular mech-
anisms underlying these functional aspects of osteoblastic MN1
is an important area of future research efforts.
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