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Abstract

Whnt signaling is essential for osteogenesis and also functions as an adipogenic switch, but it is not
known if interrupting wnt signaling via knockout of p-catenin from osteoblasts would cause bone
marrow adiposity. Here, we determined whether postnatal deletion of p-catenin in preosteoblasts,
through conditional cre expression driven by the osterix promoter, causes bone marrow adiposity.
Postnatal disruption of p-catenin in the preosteoblasts led to extensive bone marrow adiposity and
low bone mass in adult mice. In cultured bone marrow-derived cells isolated from the knockout
mice, adipogenic differentiation was dramatically increased, whereas osteogenic differentiation
was significantly decreased. As myoblasts, in the absence of wnt/p-catenin signaling, can be
reprogrammed into the adipocyte lineage, we sought to determine whether the increased
adipogenesis we observed partly resulted from a cell-fate shift of preosteoblasts that had to
express osterix, (lineage-committed early osteoblasts), from the osteoblastic to the adipocyte
lineage. Using lineage tracing both in vivo and in vitro we demonstrated that the loss of p-catenin
from preosteoblasts caused a cell-fate shift of these cells from osteoblasts to adipocytes, a shift
that may at least partly contribute to the bone marrow adiposity and low bone mass in the
knockout mice. These novel findings indicate that wnt/B-catenin signaling exerts control over the
fate of lineage-committed early osteoblasts, with respect to their differentiation into osteoblastic
vs. adipocytic populations in bone, and thus offers potential insight into the origin of bone marrow
adiposity.

Introduction

Many conditions that can induce bone loss, such as estrogen insufficiency (1), disuse (2),
hindlimb unloading (3) and microgravity exposure (4), are accompanied by increased bone
marrow adiposity. In patients with osteoporosis, bone marrow adiposity was significantly
increased and bone formation rate was inversely related to the adipocytic proportion of the
bone marrow (5-7).

Osteoblasts and adipocytes can both arise from the same precursor bone marrow
mesenchymal stem cells (BMSCs). Over the past decades, much effort has been devoted to
understanding how BMSCs can be allocated into the osteoblastic or adipocytic lineages.
Certain crucial factors can direct BMSCs into one lineage and prevent them from
differentiating into the other lineage. When adipocyte differentiation signals, such as
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CCAAT/enhancer binding protein (C/EBP) and the nuclear receptor peroxisome
proliferator-activated receptor gamma (PPAR-y) are activated, BMSCs are driven into the
adipocytic lineage. Extensive analyses of in vivo and in vitro models have established the
basic genetic cascade of adipogenesis. In response to adipocytic inducers, the early
transcription factors C/EBPB, C/EBPS and PPARy1 are rapidly activated or induced in
BMSCs and initiate the adipogenic cascade, which includes increased expression of two
critical transcription factors responsible for adipogenesis, C/EBPa and PPAR-y2, followed
by upregulation of downstream genes that are characteristic of mature adipocytes, including
FABP4, Glut4, and adiponectin, (8-10).

In contrast, entry of BMSCs into the osteoblastic lineage depends upon the activation of
Runx2 and wnt/B-catenin signaling. During the process of bone formation, activation of wnt/
[-catenin signaling represses differentiation of BMSCs into the adipocytic lineage (11).
Thus, in mouse BMSCs, activation of wnt/p-catenin signaling suppresses glycogen synthase
kinase 3(GSK-3) and directs multipotential cells into the osteoblastic lineage at the expense
of the adipogenic lineage (12). Inactivation of wnt/p-catenin signaling by silencing -
catenin with RNAI promoted adipogenesis in human bone marrow-derived mesenchymal
stem cells (13). Similar results obtained with cell lines have also shown that activation of
whnt signaling inhibits adipogenic differentiation. Overexpression of wnt10b in bipotential
ST2 cells suppresses appearance of the adipocytic phenotype but induces osteoblastogenic
gene expression, and this process is mediated by suppression of C/EBPa and PPARYy (14).
Stabilization of B-catenin or overexpression of wntl in 3T3-L1 preadipocytes inhibits their
ability to differentiate into mature adipocytes by reducing the expression of C/EBPa and
PPARy (15), whereas disruption of p-catenin in the C2C12 cell line increases the expression
of PPARY (16). Thus, wnt signaling may play an important role in controlling not only
osteogenesis but also adipogenesis in bone and bone marrow. Evidence for this mechanism
in vivo is lacking, as altered bone marrow adiposity has not been reported in mice with
knockout of p-catenin, a key component of the wnt pathway, either in early cells of the
osteoblastic lineage or in mature osteoblasts. In fact, removal in vivo of p-catenin from early
cells of the osteoblastic lineage by either Prx1-cre or Dermol-cre or even with Osx-cre
results in an early arrest of osteoblast differentiation and no bone formation (17-20). On the
other hand, deletion of B-catenin within mature osteoblasts by either Colla.1-cre or
osteocalcin-cre or even in osteocytes by DMP1-cre causes exclusively an increase in
osteoclast differentiation and low bone mass with normal bone formation (21-23).
Moreover, no increase in bone marrow adiposity was reported in mice with knockout of
wnt10b, a typical activator of wnt signaling, although the knockout mice exhibit low bone
mineral density (24,25).

In this study, we induced postnatal deletion of B-catenin in early (osterix-expressing) cells of
the osteoblastic lineage and observed both a striking reduction in bone mass and a
remarkable increase in bone marrow adiposity. Using a global double fluorescence cre
reporter mouse, we observed that osterix-expressing preosteoblasts became adipocytic cells,
with strong expression of the adipocytic marker FABP4 and positive staining for Oil-Red O.
These novel findings provide direct evidence that knockout of B-catenin in early cells of the
osteoblastic lineage causes a dramatic change in cell fate of the preosteoblasts from
osteoblasts to adipocytes, a shift that may at least partly contribute to the phenotype of
increased bone marrow adiposity and low bone mass observed in the knockout mice.

Materials And Methods

Animals

The B-cateninf (B-cat®f) (26) and mT/mG double fluorescence reporter mice (27) (both
from Jackson Labs), and osterix-cre (0sx-cre) transgenic mice (20,26,27) (from McMahon
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lab) used in the present study were backcrossed to the C57/B6 background for more than 6
generations. The cre expression in the osx-cre mice can be suppressed by administration of
doxycycline (Dox) to the pregnant mice and their progeny. Treatment with Dox was
accomplished by adding it (1.5 mg/ml) to the drinking water. Animals were maintained in
facilities operated by the Center for Comparative Research of the Massachusetts General
Hospital, and all animal experimental procedures were approved by the institution’s
Subcommittee on Research Animal Care.

For histological analysis, dissected tibiae and femurs were fixed with 10% formalin for 24
hrs and decalcified with 18% EDTA for 14 days. Paraffin sections from the decalcified bone
and plastic sections from un-decalcified bone were prepared by standard histological
procedures.

Isolation of BMSCs

After anesthetization, mice at eight weeks of age were sacrificed to dissect tibiae and
femurs, and then BMSCs were isolated by flushing the bone marrow with a-MEM medium.
After centrifuging for 10 min at 800 rpm, BMSCs were resuspended in a-MEM medium
supplemented with 10% fetal bovine serum (FBS), and then filtered with a 70 pm pre-
sterilized cell strainer. For cell culture, the total BMSCs per mouse were suspended in 36 ml
culture medium and seeded into 6 or 12-well tissue culture plates (1 or 2 ml/well).

In vitro differentiation and adenoviral-cre infection of BMSCs

The isolated BMSCs were cultured in 6 or 12-well plates with a-MEM medium containing
10% FBS for 48h, and then infected with adenoviral-cre or adenoviral-GFP (2x107 pfu
adenovirus per well) for 48h, followed by continuing culture with either adipogenic medium
containing 10% FBS, 3-isobutyl-1-methylxanthine (IBMX, 0.5 M), dexamethasone (1 wM)
and insulin (10 ng/ml), or osteogenic medium supplemented with 10% FBS, p-
glycerophosphate (10 mM), and ascorbic acid (50 pg/ml). Culture medium was replaced
every 2 days.

Oil red O stain and quantification

After culture, cells were washed twice with PBS and then fixed with 10% formalin for 20
min. After fixation, cells were washed three times with ddH,O followed by 60% isopropanol
for 5 min. After removal of isopropanol, cells were allowed to dry completely and then were
incubated with Oil Red O working solution for 20 min followed by rinsing 5 times with
ddH»0. For Oil Red O quantification, 200 .l isopropanol was added into each well for 5
min. The supernatants were taken for measurement of OD value with a spectrophotometer at
500 nm, and QOil Red O content per well was calculated with a standard curve. Six to eight
individual samples were analyzed for each group.

Von Kossa stain

After culture, cells were washed twice with PBS and then fixed with 10% formalin for 20
min. After fixation, cells were washed three times with ddH,O and incubated with 5% silver
nitrate for 20 min under room temperature in the dark. After washing with ddH,0 plates
were exposed to bright light for 30 min.

Calcium content quantification

Cultured cells were washed twice with PBS and incubated with 400 .1 0.6N HCI per well on
the shaker (200 rpm) overnight at room temperature. The content was collected into 1.5ml
tubes and centrifuged for 2 min at 10,000rpm to obtain the supernatants. 20 .l of each
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supernatant was taken for measurement of OD value with a spectrophotometer at 620 nm
and calcium content in each well was determined as described previously (28).

Quantitative Real-Time PCR (qRT-PCR)

Total RNA for gRT-PCR was extracted from cultured cells using Trizol reagents
(Invitrogen) according to the manufacturer’s protocol. For gRT-PCR, cDNA was prepared
with random primer using the SuperScript First-Strand Synthesis System (Invitrogen) and
analyzed with the SYBR GreenMaster Mix (QIAGEN) in the thermal cycler with two sets of
primers specific for each targeted gene. Relative expression was calculated for each gene by
the 2-A ACT method with B-actin for normalization. Primers used for gRT-PCR were:
Osterix (F) AGTGCACGAGCCAGCGACAA and (R) CCAGCGCTTGGAGATCTTAGA;
Runx2 (F) GCACAGACAGAAGCTTGATGA and (R) TGCCTGGGATCTGTAATCTGA,
ALP (F) TCTCCAGACCCTGCAACCTC and (R) CATCCTGAGCAGACCTGGTC;
Collal (F) CGAGTCACACCGGAACTTGG and (R) GCAGGCAGGGCCAATGTCTA,
Osteocalcin (F) CTCTGTCTCTCTGACCTCACAG and (R)
CAGGTCCTAAATAGTGATACCG; Rbl (F) CTCACGCTGCCCAGGAGACCT and (R)
AGGAGGCCTGGTGGAGGCATAC; Zfp467 (F) TGGCTCCCCAGAGTGAGCCC and
(R) TGTGGGGTACTGGCCTGGCT; C/EBPa (F) ACTTCTACGAGGTGGAGCCGCGG
and (R) CCGGGTCGATGTAGGCGCTGA,; FABP4 (F)
CACCTGGAAGACAGCTCCTCCTCG and (R) ACCGGATGGTGACCAAATCCCCA,;
Maf (F) CAATTCCGACCTGCCCACCAGT and (R) CATGGGGGTGGAGGACAGCG;
PPARY(F) TCCGTGATGGAAGACCACTCGCA and (R)
TGCAGGTTCTACTTTGATCGCACTT,; Axin2 (F) ATGTGTGGATACGCTGGACTT
and (R) TTCTTGATGCCATCTCGTATG; Lefl (F) TCTCAAGGACAGCAAAGCTC and
(R) CACTTGAGGCTTCATGCACAT; Tcfl (F) ACATGAAGGAGATGAGAGCCA and
(R) CTTCTTCTTTCCGTAGTTATC; B-catenin (F) TGCCACCACCACAGCTCCTT and
(R) GGAACATGGCAGCTCGGACCC, and B-actin (F)
CGTGCGTGACATCAAAGAGAA and (R) GCTCGTTGCCAATAGTGATGA.

Cellular immunofluorescence

Isolated BMSCs were seeded in 8-well slide chambers and cultured with the adipogenic
medium for up to 21 days, and then the cells were fixed with 10% formalin for 15 min,
followed by 0.25% Triton for 5 min. After rinsing with ddH»0, cells were processed for Oil
Red O staining, followed by incubation with rabbit anti-FABP4 antibody (Abcam, 1:500
dilution) and chicken anti-GFP antibody (Abcam, 1:500 dilution) for 45 min. After rinsing 3
times with PBS, cells were incubated with fluorescence-conjugated secondary antibodies
(goat anti-rabbit-Alexa Fluor 647 (far red) and goat anti-chicken-Alexa Fluor 488 (green),
(both secondary antibodies were obtained from Invitrogen and used at 1:500 dilution) for 30
min followed by rinsing 5 times with PBS. Slides were mounted with a mount medium
containing DAPI and examined under fluorescence and confocal microscopes.

Tibial immunofluorescence and quantitative assessment of the GFP+ adipocytes

Five-months old tibiae were dissected from mT/mG; osx-cre and mT/mG; osx-cre;p-cat!/f
mice treated with Dox until 2-month old. The dissected tibiae were fixed with formalin/
sucrose (10%) in PBS for 2 hours and decalcified with 18% EDTA at cold room for a week,
and then processed for frozen sections. 8 um sections were incubated with rabbit anti-
FABP4 antibody (1:500 dilution) and chicken anti-GFP antibody (1:500 dilution) for 45
min. After rinsing with PBS, sections were incubated with fluorescence-conjugated goat
anti-rabbit-Alexa Fluor 647 antibody (1:500 dilution) and goat anti-chicken-Alexa Fluor 488
antibody (1:500 dilution) for 30 min, followed by rinsing with PBS. Slides were mounted
with a mount medium containing DAPI and examined using confocal microscopes. To
determine the number of osterix-derived adipocytes, we counted the total number of cells,
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the cells positive for FABP4 and the cells positive for both FABP4 and GFP in the
metaphyseal trabecular region up to 50 microns away from the growth plate; this was the
region with the most dramatic increase in fat in the mutant mice. Cells were counted blindly
on at least three cross-sections for each animal. The FABP4-positive cells with GFP
surrounding less than 50% of the red FABP4 fluorescence were classified as not certainly
GFP positive. These cells, representing roughly 10% of the FABP4+ cells in the control
mice and 20% of the FABP4+ cells in the mutant mice, were classified as GFP-negative for
purposes of calculations. This classification was conservatively designed to minimize the
number of fat cells certainly derived from osterix-expressing cells.

Microcomputed Tomography (uCT)

Statistics

Results

iCT analysis of the distal femur was performed using a desktop microtomographic image
system, as described previously (29).

Students’ t test was used to compare two test groups and differences were considered
significant for p < 0.05.

Loss of B-catenin in early osteoblasts causes increased bone marrow adiposity

In the course of performing tibial bone histology of adult mice with conditional knockout of
[B-catenin driven by the osx-cre promoter, we unexpectedly observed a dramatic change in
the bone marrow fat content. Thus, in osx-cre;B-cat”f mice treated with doxycyline (Dox)
until 4-months of age and then sacrificed at 6 months, two months after withdrawal of Dox
(to allow cre expression), an extensive increase in marrow fat was observed in the trabecular
region of both the primary and secondary ossification centers, which was accompanied by a
striking decrease in trabecular bone (Fig. 1A). To further demonstrate whether this
phenomenon was caused by inactivation of B-catenin in early cells of the osteoblastic
lineage postnatally, osx-cre;B-catf mice were treated with Dox prenatally and until 2
months of age and then sacrificed at six months of age. As shown in Fig. 1B, the bone
marrow space in the trabecular region of these mice was mostly occupied by adipose tissue,
and the loss of bone mass was even more evident in both trabecular and cortical bones.
These observations suggested that p-catenin signaling in early (osx-expressing) cells of the
osteoblast lineage is important not only for bone acquisition but also for suppression of fat
formation in bone. Notably, this postnatal knockout of B-catenin in the growing mice caused
a dramatic decrease in trabecular bone mass, as shown by wCT analysis (Fig. 1C) and von
Kossa staining of plastic sections from un-decalcified tibia (Fig. 1D). We also observed a
dramatic increase in osteoclast-mediated bone resorption and decreased osteoblast-mediated
bone formation in both tibiae and vertebrae of the conditional knockout mice. A detailed
histomorphometirc analysis of the bone phenotype in this postnatal knockout model will be
presented in a separate publication.

Deletion of B-catenin in cultured BMSCs

The increased bone marrow adiposity caused by postnatal knockout of B-catenin in early
cells of the osteoblast lineage is consistent with the possibility that BMSCs may
preferentially differentiate into adipocytic lineages instead of osteoblastic lineages when
wnt/B-catenin signaling is disrupted in such cells. To test this possibility, we developed an in
vitro system to disrupt p-catenin in BMSCs using adenoviral infection. We first determined
the infection efficiency of adenoviral cre (ade-cre) and adenoviral GFP (ade-GFP, as
control) in BMSCs isolated from control B-cat”f mice that additionally carry a double
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fluorescence reporter gene (MT/mG) (27). As expected (Fig. 2A), the infection of BMSCs
with the ade-cre led to removal of sequences encoding the membrane tomato (mT, red
fluorescence) to allow selective expression of the membrane GFP (mG), which presents a
distinctive pattern of cellular GFP expression from that generated by the control infection
with ade-GFP (cytoplasmic GFP) (Fig. 2A). We next measured levels of mRNAs encoding
[-catenin using gRT-PCR. Dramatically decreased expression of f-catenin was observed in
the cre-infected cells (Fig. 2A), indicating that the ade-cre effectively disrupted the p-
catenin gene in the infected BMSCs.

Removal of B-catenin in BMSCs increases adipogenesis and decreases osteogenesis

Highly effective removal of B-catenin by ade-cre enabled us to assess the requirement for -
catenin in adipogenesis and osteogenesis of BMSCs. BMSCs were isolated from B-cat™/f
mice and then infected with ade-cre or control adenovirus. When exposed to adipogenic
medium, the BMSCs infected with ade-cre exhibited accelerated and increased adipogenic
differentiation, as shown by many more cells with accumulation of lipid droplets (visualized
by Oil Red-O staining) in the BMSCs infected with ade-cre than with the ade-GFP control
(Fig. 2B). This accelerated adipogenesis was evident at 14 days after infection and was even
more dramatic at 21 days (Fig. 2B). In contrast, when the infected cells were cultured in
osteogenic medium, mineralization, a measure of osteoblastic differentiation in vitro, was
dramatically attenuated in the BMSCs infected with ade-cre, as assessed by von Kossa stain
and direct measurement of calcium content (Fig. 2B). These results indicate that wnt/p-
catenin signaling in bone marrow-derived mesenchymal stem cells is important for directing
these cells to differentiate into osteogenic versus adipogenic lineages.

Removal of B-catenin increases transcription of adipogenic genes in BMSCs

As expected, levels of MRNAs encoding both B-catenin and axin2, a wnt target gene, were
strikingly reduced in the cre-infected BMSCs cultured in either adipogenic or osteogenic
medium, indicating that cre infection effectively disrupted p-catenin gene expression in both
culture conditions (Fig. 3A). To address the molecular mechanisms whereby bone marrow-
derived cells deprived of B-catenin in vitro increase differentiation to adipocytes, we next
examined, by gRT-PCR, expression levels of several crucial genes involved in adipogenesis
in the cultured BMSCs after adenoviral infection. When cultured in adipogenic medium for
14 days, levels of mMRNAs encoding PPAR-y, the vital transcription factor for adipogenic
differentiation, were increased by about 2 fold in the BMSCs infected with ade-cre
compared to control infection. This increased expression was further augmented to more
than 4 fold at 21 days in adipogenic conditions (Fig. 3B). A similar but less extensive,
increase in expression of C/EBPa., another key transcription factor for adipogenic
differentiation, was also observed in the cultured BMSCs infected with ade-cre (Fig. 3B). As
expected, levels of mMRNAs encoding FABP4, a marker for mature adipocytes and a target
gene of both PPAR-y and C/EBPa, was increased by more than 6 fold at 14 days and by up
to 26 fold at 21 days in the cre infected BMSCs compared to the control-infected cells
cultured for the same intervals (Fig. 3B). Interestingly, we observed no significant effect of
deletion of p-catenin in the cultured BMSCs on levels of mMRNAs encoding Zfp467 (Zfp),
Rb1 or Maf; three genes recently identified as key regulators for adipogenesis (30-32). In
addition, a similar increase, although to a much lesser extent, in expression of PPAR~y, C/
EBPa and FABP4 was also observed in the cre-infected BMSCs cultured under osteogenic
conditions (Fig. 3B). Taken together, these results are consistent with the possibility that the
increased adipogenesis caused by deletion of p-catenin in bone marrow-derived
mesenchymal stem cells was attributable to the increased expression of PPARy and C/
EBPa, two essential transcription factors for adipogenesis.
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Deletion of B-catenin in BMSCs leads to decreased expression of osteogenic genes

To explore the molecular mechanism underlying the reduced osteoblastic differentiation, as
determined by mineralization, of the cultured BMSCs following deletion of p-catenin, we
next examined the effect of p-catenin knockout on osteogenic gene expression in the
cultured BMSCs. Analysis by qRT-PCR showed a modest reduction in mRNAs encoding
Runx2 and osterix, two essential osteogenic transcription factors in vivo, in cre-infected
cells under osteogenic but not adipogenic conditions (Fig. 3C). Interestingly, levels of
mRNAs encoding alkaline phosphatase (ALP) and collagen-1 (Collal), two early markers
for osteoblastogenesis, and osteocalcin (OC), a later marker for osteoblast differentiation,
were significantly reduced in the knockout cells cultured under either osteogenic or
adipogenic conditions (Fig. 3C). These data suggest that deletion of B-catenin in the cultured
BMSCs suppressed osteoblastic differentiation in vitro.

Decreased osteogenic differentiation and increased adipogenesis of BMSCs isolated from
osx-cre;B-cat’f mice

We then sought to determine whether deletion of B-catenin in cells that had ever expressed
osterix might affect adipogenesis and osteogenesis of cultured BMSCs. For this purpose,
BMSCs were isolated from osx-cre;B-cat’f (KO) or B-catf (control) mice that had been
treated with Dox until sacrifice to continuously suppress cre expression in vivo. BMSCs
then were cultured under adipogenic or osteogenic conditions in the absence of Dox. We did
not observe any significant changes in bone mass or bone marrow fat in knockout mice
continuously treated with Dox until sacrifice (data not shown). To determine whether -
catenin disruption through the osx-cre occurs in the BMSCs isolated from KO mice and then
cultured under either adipocytic or osteogenic conditions, we first examined levels of
mRNASs encoding B-catenin, axin2 and lefl. As expected, mMRNAs encoding p-catenin,
axin2 and lefl in the BMSCs isolated from KO mice all were significantly reduced, relative
to those from control (CON) mice, and this was especially evident when cells were cultured
under osteogenic conditions (Fig. 4A). This suggests that a large fraction of the isolated
BMSCs had initially occupied, or subsequently traversed, the population(s) of preosteoblasts
that express osterix, with resultant ablation of B-catenin under both culture conditions. We
next assessed adipogenesis of the BMSCs from KO mice. Many more cells from KO than
control mice differentiated into adipocytic cells, and they accumulated more lipid droplets in
cytoplasm, as demonstrated by Oil Red-O staining and quantification (Fig. 2C). Consistent
with the increase in fat cells, levels of MRNAs encoding FABP4, a marker of mature
adipocytes, were dramatically elevated in the cultured BMSCs isolated from KO versus
control mice (Fig. 5B). We further examined mRNAs encoding genes essential for
adipogenesis to determine the molecular mechanism underlying the increased adipogenesis
of the BMSCs derived from KO mice. The increased expression of PPARy and C/EBPa. but
not of Zfp, Rb1 or Maf, in the cultured BMSCs isolated from KO mice was very similar to
that observed previously in the cultured BMSCs that had been isolated from p-cat/f control
mice and then infected with adenoviral-cre in vitro (Fig. 3B and 4B).

We next evaluated osteoblastogenesis of the cultured BMSCs isolated from KO mice. As
expected, mineralized nodules and calcium content were reduced in the BMSCs cultured
from KO mice compared to that observed in the BMSCs from control mice, indicating that
osteoblastogenesis of BMSCs was attenuated by deletion of B-catenin in the cells that had to
express osterix (Fig. 2C). We further analyzed mRNAs encoding transcription factors
essential for osteogenesis and markers for osteoblastogenesis. Expression levels of osterix
and Runx2 were modestly reduced, whereas expression of ALP, Collal and OC was
dramatically attenuated, in the cultured BMSCs isolated from KO mice (Fig. 4C).
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Deletion of B-catenin causes cell fate shift of preosteoblasts to adipocytes

Finally, we determined whether the increased adipogenesis of BMSCs isolated from KO
mice was attributed to a cell fate change of preosteoblasts from osteoblasts to adipocytes. To
test this hypothesis, we cultured BMSCs isolated from both osx-cre; mT/mG and osx-cre;p-
cat”f; mT/mG Dox-treated mice under adipogenic conditions, and then performed cellular
immune fluorescence and Oil Red-O staining to identify the adipocytic cells. Cells that had
expressed osx-cre, and presumably thereby undergone deletion of B-catenin, would also be
expected to express GFP (green) and not the (cre-sensitive) tomato marker. Thus, by using
the mT/mG double fluorescence reporter model, we could trace the preosteoblasts that had
ever expressed osterix and in which B-catenin had been knocked out (Fig. 5). Using this
lineage tracing we observed no bone marrow cells that expressed GFP, further confirming
the previous finding that osterix is not expressed in the bone marrow cells including
uncommitted bone marrow mesenchymal cells (Fig. 5) (33). We observed that Oil Red O
and anti-FABP4 staining showed an identical pattern, indicating that the cells positive for
FABP4 represent adipocytic cells. Strikingly, 21 days after culture under adipogenic
conditions, a number of bone marrow-derived cells from osx-cre;B-cat”f; mT/mG mice had
differentiated into FABP4-positive cells that also expressed GFP at the same time. Such
FABP4-positive cells co-expressing GFP comprised approximately 40% of total FABP4-
positive cells (Fig. 6 and 7). However, no FABP4-positive cells that expressed GFP at the
same time were observed in the bone marrow-derived cells from control osx-cre; mT/mG
mice (Fig. 6 and 7), and notably, the total number of FABP4-positive cells was much higher
in the cultured cells from KO mice than that observed in control cells (Fig. 6A bar graph).
These novel findings indicate that loss of wnt/pB-catenin signaling determines
reprogramming of osterix-expressing marrow preosteoblasts from osteoblasts to adipocytes.

In vivo lineage tracing demonstrates the preosteoblast-derived adipocytes in the KO bone

marrow

To further investigate whether removal of B-catenin causes a cell fate shift of the
preosteoblasts from osteoblasts to adipocytes, we performed an in vivo lineage tracing study
using the mT/mG reporter mice. As expected, five-month old KO mice treated with Dox
until two months of age exhibited a dramatic increase in bone marrow fat as revealed by Oil
Red O staining of frozen sections derived from the proximal tibia (Fig. 8D). The increased
adiposity in the KO tibiae was also indicated by a significant increase in mRNAs encoding
adipogenic genes in marrow cells from the mice (Fig. 8E). We also observed a dramatic
increase in the number of FABP4-positive cells in the KO bone marrow in vivo (Fig. 8A-C
and Fig. S1). More strikingly, and consistent with the findings of the in vitro lineage tracing
experiments, a large number of FABP4-positive cells that co-express GFP were visible in
the bone marrow in KO mice but few were seen in CON mice (Fig. 8A—C and Fig. S1 and
S2). Some of the GFP-positive cells in the KO bone marrow did not express FABP4, while a
large fraction of the FABP4 positive cells did not express GFP (Fig. 8A-C, and Fig. S1 and
S2). These findings observed from the in vivo lineage tracing further indicate that loss of -
catenin can lead to the cell fate shift of preosteoblasts from osteoblasts to adipocytes, likely
through trans- and/or de-differentiation mechanisms.

Discussion

Osterix is a zinc-finger domain-containing transcription factor that is required for the
differentiation of preosteoblasts into functional osteoblasts, and is specifically expressed in
osteoblast-lineage cells and at lower levels in prehypertrophic chondrocytes (34). Osterix is
not expressed in bone marrow cells (see Fig. 5) or in uncommitted bone marrow
mesenchymal cells (33). In osterix-null mice, which die at birth, a full cartilage skeleton is
formed but the embryos completely lack bone formation (34). We deleted p-catenin and
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traced the deleted cells, using the osterix-cre transgenic, which uses osterix promoter
sequences to express cre in the preosteoblasts (20). The data reported here indicate that wnt/
[B-catenin signaling plays a crucial role in controlling osteoblast and adipocyte
differentiation, not only in multipotent BMSCs but also in lineage-committed preosteoblasts
that express (or had once expressed) osterix. Removal of g-catenin from BMSCs in vitro
caused these cells to more readily differentiate into the adipocytic lineage, and, more
strikingly, deletion of B-catenin in osterix-expressing preosteoblasts using adenoviral-cre in
vitro resulted in the cell fate shift of these cells from osteoblasts to adipocytes.

The relationship between osteoblastogenesis and adipogenesis is complex. During
development, mesenchymal precursor cells can selectively differentiate into adipocytes,
osteoblasts, or other cell types (1), and so it is widely accepted that decreased bone
formation is typically accompanied by increased fat formation (6). Many factors including
wnt signaling are shown essential for the lineage commitment of mesenchymal precursor
cells during development. In vitro, wnt10b supplementation increases osteoblastogenesis
and decreases adipogenesis in ST2 cells, a bone marrow-derived stromal cell line, and
similar findings were observed when cultured cells were treated with wntl (14,25). B-
catenin is the key component of the canonical wnt pathway, and it regulates wnt target gene
transcription when this pathway is activated by any of a variety of wnt ligands (wnt10b,
wntl, wnt3, etc). Thus, p-catenin is a critical target for exploring the function of the
canonical wnt pathway. Stabilization of B-catenin in a bone marrow-derived stromal cell line
can promote osteoblastogenesis and inhibit adipogenesis (25), and over-expression of f3-
catenin in preadipocytes can also inhibit their differentiation into mature adipocytes (15).
These in vitro data showed the importance of the canonical wnt pathway for determining
both osteoblast and adipocyte differentiation. Interestingly, however, increased bone marrow
adiposity has not been reported in mice with deletion of B-catenin either from early
progenitors of the osteoblast lineage in fetal life (17-20) or from mature osteoblasts (21-23).
Here we observed that blocking the canonical wnt pathway by disrupting p-catenin within
early cells of the osteoblast lineage in postnatal mice causes osteopenia and increased bone
marrow adiposity. Our data indicate that wnt/p-catenin signaling in early cells of the
osteoblast lineage is not only essential for bone formation but also controls (restrains) bone
marrow fat formation in adult animals. Our lineage tracing experiment in bone in vivo
further indicates that removal of $-catenin in preosteoblasts causes a cell fate shift of these
cells from osteoblasts to adipocytes. In vivo lineage tracing shows that inactivation of -
catenin from preosteoblasts through the osterix cre induces many preosteoblast-derived cells
to become adipogenic cells in the bone marrow microenvironment, and that normally such
preosteoblast-derived adipocytic cells are few in number in the bone marrow
microenvironment. This reprogramming of preosteoblasts determined by B-catenin could be
explained by two possible mechanisms. First, preosteoblasts, upon removal of -catenin,
may trans-differentiate directly into the adipocytic lineage and proceed to become mature
adipocytes. Alternatively, preosteoblasts deficient in p-catenin may first de-differentiate into
multipotent progenitor cells and then enter into the adipocytic lineage. It will be important to
determine which one or both of these scenarios pertains following osterix-directed deletion
of B-catenin. We also observed, in our cultures of BMSCs isolated from knockout mice,
that, by comparison with the control cells, there were many more adipocytes that did not
express the GFP marker, while such increase in the GFP-negative adipocytes in the KO mice
was less prominent in the lineage tracing in vivo. It seems, at least in vitro, that knockout of
[B-catenin from preosteoblasts may cause an indirect effect on adjacent cells that do not
express osterix, stimulating the production of more adipocytes.

We further explored the molecular mechanism(s) underlying the increased adipogenesis and
reprogramming of preosteoblasts from osteoblasts to adipocytes, and found that blockage of
wnt/B-catenin signaling in preosteoblsts dramatically upregulated expression of two
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transcription factors determinant for adipogenesis, C/EBPa and PPAR'y, but caused only
modest effects on two crucial transcription factors for osteoblastogenesis, Runx2 and
osterix. Several lines of evidence indicate that wnt/B-catenin signaling regulates expression
of C/EBPa and PPARYy. Transient activation of wnt signaling suppresses expression of
mRNAs encoding C/EBPa and PPARy (14). GSK3, which can block the canonical wnt
pathway by degrading p-catenin, directly regulates the activity of C/EBP, an early
inducible adipogenic transcription factor, by phosphorylation of its Ser-184 and Thr-179
with subsequent activation of transcription of C/EBPa and PPARYy (35). These studies
indicated that wnt/p-catenin signaling controls the adipogenic process through directly
regulating the activity of early transcription factors for adipogenesis. Moreover, PPARy
may bind to B-catenin and regulate its activity. For example, in mouse fibroblasts activation
of PPARYy promotes the degradation of phosphorylated B-catenin, which is GSK3p-
dependent (36) and this interaction is mediated by a region within PPARy that is highly
homologous to the B-catenin binding domain in TCF/LEF (37). Furthermore, in multipotent
mesenchymal precursor cells the balance between osteogenic and adipogenic transcription
factors is also important for the cells to maintain their quiescence and to determine lineage
commitment. Osteogenic and adipogenic transcription factors can regulate each other by
reciprocal inhibition. Once activated, PPARy not only suppresses the expression of Runx2
but also interferes with the transcriptional ability of Runx2, and thus inhibits osteoblast
differentiation (38,39). In our study, the decreased osteoblastic differentiation of BMSCs
upon adenoviral-cre deletion of p-catenin and of osteoblast progenitors following B-catenin
removal through osterix-cre expression might be attributed to the decreased transcriptional
activity of Runx2 caused by the increased expression of PPAR+y and C/EBPa..

In addition to PPARy and C/EBPa., both retinoblastoma gene (Rb1) (31) and Maf (32) were
recently identified as important factors that can regulate mesenchymal cell bifurcation into
osteoblasts versus adipocytes. The retinoblastoma protein (pRb), product of the Rb1 gene,
can bind to Runx2 and potentiate its ability to promote osteogenic differentiation in vitro
(40). pRb also acts with E2F to suppress PPAR-y, the master activator of adipogenesis (41).
Knockdown of Rb1 promotes PPAR-y expression, and its restoration induces
downregulation of adipogenic markers. Moreover, its appearance is sufficient to switch
lineage specification between osteoblastic commitment and multipotency. The crucial role
of Maf in osteoblast and adipocyte lineage commitment is determined by the severe low
bone mass phenotype, with increased bone marrow adiposity, seen in Maf knockout mice
(32). Maf disturbs adipocyte differentiation by suppressing the interaction of Cebpé and
CREB-binding protein gene (Crebbp) and controls osteoblast differentiation through binding
to Runx2 and directly regulating Bglaspl (encoding osteocalcin). However, in our study, we
did not observe any significant changes in the expression of these two genes following
removal of B-catenin from either BMSCs or from the preosteoblasts that had to express
osterix. Taken together, our data indicate that wnt/B-catenin signaling controls the fate of
preosteoblasts, the lineage-committed early osteoblasts, with respect to differentiation into
osteoblastic vs. adipocytic populations in bone, and that this correlates with increased
expression of PPAR+y and C/EBPa but not of Rb1 and Maf. The molecular mechanism
underlying the reprogramming of preosteoblasts is very similar to that observed previously
in myoblasts (15). This is the first demonstration that loss of B-catenin can actively
reprogram preosteoblasts from osteoblasts to adipocytes. Our findings may offer potential
insight into the mechanisms underlying increased bone marrow adiposity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Progressively increased bone marrow fat in adult mice following postnatal knockout of -
catenin through the osterix promoter

(A-B) H&E staining of paraffin sections from proximal tibiae of 6-month old control (p-
cat®) and knockout (osx-cre;B-cat™f) mice treated with doxycycline (Dox, 1.5 mg/ml
supplemented in drinking water) prenatally and until 4 months of age (A) or until 2 months
of age (B). Treatment with Dox suppresses cre expression and thus prevents disruption of -
catenin. The earlier disruption of p-catenin by osx-cre at 2 months (B), led to more marrow
adipose tissue and more bone loss in the knockout mice at 6 months. (C) pCT analysis of
distal femurs and (D) von Kossa staining of plastic sections of proximal tibiae from 12-wk
old mice treated with Dox prenatally and until 7 weeks of age.

J Bone Miner Res. Author manuscript; available in PMC 2013 November 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Song et al.

Ade-Cre Ade-GFP >

Ade-GFP

Ade-Cre

Oil Red O (ug/well)

Page 15

Tomato Merge gRT-PCR
1.2
1=
i |l
w
w
@ 08
a
»
L
c
€ 04
& -
®
; 0
Ade- Ade-
GFP  Cre

Von Kossa QilRed O Von Kossa

N\

14-d
* = = 800
8 g 1000 :,; 8 ) §
B s 800 § 6 ‘g 6500
=
600 = =
4 . = = o 4 . £ 400
& 400 b g
-t " : ]
2 ’EI § 200 = 2 5 200
0 g o © 0 3 o
14d 21d 14-d 21d 14-d 21-d
O Ade-GFP 0O con
B Ade-Cre | xo

Fig. 2. Deletion of B-catenin causesincreased adipogenesis and decr eased osteogenesis

(A) Confocal images of BMSCs isolated from femurs and tibiae of (mT/mG);p-cat(f) mice
at 8 weeks of age and infected with ade-GFP (upper panel) or ade-Cre (lower panel) at 10
days. Bar graph shows gRT-PCR analysis of mRNAs encoding p-catenin. (B)
Representative images of Oil Red O and Von Kossa staining and quantification of Oil Red O
and extracellular calcium content measurement (bar graphs) from infected BMSCs cultured
in adipogenic or osteogenic medium for the indicated time. (C) Representative images of Oil
Red O and Von Kossa staining and quantification of Oil Red O and extracellular calcium
content measurement (bar graphs) from BMSCs isolated from 8-wk old femurs and tibiae of
p-catf® (CON) and osx-cre;B-catf (KO) mice treated with Dox until sacrifice and cultured
in adipogenic or osteogenic medium for the indicated time. Data are plotted as mean + SEM.
Similar results were obtained from four independent experiments. *p < 0.05 vs control cells
cultured for the same time.
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Fig. 3. Deletion of B-catenin in BM SCsincr eases adipogenic but suppr esses osteogenic gene
expression

(A-C) gRT-PCR analysis of mMRNAs encoding p-catenin (B-cat) and axin2 (A), adipogenic
genes (B) and osteogenic transcripts (C) in BMSCs isolated from 8-wk old femurs of B-cat™f
mice, infected with adenoviral-Cre (Ade-cre) or with control adenovirus (Ade-GFP), and
then cultured under either adipogenic or osteogenic medium for the indicated times. Data are
plotted as mean + SEM of fold expression of each mRNA relative to the expression level
observed in the control infected cells cultured at the same intervals. *p < 0.05 vs control
infected cells cultured for the same time. Similar results were obtained from four
independent experiments.
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Fig. 4. Loss of B-catenin through the osterix-cre causesincreased adipogenic and reduced
osteogenic gene expression

(A-C) gRT-PCR analysis of mRNAs encoding wnt target genes (A), adipogenic genes (B)
and osteogenic transcripts (C) in BMSCs isolated from 8-wk old tibiae and femurs of p-catf/f
(CON) and osx-cre;B-cat™f (KO) mice treated with Dox until sacrifice, and cultured under
either adipogenic or osteogenic condition for 14 or 21 days, as indicated. Data are plotted as
mean + SEM. *p < 0.05 vs CON-derived cells cultured for the same time. Results were
obtained from four independent experiments (4 mice per genotype).
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Fig 5. Tracing the preosteoblasts that had to express osterix with the double fluor escence
reporter model

(A) Double fluorescence mT/mG reporter mice were mated to osx-cre mice. (B)
Representative images by confocal microscopy of frozen sections from 4-wk old proximal
tibia of mT/mG; osx-cre mice without administration of doxycycline; the lower row of
images are higher-power views of the area delimited by the white box indicating the primary
spongiosa. (C) Representative images first by fluorescence microscopy and then histology of
same frozen sections from the same proximal tibia shown above; the upper row of images
showing the secondary spongiosa and the lower row of images showing the cortical bone.

All the images clearly demonstrate that the GFP-positive cells are restricted on bone but not
in the marrow area.
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Fig. 6. Loss of B-catenin causes cell fate shift of preosteoblasts

Bone marrow derived cells were isolated from 8-wk old femurs and tibiae of mT/mG; osx-
cre (CON) and mT/mG; osx-cre;B-catf’f (KO) mice treated with Dox until sacrifice, cultured
under adipogenic condition for 21 days, and analyzed by Oil Red O staining and cellular
immunofluorescent detection for FABP4 (red) and GFP (green). (A) Fluorescent microscope
images show adipocytic cells that expressed both FABP4 and GFP at the same time
(indicated by white arrows) in the cultured BMSCs exclusively from KO mice but not from
CON mice at all, and bar graph quantitatively demonstrates a dramatic increase in number of
FABP4 positive cells in the KO-derived culture. Data are plotted as mean £ SEM. *p < 0.05
vs CON-derived cells. (B) Representative confocal images of the cultured cells from KO
mice (the lower row of images indicating magnified views of the cells delimited by the
white box) show the adipocytic cells that strongly express both FABP4 and GFP at the same
time (as indicated by arrowheads).
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Fig. 7. Confocal microscopy of adipocytic cells positive for FABP4 and either GFP or Tomato
Bone marrow derived cells were isolated from 8-wk old femurs and tibiae of mT/mG; osx-
cre (CON) and mT/mG; osx-cre;B-cat’f (KO) mice treated with Dox until sacrifice, and
cultured under adipogenic condition for 21 days. The cultured cells underwent
immunofluorescent staining only for FABP4 and then were analyzed by confocal
microscopy for FABP4 (red), GFP (green), tomato (pink) and DAPI (blue). (A) The
confocal images show that in CON-derived BMSCs the FABP4-positive cells only express
tomato and none express GFP. (B) The confocal images of the cultured cells from KO mice
demonstrate FABP4-positive cells that also express either tomato (arrows) or GFP
(arrowheads), but not both, at the same time.
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Fig. 8. In vivo lineage tracing and assessment of adiposity

(A) Confocal microscopy of 5-month old proximal tibiae from mT/mG; osx-cre (CON) and
mT/mG; osx-cre;B-cat”’f (KO) mice treated with Dox until 2-month old. “Grey” denotes the
images without fluorescence. Many GFP-positive cells and cells double positive for GFP
and FABP4 in the bone marrow were observed in KO but few in CON mice, and FABP4-
positive cells were dramatically increased in KO mice. (B) Representative images from the
KO confocal microscopy show some FABP4 positive cells that co-expressed GFP (as
indicated by white arrows in the merged image of FABP4/GFP; Red: FABP4, Green: GFP
and blue: DAPI stain for nucleus). (C) Bar graphs represent a quantitative assessment of
FABP4 positive cells and the cells positive for both FABP4 and GFP in the metaphyseal
trabecular region of the proximal tibia. Data are expressed as mean £ SEM. *p < 0.01 vs
CON mice. We counted blindly the cells positive for both GFP and FABP4 from a total of
approximately 1500 or 2100 FABP4 positive cells derived from four CON or four KO mice,
respectively. (D) Representative micrographs of Oil Red O stain from the frozen sections of
the proximal tibiae described in A and B. (E) qRT-PCR analysis of mRNAs encoding
adipogenic genes; total RNA was isolated from one tibia of the same mice described in A
and B. There were four mice in each group and data are plotted as mean = SEM; *p < 0.05
vs CON mice.
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