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Wntll signals through both canonical (-catenin) and non-
canonical pathways and is up-regulated during osteoblast dif-
ferentiation and fracture healing. In these studies, we evaluated
the role of Wntll during osteoblastogenesis. Wntl1 overex-
pression in MC3T3E1 pre-osteoblasts increases 3-catenin accu-
mulation and promotes bone morphogenetic protein (BMP)-
induced expression of alkaline phosphatase and mineralization.
‘Wntll dramatically increases expression of the osteoblast-asso-
ciated genes Dmp1 (dentin matrix protein 1), Phex (phosphate-
regulating endopeptidase homolog), and Bsp (bone sialopro-
tein). Wntl1 also increases expression of Rspo2 (R-spondin 2), a
secreted factor known to enhance Wnt signaling. Overexpres-
sion of Rspo2 is sufficient for increasing Dmp1, Phex, and Bsp
expression and promotes bone morphogenetic protein-induced
mineralization. Knockdown of Rspo2 abrogates Wntl1-medi-
ated osteoblast maturation. Antagonism of T-cell factor (Tcf)/
B-catenin signaling with dominant negative Tcf blocks Wnt11-
mediated expression of Dmp1, Phex, and Rspo2 and decreases
mineralization. However, dominant negative Tcf fails to block
the osteogenic effects of Rspo2 overexpression. These studies
show that Wntl1 signals through f-catenin, activating Rspo2
expression, which is then required for Wntl1-mediated osteo-
blast maturation.

Wnt signaling is a key regulator of osteoblast differentiation
and maturation. In mesenchymal stem cell lines, canonical Wnt
signaling by Wnt10b enhances osteoblast differentiation (1).
Canonical Wnt signaling through [B-catenin has also been
shown to enhance the chondroinductive and osteoinductive
properties of BMP2? (2, 3). During BMP2-induced osteoblast
differentiation of mesenchymal stem cell lines, cross-talk
between BMP and Wnt pathways converges through the inter-
action of Smad4 with B-catenin (2).

Canonical Wnt signaling is also critical for skeletal develop-
ment and homeostasis. During limb development, expression

* This work was supported, in whole or in part, by National Institutes of Health
Grants RO1DE017471 and RO1AR028922.

1 The on-line version of this article (available at http://www jbc.org) contains
supplemental Figs. S1-S3 and Tables S1-S3.

" To whom correspondence should be addressed: 311 Hill Pavilion; 380 S.
University Ave., Philadelphia, PA 19104-4539; E-mail: kdhank@vet.
upenn.edu.

2The abbreviations used are: BMP, bone morphogenetic protein; Rspo2,
R-spondin 2; Bsp, bone sialoprotein; Phex, phosphate regulating gene with
homologies to endopeptidases on the X-chromosome; GFP, green fluores-
cent protein; PBS, phosphate-buffered saline; miRNAi, microRNA interfer-
ence; dn, dominant negative; Tcf, T-cell factor; BGP, B-glycerol phosphate.

pCEEYE

MAY 22, 2009+VOLUME 284 +NUMBER 21

of Wnt3a in the apical ectodermal ridge of limb buds maintains
cells in a highly proliferative and undifferentiated state (4, 5).
Disruption of canonical Wnt signaling in Lrp5/Lrp6 compound
knock-out mice results in limb- and digit-patterning defects
(6). Wnt signaling is also involved in the maintenance of post-
natal bone mass. Gain of function in the Wnt co-receptor Lrp5
leads to increased bone mass, whereas loss of Lrp5 function is
associated with decreased bone mass and osteoporosis pseu-
doglioma syndrome (7, 8). Mice with increased Wnt10b expres-
sion have increased trabecular bone, whereas Wnt10b-defi-
cient mice have reduced trabecular bone (9). Similarly, mice
nullizygous for the Wnt antagonist sFrp1 have increased trabe-
cular bone accrual throughout adulthood (10).

Although canonical Wnt signaling regulates osteoblastogen-
esis and bone formation, the profile of endogenous Wnts that
play a role in osteoblast differentiation and maturation is not
well described. During development, Wnt11 is expressed in the
perichondrium and in the axial skeleton and sternum (11).
Wntll expression is increased during glucocorticoid-induced
osteogenesis (12), indicating a potential role for Wntll in
osteoblast differentiation. Interestingly, Wntl1 activates both
B-catenin-dependent as well as 3-catenin-independent signal-
ing pathways (13). Targeted disruption of Wnt11 results in late
embryonic/early post-natal death because of cardiac dysfunc-
tion (14). Although these mice have no reported skeletal devel-
opmental abnormalities, early lethality obfuscates a detailed
examination of post-natal skeletal modeling and remodeling.

In murine development, Wnt11 expression overlaps with the
expression of R-spondin 2 (Rspo2) in the apical ectodermal
ridge (11, 15). R-spondins are a novel family of proteins that
share structural features, including two conserved cysteine-
rich furin-like domains and a thrombospondin type I repeat
(16). The four R-spondin family members can activate canoni-
cal Wnt signaling (15, 17-19). Rspo3 interacts with Frizzled 8
and Lrp6 and enhances Wnt ligand signaling. Rspol enhances
Wnt signaling by interacting with Lrp6 and inhibiting Dkk-
mediated receptor internalization (20). Rspol was also shown
to potentiate Wnt3a-mediated osteoblast differentiation (21).
Rspo2 knock-out mice, which die at birth, have limb patterning
defects associated with altered B-catenin signaling (22-24).
However, the role of Rspo2 in osteoblast differentiation and
maturation remains unclear.

Herein we report that Wntl1 overexpression in MC3T3E1
pre-osteoblasts activates [-catenin and augments BMP-in-
duced osteoblast maturation and mineralization. Wntl1
increases the expression of Rspo2. Overexpression of Rspo2 in
MC3T3EL is sufficient for augmenting BMP-induced osteo-
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blast maturation and mineralization. Although antagonism of
Tcf/B-catenin signaling blocks the osteogenic effects of
Wntll, Rspo2 rescues this block, and knockdown of Rspo2
shows that it is required for Wntll-mediated osteoblast
maturation and mineralization. These studies identify both
Wntll and Rspo2 as novel mediators of osteoblast matura-
tion and mineralization.

EXPERIMENTAL PROCEDURES

Induction of Osteoblast Maturation—Murine MC3T3 E1
(clone 14) cells were plated at 2 X 10* cells/well of a 24-well
plate (or scaled up to larger wells based on this surface area
ratio) and cultured for 2 days in a-minimum Eagle’s medium
supplemented with 10% fetal bovine serum (Hyclone, charac-
terized), penicillin/streptomycin, and L-glutamine. The media
were subsequently replaced with fresh media supplemented
with B-glycerol phosphate (4 mm) and ascorbic acid 2-phos-
phate (25 pg/ml). BMP2 (dimer concentration) was added
where indicated for only the first 3 days of induction. Fresh
tissue culture medium, supplemented with B-glycerol phos-
phate and ascorbic acid 2-phosphate, was added every 2—3 days
after the initial period of BMP induction. The mineralization
experiments were harvested on days 12—16. For the microarray
and Q-RT-PCR-based gene expression analysis, cells were har-
vested at days 3, 6, and 9.

Retroviral Vectors—RNA was harvested from MC3T3E1 (for
Wntll ¢cDNA cloning) or Wntl1 overexpressing MC3T3 E1
pre-osteoblasts (for Rspo2 ¢cDNA cloning) and reverse-tran-
scribed to ¢cDNA using Superscript III reverse transcriptase
(Invitrogen). The cDNAs encoding Wntl1l and mRspo2 were
amplified, sequenced for mutations, and subcloned into a
murine myeloproliferative sarcoma virus-based retroviral vec-
tor (pRet) (25) containing an IRES-EGFP1 cassette. The cDNA
encoding dominant negative Tcf4 was kindly provided by the
laboratory of Ormond Macdougald (26). The microRNAi-
based knockdown cassettes were designed using the Invitrogen
miRNAI designer tool. Two separate miRNAIi vectors against
Rspo2 (Rspo2 959 and Rspo2 1390, corresponding to the loca-
tion in the coding sequence) were designed and cloned into the
pCDNAG6.2 GW/miR vector. After sequencing, the knockdown
cassette was subcloned into the pRet retroviral vector. Retrovi-
ral supernatant was produced as described below.

Generation of Stable Retroviral Producer Lines—Stable retro-
viral producer lines were established using the trans-infection
method as follows: phoenix A (amphotropic) cells were plated
at a density of 4 X 10° cells/well of a 6-well plate and cultured
overnight. On the following day, the culture media were aspi-
rated and exchanged with fresh media (Dulbecco’s modified
Eagle’s medium, high glucose, 10% fetal bovine serum, penicil-
lin/streptomycin, L-glutamine). Chloroquine dihydrochloride
(Sigma, S764663) was added to phoenix cells 5 min prior to
transfection. Plasmid DNA (1-2 pg/ml) was transfected into
the phoenix cells using the Promega Profection kit (E1200). The
media were changed 8-10 h later and replaced with fresh
medium. On the following day (day 1), the media were changed,
and the cells were placed at 32 °C, 5% CO,, overnight to harvest
viral supernatant on day 2 post-transfection. Fresh media were
added every 24 h until 4 days post-transfection.
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On day 1 of transfection, the ecotropic retroviral packaging
line, GP+E86, was placed in a 6-well dish (4 X 10* cells/well)
and cultured overnight. On day 2, retroviral supernatant was
harvested from phoenix cells, filtered (0.45 um), and supple-
mented with the retroviral attachment promoter protamine
sulfate (5 wg/ml). Approximately 2 ml of retroviral supernatant
was added to the GP+E86 cells on day 2 and again on days 3 and
4. The entire transfection protocol was performed twice, for a
total of six harvests of retroviral supernatant. Stable producer
lines were selected in puromycin when applicable (1 wg/ml).
GP+E86 derived from this protocol were considered stable ret-
roviral producer cell lines with an approximate viral titer of 1 X
107 colony-forming units/ml.

Retroviral Transduction of MC3T3 E1 Cells—Cells were
plated in a 6-well plate (4—5 X 10* cells/well) and cultured
overnight at 37 °C, 5% CO,. On the following day, retroviral
supernatant was harvested from GP+E 86 ecotropic retroviral
producers, filtered (0.45 wm), and supplemented with prota-
mine sulfate (5 ug/ml). Alternatively, filtered retroviral super-
natant was frozen, thawed, and supplemented with protamine
sulfate. Tissue culture medium was subsequently removed
from each well and replaced with 2 ml of retroviral supernatant.
Cells were cultured with retroviral supernatant overnight
(37°C, 5% CO,). This procedure was repeated the following
day. Retrovirally transduced cells were selected for 5-7 days in
puromycin (1 ug/ml) when applicable. Using this protocol,
~100% of MC3T3 cells were transduced as determined by
enhanced GFP fluorescence (data not shown). EGFP1 trans-
duced MC3T3 cells were used as control cells for all overex-
pression studies, whereas an miRNAi specific for LacZ was used
as a control for all miRNAi-based knockdown studies.

Alkaline Phosphatase Colorimetric Assay—MC3T3 cells (5 X
10%) were plated in flat-bottom 96-well plates in 200 ul of
a-minimum Eagle’s medium (Invitrogen). After culturing for
12 days (37 °C, 5% CO,), the media were aspirated, and alkaline
phosphatase activity was measured using a p-nitrophenyl phos-
phate-based assay kit (Sigma). Briefly, 50 ul of alkaline reaction
buffer was added to each well followed by 50 ul of 2X p-nitro-
phenyl phosphate substrate solution. The plates were subse-
quently incubated for 15-20 min at 37 °C, 5% CO.,. p-Nitrophe-
nyl phosphate production was measured using a Molecular
Devices Spectramax microplate reader (405 nm) and compared
with a standard curve. Alkaline phosphatase activity was subse-
quently normalized to cell number using the rapid cell prolifer-
ation kit (EMD Biosciences). At least three independent exper-
iments were performed with multiple biological replicates.
Statistical significance was determined using analysis of vari-
ance follow by the Tukey-Kramer multiple comparisons test.

Calcium Phosphate Cytochemistry—For Alizarin Red S stain-
ing, cells were harvested between days 12 and 16 (unless other-
wise indicated). The cells were washed in PBS and fixed in eth-
anol (50%) for 5 min. The ethanol solution was removed and
an Alizarin Red S solution (1%) was added for 5 min. Each
well was rinsed three times with PBS, once (rapidly) with
deionized water to reduce background staining, and once
again with 1X PBS.

Quantitative RT-PCR—MC3T3 cells were cultured for 2
days in 6-well plates (8 X 10* cells/well). The cells were subse-
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quently induced with 160 ng/ml (4 nm dimer concentration)
recombinant human BMP2, B-glycerol phosphate (4 mm), and
ascorbic acid 2 phosphate (25 ng/ml). Total RNA was isolated
at various time points using the Qiagen RNeasy kit with on-col-
umn DNase [ digestion. All primers were designed using the
Primer3 program (Whitehead Institute, Cambridge, MA). The
sequences are available upon request from the corresponding
author. cDNAs were synthesized using Superscript I1I reverse
transcriptase (Invitrogen). The cDNAs were subsequently
diluted (~1:2), and 0.5 ul was added to each PCR using the ABI
Power SYBR 2X SYBR green master mix. All PCR samples were
prepared in duplicate wells of a 96-well plate. Quantitative PCR
was performed on an ABI 7500 fast thermal cycler. To ensure
primer specificity, melt curves were performed after 40 cycles
of PCR. Agarose gel electrophoresis was performed after melt
curve analysis to further validate each primer set. Fold- differ-
ences in gene expression were calculated using the AACt
method (27, 28), comparing untreated controls to BMP-treated
samples and normalizing to B-actin. Statistical tests were per-
formed as mentioned previously.

Microarray Analysis—RNA was isolated from cells as
described previously. Samples were digested with DNase I to
remove any residual DNA contamination. After UV spectro-
photometric quantification, a minimum of 12 ug of total RNA
was submitted to the University of Michigan Cancer Center
Microarray Core Facility at a concentration of no less than 500
ng/ul. All subsequent sample processing was performed by the
Microarray Core Facility. Quality control on samples was per-
formed by the Microarray Core Facility using an Agilent Bio-
analyzer. 5 ug of RNA was used for each cDNA synthesis reac-
tion. Expression values and fold-change of treatment relative to
controls were provided by the Microarray core Facility. Clus-
tering analysis was performed after processing the raw data (.cel
files). Genes with an expression level =400 and an interquartile
range =0.4 were selected. The list was limited to the top 300
differentially expressed genes.

Western Blotting—Tissue culture medium was aspirated, and
cells were rinsed once in PBS. Subcellular protein fractionation
was performed in three steps. First, cells were lysed in hypo-
tonic buffer (25 mm HEPES, pH 7.4, 5 mm MgCl,, 5 mMm EDTA,
5 mu dithiothreitol) for 10 min, scraped, and Dounce-homog-
enized (20 strokes, B pestle). Following 5 min of centrifugation
at 4000 X g, the supernatant was removed and collected as the
cytosolic fraction. The supernatant was then centrifuged for 3
min at 15,000 X g to remove any carryover from the pellet. The
pellet was subsequently rinsed in PBS with protease and phos-
phatase inhibitors (as above) and incubated for 10 min (room
temperature) in a second buffer containing 10 mm HEPES, pH
7.4, 10 mMm KCl, 0.1 mm EDTA, 1 mum dithiothreitol, 0.2% IGE-
PAL, protease and phosphatase inhibitors, sodium fluoride,
and sodium orthovanadate, as above. After incubation, this
fraction was pelleted at 15,000 X g for 3 min. The cytosol was
removed and collected as the membrane fraction. Finally, the
pellet was rinsed once in PBS with protease and phosphatase
inhibitors and resuspended in 20 mm HEPES, pH 7.4, 0.4 M
sodium chloride, 1 mm EDTA, 10% glycerol, 1 mm dithiothrei-
tol, and protease and phosphatase inhibitors. The pellet was
subsequently shaken for 4 h (4 °C, 1000 rpm). The extract was
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centrifuged (15,000 X g, 5 min) to generate the nuclear fraction.
Protein was quantified using the BCA assay (Pierce). Equal
amounts of total protein were separated using SDS-PAGE and
electrotransferred to a nitrocellulose membrane. The blots
were probed using anti-B-catenin (Upstate, 06734), anti-
NFATc4 (Santa Cruz Biotechnology, sc-13036), anti-NFATc1
(Santa Cruz Biotechnology, sc-7294), anti-phospho-protein
kinase Ca (Upstate, 06822), anti-phospho-Smadl, -5, and -8
(Chemicon, AB3848), anti-B-tubulin (Sigma, T7816), or C-ter-
minal anti-lamin A (Sigma, L1293). The blots were subse-
quently stripped with restore stripping buffer (Pierce 21059)
and re-probed 1-2 times. Autoradiography was performed, and
films were scanned. Photoshop was used to generate composite
images for treatment groups in the same experiment but run in
nonadjacent lanes (i.e. control versus Wntll versus Rspo2).
Brightness and contrast levels were uniformly adjusted across
all groups. All Western blots were performed on lysates from at
least three independent experiments.

RESULTS

Wntll Enhances BMP2-induced Osteoblast Maturation and
Mineralization—Wnt11 was expressed by MC3T3 E1 pre-os-
teoblasts under basal growth conditions and was increased with
BMP treatment (supplemental Fig. 14). Overexpression of
Wntll (Wntll") increased levels 1000-fold. We examined
alkaline phosphatase expression in MC3T3 E1 pre-osteoblasts
overexpressing Wntll (Wntl11") with and without BMP2
treatment. BMP-treated control cells cultured in ascorbate/
BGP showed significantly increased alkaline phosphatase activ-
ity relative to ascorbate/BGP-treated cells and untreated con-
trols (Fig. 1A). BMP-treated Wnt11™ cells showed the greatest
increase in alkaline phosphatase activity, ~2-fold higher than
the BMP-treated control cells (Fig. 14). There was no signifi-
cant difference in Wntl1™ cell number relative to controls
(data not shown).

To examine the effect of Wntll expression on osteoblast
maturation, we performed a mineralization assay. Similar to the
alkaline phosphatase results, Wnt11 overexpression enhanced
the effects of BMP2 (Fig. 1B). At lower concentrations, BMP2
treatment of control cells failed to induce mineralization,
whereas Wntl11 cells showed robust mineralization in the pres-
ence of BMP2.

Whntll Increases B-Catenin Levels in MC3T3 E1.14 Cells—
Given that canonical Wnt signaling plays a prominent role in
osteoblast differentiation, and that Wnt11 has been shown to
signal in a canonical manner, we evaluated the levels of cytoso-
lic and nuclear B-catenin. Levels of nuclear and cytosolic
B-catenin were elevated in Wnt11™ cells relative to controls
(Fig. 1C), indicative of increased canonical Wnt signaling. BMP
treatment had no effect on B-catenin levels.

Whntll Regulates Osteoblast Gene Expression—To evaluate
changes in MC3T3E1 gene expression with Wntl1, we per-
formed a microarray analysis of gene expression using the
mouse 430A 2.0 chip (Affymetrix). Gene expression in control
cells treated with ascorbate and BGP, with or without 4 nm
BMP2, was compared with Wnt11™ cells under identical con-
ditions, 3, 6, and 9 days after the initiation of osteoblast induc-
tion. A set of genes shows changes in expression in BMP2-
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FIGURE 1. Wnt11 enhances BMP-induced osteoblast differentiation.
A, MC3T3 E1 cells were cultured in osteogenic conditions with or without
BMP. Alkaline phosphatase activity was evaluated 6 days after the start of
BMP induction. Alkaline phosphatase activity was normalized to cell number
using the rapid cell proliferation kit. Analysis of variance followed by the
Tukey-Kramer multiple comparisons test were used to determine statistical
significance between groups.n >3,* = p < 0.01, BMP-treated versus all other
groups. B, MC3T3 cells were cultured with ascorbate and BGP with the indi-
cated concentrations of recombinant human BMP2. The cells were harvested
at day 12-16 for Alizarin Red S staining. Greater than three independent
experiments were conducted. C, cells were harvested after 3 days of osteo-
induction, with and without BMP, and lysed by Dounce homogenization.
Subcellular fractions were collected, and Western blots were performed.
Equivalent amounts of protein were loaded per lane, depending on the
experiment (5-10 ng). The blots for the cytosolic and nuclear fractions were
probed with anti-B-catenin, stripped, and re-probed with B-tubulin and
lamin A, respectively. Western blots were performed on three independent
experiments with duplicate wells in each experiment. The figure shows pro-
tein lysates harvested from representative wells. No GF, no growth factor.

treated control cells consistent with previously published

studies (supplemental Table S1). Nine days post-treatment,
there are increases in Id1, Sp7 (osterix), Bsp (Ibsp), osteocalcin
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(Bglap1), and Phex, indicative of osteoblast maturation. Inter-
estingly, expression of Tcf7, a Wnt-associated transcription
factor, is also increased in BMP-treated cells.

A relatively discrete number of genes show changes with
Wntll overexpression (without BMP treatment). Dmpl (den-
tin matrix acidic phosphoprotein 1) is among the extracellular
matrix genes showing increased expression in Wnt11 cells rel-
ative to control cells (supplemental Table S2). Dmp1 regulates
extracellular matrix mineralization, calcium-phosphate home-
ostasis, and also serves as transcriptional regulator of dentin
sialo-phosphoprotein (29, 30). Similarly, otoraplin/cartilage-
derived retinoic acid-sensitive protein (Otor/CD-RAP), a pro-
teoglycan involved in chondrogenesis (31), is increased by
Wntll cells at all time points examined. Interestingly, in con-
trol cells, BMP treatment results in repression of Otor expres-
sion (supplemental Table S1). Expression of Phex, a gene
mutated in hypophosphatemic rickets (32), is also increased in
Wntl11™ cells relative to controls, independent of BMP treat-
ment (supplemental Table S2). Rspo2 expression is increased in
Wntl1 cells relative to controls (supplemental Table S2). Genes
that show further enhancement with Wnt11 overexpression in
the presence of BMP treatment are shown in supplemental
Table S3. Dmp1 and Phex are both increased, suggesting either
an additive or synergistic effect of BMP and Wnt11.

Increased expression of some of these genes was validated
using qPCR (Fig. 2 for Rspo2, Phex, Dmp, and Bsp; others not
shown). BMP and Wntl1 synergistically increase expression of
Phex, Bsp, and Dmpl, a result that is consistent with the
microarray data. By contrast, Rspo2 expression is greatest in
Wntll-overexpressing cells that are not treated with BMP,
whereas BMP appears to decrease Rspo2 expression (Fig. 2 and
supplemental Fig. 1B).

B-Catenin Signaling Is Required for Wntl1-mediated Osteo-
blast Maturation and Mineralization—To determine whether
B-catenin signaling was required for the pro-osteoblastic
effects of Wntl1, we introduced a dominant negative form of
Tcf (dnTcf) and examined osteoblast differentiation and gene
expression. Overexpression of dnTcf (dnTcf" cells) has no sta-
tistically significant effect on gene expression in either non-
BMP or BMP-treated control cells (Fig. 2). However, BMP
treated Wnt11™/dnTef" cells show significantly lower levels of
Rspo2, Bsp, Dmpl, and Phex (Fig. 2) relative to BMP-treated
Wntll™" cells. Furthermore, dnTcf"/Wntll™* cells showed
reduced mineralization (Fig. 2, E and F). Thus, B-catenin/Tcf
signaling mediates at least some of the pro-osteoblast effects of
Wntll.

Rspo2 Enhances Osteoblast Maturation and Mineralization
and Stabilizes [B-Catenin—Because R-spondin expression is
both induced by Wnt signaling (33) and an activator of 3-cate-
nin (17, 33), we examined if some of the osteogenic effects of
Wntll were mediated by Rspo2. We cloned the cDNA encod-
ing murine Rspo2 and retrovirally overexpressed it in MC3T3
E1.14 cells (Rspo2™ cells). Overexpression increased Rspo2 lev-
els 50-fold over control conditions, which was increased
~5-fold over Rspo2 expression in Wnt11™ cells (supplemental
Fig. 1B). Osteoblast maturation and mineralization were subse-
quently evaluated in Wnt11*, Rspo2™, and control cells. BMP-
treated Rspo2- and Wntll-overexpressing cells show statisti-
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FIGURE 2. Dominant negative Tcf inhibits Wnt11-induced gene expression and osteoblast maturation.
MC3T3 control (GFP) and MC3T3 Wnt11™" cells were transduced with a retrovirus encoding dnTcf. The cells
were cultured for 2 days and placed in osteo-inductive conditions with and without BMP2. The cells were
harvested for RNA at day 9 of induction. cDNA was synthesized for each sample, and gene expression was
analyzed by Q-RT-PCR. A, Rspo2; B, Dmp1; C, Phex; D, Bsp. Values represent fold-change in gene expression
relative to non-BMP-treated GFP controls, as described previously. Statistical analysis was performed using
analysis of variance with subsequent Tukey-Kramer multiple comparison testing.n >3,p < 0.01.# 1 ¥ indicates
statistical significantly increased expression in non-BMP (no GF)-treated Wnt11 cells relative to the other
non-BMP treated groups (#, control; L, control dnTcf; ¥, Wnt11 dnTcf). *t# indicates statistically significant
differences between BMP-treated Wnt11™" cells and all other BMP-treated groups (¥, control; T, control
dnTcf; , Wnt11" dnTcf). E, MC3T3 control (GFP), Wnt11%, and Rspo2™ cells were placed in osteogenic
media with or without BMP (at the indicated concentration). The cells were harvested after the onset of
mineralization (days 12-16) and stained with Alizarin Red S. F, control/dnTcf, Wnt11"/dnTcf, and Rspo2*/
dnTcf were cultured in parallel with the MC3T3 cells above. Results repeated three independent times. No
GF, no growth factor.

Rspo2 is sufficient for B-catenin
activation with consequent nuclear
accumulation (Fig. 3C).

Rspo2 Enhances Osteoblast Gene
Expression in a Partially Tcf-inde-
pendent Manner—To determine
how Rspo2 enhanced osteoblast
maturation and mineralization,
we examined osteoblast-associ-
ated gene expression in Rspo2™
cells (Fig. 4). BMP-treated Rspo2™
cells show significantly higher levels
of osteoblast-associated genes Bsp,
Dmp1, and Phex expression relative
to BMP2-treated control cells. Phex
expression is partially decreased in
Rspo2™/dnTcf4" cells relative to
Rspo2™ cells but remains much
higher than BMP-treated control
cells. Interestingly, expression lev-
els of Dmpl and Bsp are
unchanged in BMP treated
Rspo2*/dnTcf4™ cells relative to
Rspo2™ cells. Importantly, dnTcf4
does not block Rspo2-mediated
mineralization (Fig. 2F).

Rspo2 Expression Is Required for
Osteoblast Maturation and Minera-
lization—To determine whether
Rspo2 expression was required for
Wntll-enhanced osteoblast matu-
ration and mineralization, we used
retrovirus-based microRNAi to
knock down expression of Rspo2.
Two retrovirus-based miRNAi vec-
tors directed against mRspo2 were
designed and tested (Rspo2 959 and
Rspo2 1390). Both viruses specifi-
cally knocked down expression of
Rspo2 and not that of other Rspo
family members (data not shown).
Our initial experiments indicated
that Rspo2 959 was more effective
(data not shown) at knocking down
expression of Rspo2. All subsequent
experiments were therefore per-
formed with Rspo2 959 (Rspo2
miR™).

Control cells were infected with a
LacZ miRNAI retrovirus (miRNAi
control, LacZmiR"), whereas
Wntll cells were infected with
either a LacZ control miRNAi retro-

cally significant increased levels of alkaline phosphatase activity ~ virus or the Rspo2 miRNAI retrovirus. Alkaline phosphatase
relative to control cells. However, neither Wntll nor Rspo2 induction and mineralization were evaluated as markers of
overexpression is sufficient for induction of alkaline phospha-  osteoblast maturation and function. Knockdown of Rspo2
tase (Fig. 34). Rspo2 overexpression potently enhances miner- expression in Wnt11 cells decreases Wnt11-enhanced alkaline
alization at all concentrations of BMP (Fig. 3B). Furthermore, phosphatase induction to near control levels (Fig. 54). Impor-
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FIGURE 3. Rspo2 increases BMP-induced osteoblast differentiation and
increases f-catenin stabilization. A, MC3T3 control (GFP), Wnt11*, and
Rspo2™ pre-osteoblasts were cultured in osteogenic media with or without
BMP. The plates were harvested after the onset of mineralization at day 6 of
induction and evaluated for alkaline phosphatase induction. Alkaline phos-
phatase activity was normalized to total cell number. *+ indicates statistical
significance relative to BMP-treated controls (¥) and Rspo2™ (#) cells. t indi-
cates statistical significance relative to BMP-treated control cells n >3.
B, MC3T3 control (GFP), Wnt11™,and Rspo2™ cells were placed in osteogenic
conditions with or without varying doses of BMP. The plates were harvested
after the onset of mineralization (days 12-16) and stained with Alizarin Red S.
Representative wells shown; repeated more than three times. C, MC3T3 con-
trol (GFP), Wnt11*, and Rspo2™ were cultured in osteogenic media for 3 days.
The cells were harvested for protein and membrane; cytosolic and nuclear
fractions were collected. Western blots were performed on the nuclear frac-
tion, and the membranes were probed with anti-B-catenin and anti-lamin A
as a loading control. Western blots were performed on three independent
experiments with duplicate wells in each experiment. The figure shows pro-
tein lysates harvested from representative wells.

tantly, knockdown of Rspo2 expression resulted in a nearly
complete blockade of mineralization; levels of mineralization in
Wntl11*/Rspo2miR™ cells were lower than both control/Lac-
ZmiR" and Wnt11*/LacZmiR™ cells (Fig. 5B).
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We also evaluated levels of osteoblast-associated gene
expression in Wnt11"/Rspo2 miR™ cells. By quantitative PCR,
Rspo2 expression in knockdown cells was reduced by 99% rel-
ative to the Wntl11"/LacZmiR™ control cells (Fig. 5C). BMP-
treated Wntll"/Rspo2miR™ cells demonstrate significantly
reduced expression of BSP and Phex (Fig. 5, D and E). However,
Dmpl1 levels were unaffected by Rspo2 knockdown (Fig. 5F).

DISCUSSION

We have determined that Wntll enhances BMP-induced
osteoblast maturation and mineralization in a Tcf/B-catenin-
dependent manner and that this osteogenic effect is mediated,
in part, through increased expression of Rspo2. Wntll
increases Rspo2 expression, and Rspo2 overexpression potently
enhanced osteoblast mineralization and maturation.

dnTcfblocks Rspo2 expression by Wntl1 suggesting that the
increase in Rspo2 by Wntll requires Tcf/B-catenin signaling.
In silico promoter analysis (supplemental Fig. S2) provides evi-
dence to support this conclusion, as three Tcf consensus sites
are located within a 1.5-kb region upstream of the start codon in
the Rspo2 gene. Decreased expression of Rspo2 as a result of T'cf
antagonism in Wnt11™ is a likely explanation for decreased
levels of osteoblast differentiation in the Wnt11™*/dnTcf" cells.

A requirement for Rspo2 in Wntll-mediated osteoblast
maturation and mineralization is supported by Rspo2 knock-
down data. BMP-treated Wnt11"/Rspo2miR™ cells demon-
strate a near complete absence of mineral in response to BMP
induction. These cells also show decreased alkaline phospha-
tase activity, as well as decreased expression of Bsp and Phex,
genes associated with osteoblast maturation and mineraliza-
tion. These studies clearly identify Rspo2 as a novel and potent
osteogenic factor.

Similarly, a recent study has shown that Rspol potentiates
osteoblast differentiation secondary to Wnt3a (21). However,
our study suggests that the effects of Rspo2 are Tcf-independ-
ent. Although dnTcf blocks both Rspo2 expression and miner-
alization in Wntl11™ cells, it has no effect on enhanced miner-
alization by Rspo2. Furthermore, in Rspo2™/dnTcf" cells, Bsp
and Phex remain elevated but are decreased in the Wnt11™/
dnTcf" cells.

These data have allowed us to construct a model for the rela-
tionship between Wntl1, Rspo2, and BMP signaling during
osteoblast maturation and mineralization (supplemental Fig.
S3). Whereas -catenin signaling is required for inducing Rspo2
expression, Rspo2 has effects independent of 3-catenin-Tkcf.

It is interesting to note that BMP treatment down-regu-
lates expression of Rspo2 in MC3T3 pre-osteoblasts and also
down-regulates expression of Rspo2 in Wntll™ cells
(although levels of expression remain elevated relative to
BMP-treated controls). Given the potent effects of Rspo2 on
osteoblast maturation, down-regulation of Rspo2 expression
by BMPs may be a mechanism to limit the extent of miner-
alization by fully differentiated osteoblasts. Similarly, BMP
has been shown to induce expression of BMP pathway inhib-
itors, including the soluble antagonists Noggin and Chordin,
as well as inhibitory Smad. Thus, BMP may reduce Rspo2 as
part of a negative feedback loop to “fine-tune” the extent of
mineralization.
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FIGURE 4. Rspo2 enhances osteoblast-associated gene expression inde-
pendent of B-catenin. MC3T3 control (GFP), control/dnTcf", Rspo2™*, and
Rspo2™*/dnTcf™ were cultured for 9 days in osteogenic media, with or without
BMP. The cells were harvested, and Q-RT-PCR was performed as described
previously. Statistical analysis was performed as mentioned previously.
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We postulate that decreases in Bsp and Phex expression may
be responsible for decreased mineral observed with Wnt11%/
Rspo2mir™ cells and Wnt11"/dnTcf" cells. Bsp has a high
affinity for hydroxyapatite and is involved in biomineralization
(34). Conditional Phex deletion in osteoblasts results in severe
osteomalacia, indicating an important role for Phex in bone
mineralization and calcium-phosphate homeostasis (35).
Antagonism of Phex and Bsp expression therefore may disrupt
the process of biomineralization.

Wntll and Rspo2, acting downstream of Wnt11, modulate
the expression of additional extracellular matrix proteins, par-
ticularly the bone/dentin-associated extracellular matrix pro-
tein Dmpl. Dmpl is known to regulate osteoblast gene expres-
sion and may also influence hydroxyapatite crystal nucleation
(29, 36). B-Catenin and Smad family members, along with AP1
family members, form a transcriptional complex that coopera-
tively regulates Dmpl expression. Such complexes have been
previously shown to regulate expression of target genes (37).
Although dnTcf decreased Wntl1-mediated Dmp1 expression,
it had no effect on Rspo2-induced Dmp1 expression. Further-
more, Rspo2 knockdown had no effect on Wntll-mediated
Dmp1 expression. This result suggests that Dmp1 expression
by Wntl1 is regulated through 3-catenin but is independent of
Rspo2 (supplemental Fig. S3). Although Dmpl remains ele-
vated in Wnt11"/Rspo2miR™ cells, it is not sufficient for the
pro-osteogenic effects of Wnt11.

Our results in MC3T3 E1 cells, a committed pre-osteoblast
line, show that BMP stimulation is required for the pro-osteo-
genic effects of Wntll and Rspo2. This suggests that Wnt11
and Rspo2 do not have a direct effect on osteoblast differentia-
tion, but act to modulate osteoblast maturation and function
downstream from BMP signaling. It is possible that the Wnt11
and Rspo2 may have a different function in uncommitted
osteoprogenitors, relative to more committed cells, such as the
MC3T3 cells. Two lines of evidence support this hypothesis.
First, during development, Wnt11 and Rspo2 are expressed in
the apical ectodermal ridge, a zone of highly proliferative pro-
genitor cells in the developing limbs. Second, during fracture
healing, Wnt signaling promotes osteoprogenitor proliferation
and inhibits differentiation (38). Studies examining the func-
tion of Wnt11 and Rspo2 in mesenchymal stem cells will allow
a better understanding of these factors in regulating prolifera-
tion and differentiation of uncommitted osteoprogenitors, as
opposed to regulating osteoblast maturation in terminally dif-
ferentiated cells.

These studies identify Wnt11 and Rspo2 as novel osteogenic
factors. Furthermore, Rspo2 is expressed downstream of
Wntll and is both necessary and sufficient to mediate the
osteogenic effects of Wntll. Although the viral expression
approach used in this study allows for sustained expression and
release of Wnt11 and Rspo2, it does not allow for fine control of

A, Dmp1; B, Phex; C, Bsp. Values represent fold-change in gene expression
relative to non-BMP (No GF)-treated controls, as described previously. *$ indi-
cates statistically significant increased gene expression in BMP-treated
Rspo2™ cells relative to BMP-treated control (*) and Rspo2™/dnTcf™ (4)
groups. # indicates statistically significantly different levels of gene expres-
sion in Rspo2*/dnTcf" relative to BMP-treated control.n >3, p < 0.01. No GF,
no growth factor.
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FIGURE 5. Rspo2 is required for Wnt11-regulated osteoblast maturation and associated gene expression MC3T3 cells. Control and Wnt11™ cells were infected
with an miRNAi LacZ control retrovirus. Wnt11™ cells were infected in parallel with an Rspo2-specific miRNAi retrovirus (control/LacZmiR™, Wnt11"/LacZmiR™,
and Wnt11*/Rspo2miR™). A, cells were placed in osteogenic media, with or without BMP, for 6 days and harvested for an alkaline phosphatase assay as described
previously. *+ indicates statistical significance relative to BMP-treated control cells (*) and Rspo2 (%) cells. t indicates statistical significance relative to BMP-treated
control cells. B, control/LacZmiR™, Wnt11*/LacZmiR+,and Wnt11"/Rspo2miR™ cells were placed in osteogenic conditions with the indicated concentration of BMP.
The cells were harvested after the onset of mineralization and stained with Alizarin Red S. Representative wells are shown and repeated more than three times.
C-F, cells were harvested for RNA after 9 days of osteo-induction. Gene expression was subsequently analyzed by Q-RT-PCR. C, Rspo2; D, Dmp1; E, Phex; F, Bsp.
Expression values represent fold-change in gene expression relative to non-BMP-treated controls, normalized to B-actin. Statistical analysis was performed as mentioned
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growth factor kinetics and timing of release. Future studies uti-
lizing purified Wnt11 and Rspo2 will allow for better determi-
nations of how growth factor kinetics and timing influence
osteoprogenitor proliferation and differentiation and osteo-
blast maturation. If the downstream mediators of Rspo2 signal-
ing are identified, this may serve as another pathway to target
for development of bone anabolic agents.
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