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Wnt signaling increases bone mass by stimulating osteoblast lineage commitment and expansion and forms 
the basis for novel anabolic therapeutic strategies being developed for osteoporosis. These strategies include 
derepression of Wnt signaling by targeting secreted Wnt pathway antagonists, such as sclerostin. However, 
such therapies are associated with safety concerns regarding an increased risk of osteosarcoma, the most com-
mon primary malignancy of bone. Here, we analyzed 5 human osteosarcoma cell lines in a high-throughput 
screen for epigenetically silenced tumor suppressor genes and identified Wnt inhibitory factor 1 (WIF1), which 
encodes an endogenous secreted Wnt pathway antagonist, as a candidate tumor suppressor gene. In vitro, 
WIF1 suppressed β-catenin levels in human osteosarcoma cell lines, induced differentiation of human and 
mouse primary osteoblasts, and suppressed the growth of mouse and human osteosarcoma cell lines. Wif1 was 
highly expressed in the developing and mature mouse skeleton, and, although it was dispensable for normal 
development, targeted deletion of mouse Wif1 accelerated development of radiation-induced osteosarcomas 
in vivo. In primary human osteosarcomas, silencing of WIF1 by promoter hypermethylation was associated 
with loss of differentiation, increased β-catenin levels, and increased proliferation. These data lead us to sug-
gest that derepression of Wnt signaling by targeting secreted Wnt antagonists in osteoblasts may increase 
susceptibility to osteosarcoma.

Introduction
Osteosarcoma is the most common primary malignancy of bone, 
and the third most common cancer in adolescents (1). Risk fac-
tors for osteosarcoma include states associated with increased 
osteoblast proliferation, such as chronic osteomyelitis, adoles-
cence, Paget disease of bone, ionizing radiation, and various rare 
inherited syndromes (2). Osteosarcoma is characterized by mor-
phologically abnormal osteoblastic cells producing aberrant oste-
oid. Loss of differentiation occurs in more than 80% of sarcomas, 
correlates with higher grade, and confers a 10%–15% decrease in 
survival (1, 3). Although the mechanisms that disrupt differentia-
tion in osteosarcoma are poorly understood, strong evidence sug-
gests that epigenetic processes are important (4). Implantation 
of even markedly aneuploid cancer genomes into blastocysts or 
enucleated zygotes appears compatible with more or less normal 
development of the derived embryos (5, 6). It has been suggested 
that these reversible events are epigenetic in character, since it is 
known that epigenetic templates are erased during early embry-
onic development (7). It is not clear which physiologic pathways 

responsible for differentiation are recurrently epigenetically inac-
tivated during carcinogenesis.

Wnt signaling coordinates osteoblast proliferation and dif-
ferentiation (8), and disruptions in various components of 
the Wnt pathway result in disordered bone development and 
homeostasis (9–12). The Wnt pathway is tightly controlled by 
secreted antagonists that either directly bind Wnts, exemplified 
by Wnt inhibitory factor 1 (Wif1), the secreted frizzled-related 
protein (Sfrp) family, and Cerberus (13), or bind proteins that 
directly bind Wnt receptors, exemplified by the Dickkopf (Dkk) 
family (Dkk1–Dkk4; ref. 14) and sclerostin (Sost; refs. 15, 16). 
Wnt signaling is also strongly linked to cancer, with oncogenic 
mutations reported in β-catenin, E-cadherin, adenomatous pol-
yposis coli (APC), Wnt1, axis inhibition protein 1 (AXIN), and 
T cell factor 4 (TCF4) (17). Osteosarcomas frequently exhib-
it high levels of cytoplasmic and/or nuclear β-catenin (18), 
which is also associated with metastasis (19, 20). Canonically,  
β-catenin is stabilized after binding of Wnts to coreceptors Friz-
zled and LRP5/6 and then enters the nucleus, where it cooper-
ates with TCF/lymphoid enhancer–binding factor (TCF/LEF)  
to transcriptionally activate oncogenes, including C-MYC, MYB, 
CCND, and CCNE (21). Epigenetic silencing of secreted Wnt path-
way antagonists, including WIF1, DKK1, DKK3, SFRP1, SFRP2, 
SFRP4, and SFRP5, is a strikingly common event in many cancers 
(22–26), although the causal relationship between loss of expres-
sion and carcinogenesis is less well established. We undertook a 
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high-throughput screen to identify novel epigenetically silenced 
tumor suppressor genes linking loss of differentiation to transfor-
mation in osteosarcoma.

Using this high-throughput strategy, we identified WIF1 to be 
epigenetically silenced in human osteosarcoma cell lines. Reexpres-
sion of WIF1 in cell lines suppressed β-catenin levels and cellular 
proliferation and induced expression of osteoblastic differentia-
tion. In mice, Wif1 was not required for normal skeletal develop-
ment, but loss of Wif1 increased susceptibility to radiation-induced 
osteosarcomas. WIF1 was silenced in primary human osteosarco-
ma samples by promoter hypermethylation, with a corresponding 
loss in WIF1 protein expression, and was associated with increased 
β-catenin levels and increased proliferation. The results from our 
studies represent a significant step forward in understanding the 
role of WIF1 in bone development and tumorigenesis.

Results
Epigenetic screen for genes linking differentiation and transformation in 
osteosarcoma. A panel of 5 osteosarcoma cell lines (B143, G292, 
HOS, SAOS2, and SJSA) was treated with individually titrated 
doses of the demethylating agent 5-aza-2-deoxycytidine (dAC; 
5–10 μM) for 3 d (Figure 1A). This treatment resulted in growth 
arrest and differentiation, as measured by alkaline phosphatase 
(ALP) activity (Figure 1B) and mineralization (mean increase of 
2.2-fold across 5 cell lines). Next, we performed genome-wide tran-
scriptional profiling of the dAC-treated cell lines to identify epige-
netically silenced genes using cDNA microarrays containing 9,386 
probes (27). Expression of genes involved in osteoblast differentia-
tion, including the master osteoblast transcription factor RUNX2, 
osterix (OSX), collagen type 1A1 (COL1A1), osteopontin (OP), bone 
morphogenetic protein 2 (BMP2), BMP4, osteoprotegerin (OPG), 
osteoglycin, and ALP, increased after demethylation (Figure 1, C 
and D, and Supplemental Figure 1A; supplemental material avail-
able online with this article; doi:10.1172/JCI37175DS1). No sig-
nificant increase in muscle-related gene expression was observed, 
which suggests that demethylation specifically reactivated the 
osteoblast transcription program. Transcripts of putative onco-
genes, including cyclin B1, cyclin D1, cyclin E2, CDK2, CDK4, 
MDM2, and the RNA subunit of telomerase, were repressed. These 
data suggest that epigenetic mechanisms integrate transformation 
and disruption of differentiation in osteosarcoma lines.

We next filtered the array data for candidate tumor suppressor 
genes (Figure 1A). Probes were first ranked by fold induction after 
treatment with dAC (Supplemental Table 1). The top-ranked 1% 
of genes were filtered for: (a) corresponding expressed sequence 
tags (hg17, May 2004 build), (b) presence of CpG island within 
5 kb of the transcriptional start site, (c) loss of expression in a 
data set of human osteosarcoma samples arrayed using Affyme-
trix U95Av2 (28), and (d) expression in Affymetrix U133Av2.0 
arrays of ALP-expressing primary human osteoblasts. The latter 
2 filters were used to exclude genes epigenetically silenced after 
commitment to the osteoblast lineage rather than after transfor-
mation. The fold change in expression of 24 candidate genes after 
dAC treatment is shown in Supplemental Table 2. These 24 genes 
were screened for direct and selective promoter methylation (see 
Methods and ref. 29) in osteosarcoma cell lines, but not primary 
human osteoblasts (Table 1). We found that 19 of 24 (79%) candi-
dates demonstrated promoter methylation, and 15 were methyl-
ated selectively in osteosarcoma cell lines. The failure to identify 
methylation in 5 candidates may be due to the restricted promot-

er regions analyzed in these studies. Notably, hypermethylated in 
cancer 1 (HIC1) was recently identified as an osteosarcoma-spe-
cific epigenetically silenced tumor suppressor (30).

We focused on WIF1 because of the known importance of Wnt 
signaling in coordinating osteoblast proliferation and differentia-
tion (8). WIF1 is a highly conserved gene located on chromosome 
12q14 and encodes a secreted 379–amino acid protein, which binds 
Wnt proteins in the extracellular space and inhibits their ability to 
bind to their receptors (31). Tumor-associated epigenetic silencing 
of secreted Wnt pathway antagonists (22–24), including Wif1 (25, 
32, 33), has been widely reported. While compelling, it is unknown 
whether silencing of Wif1 is a cause or effect of tumorigenesis.

Epigenetic silencing of WIF1 activates Wnt signaling. Treatment of 
the osteosarcoma cell lines with dAC resulted in suppression of 
β-catenin levels (Figure 2A) and in TCF/LEF-dependent tran-
scriptional reporter activity (data not shown). As predicted by the 
array data, WIF1 transcript expression was absent in the osteosar-
coma cell lines and expressed after demethylation (Figure 2B). As 
assessed by semiquantitative immunocytochemistry, treatment 
of B143 cells with recombinant WIF1 significantly reduced total  
β-catenin levels by 45% (P = 0.029; n = 45 [control]; 54 [WIF1]) and 
cytoplasmic β-catenin levels by 52% (P = 0.001; n = 20 [control]; 
20 [Wif1]; Figure 2C) compared with control. As expected, Wif1 
also downregulated TCF/LEF activity (Figure 2D). Taken together, 
these data suggest that epigenetic silencing of WIF1 may lead to 
derepression of Wnt signaling in osteosarcoma cell lines.

WIF1 regulates osteoblast differentiation and suppresses tumor cell growth 
in vitro. Consistent with previously published data (35), we observed 
Wif1 expression after differentiation of murine preosteoblastic 
MC3T3E1 cells and in primary human bone–derived cultures 
differentiated with BMP2 and vitamin D3. We detected expres-
sion of WIF1 mRNA and protein in primary human osteoblasts 
flow sorted for ALP expression, but could not detect WIF1 expres-
sion (mRNA or protein) in cells negative for ALP but positive for 
STRO1, a mesenchymal progenitor marker (Supplemental Figure 
1, B and C). To our knowledge, the role of WIF1 in osteoblast dif-
ferentiation has not yet been established. Primary osteoblasts were 
treated with recombinant WIF1 protein, inducing expression of 
ALP (Figure 3A). ALP-positive primary osteoblasts (sorted by fluo-
rescence-activated cell sorting) that were treated with WIF1 protein 
increased mRNA levels of several markers of osteoblast differentia-
tion, including RUNX2, OPG, OP, osteonectin, and COL1A1, but not 
WIF1 (Figure 3B). Treatment of primary osteoblasts and the osteo-
sarcoma cell lines with recombinant WIF1 protein induced ALP in 
every cell type except SAOS2, in which ALP expression is constitu-
tively high (Supplemental Figure 2D). To determine whether Wif1 
was required for the osteoblast phenotype, shRNAs were designed 
targeting Wif1 expression in MC3T3E1 cells. Knockdown of Wif1 
mRNA and protein was confirmed and resulted in decreased Runx2 
transcript (Figure 3C) and protein levels (Figure 3D) in MC3T3E1 
cells. Differentiating conditions resulted in reduced mineraliza-
tion of Wif1 knockdown MC3T3E1 cells compared with control 
cells (Figure 3E). These data confirm that Wif1 is highly expressed 
during osteoblast differentiation; moreover, Wif1 appears to be 
required for osteoblast differentiation in vitro.

Primary human osteoblastic cultures were immortalized by infec-
tion with retrovirus encoding human papilloma virus 16 (HPV16) 
E6/E7, whereas LXSN-infected control NHB cells underwent clas-
sical senescence at passage 10–15 after transduction (data not 
shown). Immortalization of primary osteoblasts was associated 
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Figure 1
A high-throughput screen for epigenetically silenced tumor suppressor genes linking transformation with loss of differentiation in osteosar-
coma. (A) Design of high-throughput screen and filtering strategy for identification of epigenetically silenced tumor suppressor genes linking 
differentiation and transformation in osteosarcoma. (B) Dose-dependent induction of ALP activity in G292 cells treated with dAC for 5 d. 
Values are mean ± SEM of 3 separate determinations. (C) Effect of demethylation on expression of osteoblast- and muscle-specific genes, as 
well as a set of known oncogenes. Data are from transcriptional profiling, and are the median fold change across all 6 cell lines after treatment 
for 3 d with 5–10 μM dAC. The experiment was performed independently twice. (D) RT-PCR confirmation of changes in gene expression in 
SJSA and G292 cells. OSX, osterix.
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with loss of ALP expression, as assessed by flow cytometry (Figure 
3F), as well as reduced WIF1 and osteocalcin (OC) mRNA expres-
sion (Figure 3G) and decreased WIF1 and RUNX2 protein expres-
sion (Figure 3H). The effects of restoring WIF1 expression on cell 
growth and viability were examined. Treatment of B143 cells with 
recombinant WIF1 protein profoundly suppressed colony forma-
tion (Figure 3I). Identical results were seen after transfection with 
a mammalian expression vector expressing WIF1 (data not shown). 
Two independent clones of HPV16 E6/E7–immortalized osteo-
blasts and osteosarcoma cell lines treated with WIF1 for 72 h dem-
onstrated growth inhibition (Figure 3J), which was caused by both 
cell death and G1 cell cycle arrest (data not shown). No effect on cell 
number or morphology was seen in primary osteoblasts. Moreover, 
we did not observe differences in cell death in MC3T3E1 cells after 
knockdown of Wif1 (data not shown). Wif1 expression is lost early 
during immortalization, while reexpression of Wif1 suppresses the 
growth and viability of transformed human osteoblasts.

Wif1 is highly expressed in the developing and adult skeleton in vivo, but is 
not required for normal development. To study the developmental and 
tumor suppressor functions of Wif1 in vivo, transgenic mice were 
generated in which the Wif1 coding sequence was disrupted by 
insertion of a tau-LacZ reporter cassette (see Methods and Figure 
4A). The insertion of the transgene disrupted transcription from 
the native Wif1 locus and encoded multiple in-frame stop codons. 
The presence of the inserted transgene was confirmed by Southern 
blot in ES cells and derived mice (Figure 4B). LacZ expression in 
Wif1+/+ mice recapitulated patterns seen using in situ hybridization 
(Figure 4, C–J) and demonstrated highly tissue-specific patterns 
similar to that described for wif1 in Xenopus and zebrafish embryos 
(31). Although initially undetectable, by E9.0 Wif1 expression was 
noted within the fore limb and somites. By E11.5, Wif1 was read-
ily detected within the craniofacial regions, developing limb buds, 
and somites (Figure 4, C and D). The limb buds showed distinctly 
stronger dorsal expression compared with the ventral domain, and 

Figure 2
Epigenetic silencing of Wif1 derepresses Wnt signaling. (A) Western blot showing marked suppression of β-catenin levels after treatment of 
osteosarcoma cell lines with 5–10 μM dAC for 3 d. (B) RT-PCR showing induction of WIF1 transcript after demethylation of B143 cells for 72 h. 
(C) B143 cells were treated with 3 μg/ml recombinant GST-WIF1 or GST alone (control) for 24 h, then fixed and stained for β-catenin (green) and 
counterstained with propidium iodide (red). Shown are brightfield (left), coregistered (middle), and β-catenin intensity heatmap (right) images. 
Scale bar: 100 μm. The experiment was performed independently 3 times with similar results. (D) Effect of WIF1 expression on TCF/LEF reporter 
activity. TOP-flash and FOP-flash luciferase reporter constructs were cotransfected with constant amounts of LacZ vector control (10:1 ratio) 
into B143 cells with varying amounts of WIF1 expression vector. Cells were harvested within 24 h, and luciferase activity was measured. Data 
are normalized to β-galactosidase expression. Values represent independent transfections done in triplicate and are presented as fold change 
relative to FOP-flash (mean ± SEM). *P < 0.01 versus control, Tukey test with 1-way ANOVA.
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Figure 3
WIF1 regulates osteoblast differentiation and suppresses growth of osteosarcoma cell lines in vitro. (A) WIF1 induced markers of bone dif-
ferentiation. Primary human bone–derived NHB osteoblasts were flow sorted using antibodies to STRO1 and ALP. Cultures were treated with 
GST-WIF1 or equimolar amounts of GST for 24 h. The percentage of cells in each quadrant is indicated. (B) Quantitative RT-PCR analysis of 
osteoblast gene expression in flow-sorted ALP-positive NHB cells after treatment for 3 d with GST-WIF1. Values show fold change relative to 
GST treated control. The experiment was performed in triplicate. ON, osteonectin. (C–E) MC3T3E1 cells were infected with empty vector control 
or with shRNAmir hairpin to Wif1 (462) or nonsense hairpin (848) and selected using puromycin. (C) Quantitative RT-PCR analysis and (D) 
Western blot of Wif1 and Runx2 in control and Wif1 knockdown cells. (E) Mineralization of control and Wif1 knockdown cells after treatment with 
β-glycerophosphate and ascorbic acid for 2 wk. Cells were stained with alizarin red. (F) NHB cells were immortalized with LXSN-HPV16-E6/E7 
(E6/E7) or control LXSN vector, and stably transfected cells were analyzed by flow cytometry for STRO1 and ALP expression. The percentage 
of cells in each quadrant is indicated. (G) RT-PCR for Wif1 and OC and (H) Western blot for WIF1 and Runx2 in immortalized cells compared 
with control. (I) Effect of WIF1 and control GST on B143 cells. Cells were stained with Crystal violet. (J) Cell lines and primary NHB cells were 
plated at 30% confluence and treated with 3 μg/ml GST-WIF1 or GST alone for 3 d followed by an MTT assay. Data (mean ± SEM for triplicate 
wells) are expressed as percentages relative to GST control.
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expression was also noted throughout the apical ectodermal ridge 
in both fore and hind limbs (Figure 4, E–G). At E14.5, LacZ expres-
sion was seen within the retina, hair follicles, cartilage, and bone in 
developing limbs at E14.5 (Figure 4, H–J).

In the adult mouse, Wif1 was highly expressed in the skeleton and 
a limited range of additional tissues. LacZ expression was identified 
in sternum and ribs (Figure 5, A and B), cartilage (Figure 5C), hair 
follicles (Figure 5D), salivary glands (Figure 5E), and small intes-
tinal mucosa (data not shown). Wif1 transcripts from all tissues 
studied from adult homozygous knockin mice (Wif1–/–) were mark-
edly reduced, as determined by real-time RT-PCR, with the high-
est levels identified in bone and lung (Figure 5F). Wif1–/– mice were 
born at the expected Mendelian ratios, and adult mice lacked obvi-

ous phenotype in any tissues in which Wif1 was expressed, gained 
weight normally, and were able to breed successfully on a homo-
zygous knockin background. Wif1–/– animals were compared with 
littermate controls at 4, 16, and 52 wk of age using high-resolution 
peripheral quantitative CT. These analyses revealed a lack of signifi-
cant changes in femoral cortical bone mineral density at all time 
points and a nonsignificant trend to decreased trabecular bone 
mineral density between Wif1–/– and WT mice at 16 wk (Figure 5, 
G and H). In independent experiments, while gross femoral length 
and width and histomorphometric analysis of tibial bone structure 
were largely unremarkable, there was again a nonsignificant trend 
to decreased trabecular bone at 16 wk (Supplemental Figure 2A), 
consistent with the radiologic data. Consistent with these observa-

Figure 4
Gene targeting Wif1 in vivo. (A) Gene targeting strategy. Mice were generated containing a knockin allele of tau/LacZ in the first exon of Wif1, 
resulting in loss of expression of the Wif1 gene. (B) Southern blot of derived mice tails, demonstrating WT, heterozygous, and homozygous 
alleles. (C–G) Expression of Wif1 during mouse embryogenesis was detected by in situ hybridization. (C) Wif1 expression was initiated at E9.0 
within the fore limb and weakly in the developing somites. (D) At E11.5, Wif1 expression was detected in the branchial arches, limb buds, and 
somites. (E) Wif1 was expressed in the apical ectodermal ridge (AER) and in the dorsal (D) and ventral (V) limb buds at E11.5. (F and G) Expres-
sion within the fore-limb bud at E11.5 was stronger on the dorsal (F) than the ventral (G) side. A, anterior; P, posterior; Pr, proximal; Di, distal. 
(H–J) LacZ expression under the control of the native Wif1 promoter in the developing embryo at E14.5. Patterns of β-galactosidase expression 
reflect endogenous patterns of Wif1 expression. (H) LacZ activity was detected in the craniofacial region, hair cells, limbs, and retina. (I) Expres-
sion of LacZ within the eyelid and retina. (J) Expression of LacZ within the digits of the hind limb.
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tions, expression of markers of osteoblast differentiation also dem-
onstrated a nonsignificant trend to decreased expression of osteo-
blast-related genes (Supplemental Figure 2B). While these data may 
suggest a possible role for Wif1 in osteoblast function in vivo, the 
skeletal consequences of Wif1 loss are subtle at best.

Wif1–/– mice are susceptible to spontaneous and radiation-induced osteo-
sarcoma. Of 13 Wif1–/– mice, 2 developed spontaneous sarcomas (1 
limb sarcoma arising adjacent to bone at 89 wk, and 1 osteosarcoma 
at 56 wk), which suggests an in vivo tumor suppressor role for Wif1 
(Figure 6A). No tumors were observed in 30 littermate control mice. 
To quantitate the tumor suppressor role of Wif1 in the development 
of osteosarcoma, we used a radiocarcinogen model (35), since irra-
diation is a known risk factor for osteosarcoma. 45Ca is a long-lived, 
low-energy β-emitter that is incorporated into the skeleton and 
induces osteosarcomas in mice with 100% penetrance. Cohorts of 
Wif1–/– mice and littermate controls were injected with 45Ca from 4 
to 8 wk of age (Figure 6B). Tumor emergence was monitored clini-
cally and by the use of 18F-PET, which provided a sensitive marker for 
sites of osteoblast activity (our unpublished observations). The first 
osteosarcomas were seen approximately 26 wk after 45Ca exposure 
and developed in the spine, hind and fore limbs, pelvis, and cranium 
(Figure 6C). Histologically, the tumors resembled human osteosar-

coma, with malignant osteoid production (Figure 6A, left). We did 
not observe any nonosteosarcoma tumors. As previously reported 
for this radiocarcinogen mouse model (35), female mice were more 
susceptible to the development of osteosarcomas than were male 
mice (P < 0.001). Wif1–/– mice were predisposed to the development 
of radiocarcinogen-induced osteosarcoma. The median latency 
of tumor onset (measured as a visible growth, palpable tumor, 
limping, or paralysis and verified by 18F-PET scan) in 45Ca-treated 
Wif1–/– mice was shortened by 14 wk compared with littermate con-
trols (P = 0.0032, Mantel-Cox; Figure 6D). Mean time to onset was  
58.32 ± 2.9 wk in WT mice (n = 23) and 47.12 ± 2.5 wk in Wif1–/– mice 
(n = 22; Figure 6E). Median survival was shortened by 8.3 wk in Wif1–/–  
compared with WT mice as assessed by Kaplan-Meier curves  
(P = 0.0382, Mantel-Cox; data not shown).

WIF1 expression inversely correlates with proliferation and is silenced by 
promoter hypermethylation in human osteosarcomas. WIF1 transcript 
was readily detected in human primary osteoblast cultures, but 
not in 15 of 20 primary human osteosarcomas examined (6 of 
the 9 samples shown in Figure 7A). WIF1 protein was expressed 
in osteoblasts, but undetectable in 93% (71 of 76) of osteosarco-
mas, by immunohistochemistry (Figure 7B). In contrast, strong 
staining (grade 2 or 3; see Methods) for β-catenin was observed 

Figure 5
Mice lacking expression of Wif1 undergo normal skeletal development. (A–E) Patterns of LacZ expression in the adult mouse. Mice were 
sectioned and stained for β-galactosidase activity. (A) Sternum. (B) Cross section through rib. (C) Cartilage surface of hip joint. (D) Salivary 
gland. (E) Hair follicles in dermis. Scale bars: 100 μm. C, cartilage; B, bone. (F) The knockin allele disrupted expression of endogenous 
Wif1. Real-time RT-PCR for Wif1 expression in tissues from WT and Wif1–/– mice. Data (mean ± SEM for 3 primer sets spanning exons 1–2, 
3–4, and 7–8) were repeated twice. (G) Femoral cortical bone mineral density (BMD), measured at 25% of bone length distal to the growth 
plate, in female (F) and male (M) WT and WIF1 knockout mice. (H) Trabecular bone mineral density, measured at 5% of bone length distal 
to the growth plate. n = 4–11 for all groups, except 52-wk-old females of both genotypes and 16-wk-old WT females (n = 2). No statistically 
significant differences were detected.
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in 48% of tumors (Figure 7B), and β-catenin was associated with 
increased expression of proliferating cell nuclear antigen (P < 0.05,  
χ2 test), a marker of proliferation.

We used an array data set on 30 primary osteosarcomas to quan-
titate the relationship between WIF1 expression and tumor differ-
entiation and proliferation (28). Loss of differentiation correlates 
with higher grade in osteosarcoma, while increased proliferation 
correlates with tumor grade and an adverse prognosis (1, 36). 
Unsupervised hierarchical clustering was applied to transcriptional 
profiling data using gene sets enriched for osteoblast- and prolif-
eration-related genes (Supplemental Table 3). On gene clustering, 
osteoblastic genes formed a distinct cluster, cluster C, which includ-
ed markers of the osteoblast phenotype (ALP, OC, OP, RUNX2, den-
tine matrix protein, RANKL, osteomodulin, MMP13 [collagenase 
3], BMP2, and BMP7). Cluster B was enriched in genes implicated 
in S-phase progression of the cell cycle (including PCNA, thymidine 
kinase 1, dihydrofolate reductase, minichromosome maintenance 
proteins 3–7, and a range of S-phase and G2/M-phase cyclins). 

Finally a third cluster, cluster A, was observed, representing less 
mature markers of the osteoblast lineage, presumably intermedi-
ate with respect to proliferative status (including COL1A1, COL1A2, 
OPG, and G1/S-phase cyclin D1–cyclin D3).

Tumor clustering identified 3 distinct groups. Group 1 contained 
9 WIF1-positive tumors of 13, group 2 contained 2 WIF1-positive 
tumors of 10, and group 3 contained 0 WIF1-positive tumors of 7. 
Group 1 was characterized by high expression of osteoblastic clus-
ter C, and group 2 was associated with the expression of prolifera-
tion cluster B, whereas group 3 expressed elements of clusters A and 
B. Expression of cluster C genes significantly correlated with WIF1 
expression (P = 0.002, χ2, Pearson uncorrected 2-tailed), and only 2 
of 17 tumors with proliferation markers expressed WIF1, compared 
to 9 of 13 well-differentiated tumors (P < 0.001, χ2, Pearson uncor-
rected). These data suggest that WIF1 is lost in poorly differentiated 
osteosarcomas, which are associated with increased proliferation.

The human WIF1 promoter has 105 CpGs located within 1.5 kb  
of the 5′ transcriptional start site of human WIF1 (25). WIF1 pro-

Figure 6
Wif1–/– mice are susceptible to spontaneous and radiation-induced osteosarcoma. (A) Left: Sarcoma from the hind left limb of an 89-wk-old male 
Wif1–/– mouse, arising adjacent to periosteum, and infiltrating skeletal muscle. The adjacent cortical bone (black arrow) and skeletal muscle fiber 
surrounded by sarcoma cells (red arrow) are indicated. Right: Osteosarcoma from the lumbar spine of a 56-wk-old female Wif1–/– mouse, showing 
a malignant osteoid (yellow arrow). Scale bars: 100 μm. (B) Radiation-induced osteosarcoma model schematic. (C) Typical imaging appearance 
of osteosarcomas. Top: 18F-PET scan demonstrating intense avidity of osteoblastic tumors from the same mouse. Bottom: Histology of mouse 
radiation-induced osteosarcoma. Original magnification, ×20. (D and E) Kaplan-Meier plots of tumor onset (D; P = 0.0032, Mantel-Cox) and 
survival (E; P = 0.0382, Mantel-Cox) of Wif1–/– and WT mice after exposure to 45Ca (n = 23 [WT]; 22 [Wif1–/–]). (E) Data points represent individual 
mice; horizontal bars and error bars denote mean ± SEM.
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moter CpG methylation patterns were mapped in detail in normal 
human bone samples (n = 5), osteosarcoma cell lines (n = 6), and 
primary human osteosarcomas (n = 11). Osteosarcoma-specific 
differences in methylation patterns were observed with unsuper-
vised hierarchical clustering using Spearman rank correlation fol-
lowed by average clustering method (Figure 7D). In all samples, 
including normal human osteoblasts, there was dense methylation 
of CpGs between –476 bp and –912 bp from the transcriptional 
start site of the WIF1 gene. Tumor-specific methylation (cluster 
A) correlated with loss of Wif1 expression in 14 of 17 samples, 
including all osteosarcoma cell lines and 8 of 11 primary tumors. 
Cluster B correlated with retention of expression in 5 of 7 sam-
ples, including 4 of the 5 normal osteoblast samples along with 
P3781, which retained Wif1 expression. Clusters A and B were dis-
tinguished by differential methylation of 4 of 16 CpGs within a 
293-bp region from –183 to –476 located approximately 150 bp 
from the transcription start site: CpG 60–61, CpG 65, CpG 69, 
and CpG 70. The distribution of primary osteoblasts to tumors 
and the cell lines was significantly different (P = 0.022, χ2, Pearson 
uncorrected 2-tailed). Tumor-specific differential methylation of 
the WIF1 promoter was also confirmed using bisulphite restriction 
analysis (data not shown). Tumor-specific methylation patterns 
were seen in both osteosarcoma cell lines and primary osteosar-
comas, but not in primary cultured osteoblasts or lymphocytes 
(data not shown). Microsatellite analysis revealed that the WIF1 
locus (12q14) showed evidence of loss of heterozygosity in 3 of 6 
cell lines, but we did not detect any loss of heterozygosity in any 
primary osteosarcomas examined.

Discussion
The present work causally links epigenetic silencing of WIF1 to 
spontaneous and radiation-induced osteosarcoma in vivo, pro-
viding key support to mounting evidence that WIF1 is frequently 
methylated in cancer (25, 32, 33, 37). Wif1 expression correlated 
with markers of differentiation in primary osteosarcomas and 

inversely correlated with proliferation. It is important to note that 
about 30% of tumors expressed WIF1 transcript, although expres-
sion of WIF1 protein was seen in fewer than 10% of osteosarco-
mas. It is possible that activating mutations in β-catenin or other 
intracellular mediators of Wnt signaling may bypass the inhibitory 
effects of secreted Wnt pathway antagonists.

Epigenetic processes are important in the loss of differentia-
tion in cancer (4–6, 38). Detailed mapping of the WIF1 promot-
er revealed an approximately 300-bp differentially methylated 
region, located within 200 bp of the coding region and found to 
be rich in stimulatory protein 1 (Sp1) sites. This region separates 
a constitutively heavily methylated region located 450–900 bp  
upstream of the coding region from the transcriptional start site. 
We identified 4 CpGs that were differentially methylated in a 
tumor-specific manner and in general correlated with WIF1 tran-
script expression. Differential methylation of quite small stretch-
es of DNA (less than 300 bp) has previously been shown to affect 
gene transcription (39–41). Wif1 resembles E-cadherin (42), in 
which Sp1 sites may function as insulators that limit spreading of 
methylation from Alu-rich distal regions (43, 44). However, it also 
remains formally possible that the extremely focal methylation 
patterns observed in the WIF1 promoter of osteosarcoma cell lines 
and primary tumors may reflect unknown upstream methylation 
events affecting other genes. While we did not observe genetic 
events in our study, a recent report identified the first genetic rear-
rangement disrupting WIF1 in salivary gland tumors (45), which 
is interesting given the high levels of expression of Wif1 in the 
murine salivary gland. Whether direct or indirect, epigenetic tem-
plates associated with less mature states of differentiation may 
favor tumorigenesis and, when erased during embryogenesis, may 
reset the cancer genome, permitting normal cell development, as 
predicted by Hochedlinger and colleagues (5).

The frequency with which secreted negative regulators of Wnt 
signaling, including multiple members of the Dkk and Sfrp fami-
lies, are silenced by promoter methylation in cancer is remarkable. 
Why the Wnt pathway, why bone, and why Wif1? The Wnt pathway 
is critical to cancer as well as to bone development and homeosta-
sis. Oncogenic mutations have been reported in β-catenin, E-cad-
herin, APC, Wnt1, AXIN, and TCF4 (18). Inactivating mutations in 
LRP5, the Wnt coreceptor, are associated with osteoporosis-pseu-
doglioma syndrome, a condition associated with low bone mass 
(46), while activating mutations lead to increased bone mass (10). 
Mice with targeted deletions of β-catenin in mesenchymal precur-
sors have impaired bone development (47), while later inactivation 
of β-catenin affects both osteoblast and osteoclast functions (9). 
Wnt signaling is under the control of numerous secreted nega-
tive regulators. Inactivating mutations in SOST, which binds and 
inhibits LRP5, are associated with increased bone mass (48), while 
deletions in Dkk1 (12) and Sfrp1 resulted in anabolic effects (11). 
These effects are mediated by increased osteoblast commitment 
and lineage expansion. On the other hand, Dkk2-null mice had 
increased numbers of nonmineralizing osteoids, and while exog-
enous expression of Dkk2 early in osteoblast cultures in vitro abol-
ished osteogenesis, late expression (after peak Wnt7b expression) 
induced mineralization (49).

The results of the present study show that Wif1 was highly 
expressed in the murine skeleton during development, that mouse 
and human osteoblasts expressed high levels of Wif1, and, impor-
tantly, that Wif1 was required for osteoblast differentiation in 
vitro. Terminal osteoblast differentiation is associated with expres-

Figure 7
Expression patterns and epigenetic silencing of WIF1 in human osteo-
sarcoma. (A) RT-PCR showing expression of WIF1 transcript in pri-
mary human osteoblasts, and lost in primary human osteosarcoma 
samples. hGAPDH, human GAPDH. (B) Immunohistochemical stain-
ing for WIF1 and β-catenin in normal bone and osteosarcomas. A tis-
sue microarray was probed with antibodies to WIF1. Arrow indicates 
normal osteoblast. Original magnification, ×20. (C) Heatmap cluster-
ing of 30 primary osteosarcomas using differentiation and proliferation 
gene cassettes. Cluster A is a gene cassette of intermediate osteo-
blastic lineage, cluster B contains proliferation markers, and cluster 
C is a gene cassette of an osteoblastic phenotype. (D) Heatmap 
demonstrating unsupervised hierarchical clustering of CpG meth-
ylation in primary human osteoblast cultures (green), osteosarcoma 
cell lines (red), and primary osteosarcoma samples (blue). Individual 
CpGs are identified by numbers above, and the approximate rela-
tionship between CpG location and the WIF1 coding region is iden-
tified below. Cluster A represents the tumor-associated methylation 
group, and cluster B represents the normal osteoblast methylation 
group. The region underlined below the heatmap, from 63,801,793 to 
63,802,086, appeared to be differentially methylated. Green denotes 
no methylation; red denotes 100% methylation. Asterisks indicate 
individual CpGs whose degree of methylation significantly correlated 
with expression of WIF1 transcript (all P < 0.05, ANOVA). The sche-
matic below shows the position of Wif1 exon 1 and the untranslated 
region (UTR) in relation to regions of methylation.
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sion of negative regulators of Wnt signaling, including Dkk2 and 
Wif1, in vitro (present study and refs. 34, 49). In vitro, exogenous 
Wif1 suppressed β-catenin levels and TCF/LEF-dependent tran-
scriptional activity (data not shown), consistent with previous 
studies showing that an activated allele of β-catenin represses 
Runx2-dependent transcriptional activity (50). Wif1 and Runx2 
were coexpressed in cluster C in primary osteosarcomas. Like 
Dkk2, Wif1 may initiate terminal cell cycle exit partly by shutting 
down Wnt signaling, thereby removing a stimulus to proliferation 
and derepressing functions of Runx2 relevant to terminal osteo-
blast differentiation. The absence of an obvious developmental 
phenotype in the Wif1–/– mice may be caused by functional redun-
dancy in vivo, since a recent report linked loss of WIF1 expression 
to human craniosynostosis, the premature fusion of calvarial 
sutures (51). Recognizing the limitations of the assays we used as 
biomarkers of Wif1 activity, we acknowledge the possibility that 
Wif1 may play a role in other processes relevant to tumorigenesis, 
including invasion, metastasis, and bypassing of senescence.

We propose the following model (Figure 8), which may account 
for the epigenetic inactivation of Wnt inhibitors during tumori-
genesis. Under normal circumstances, Wnt signaling is required 
not only for osteoblast lineage commitment, but also for expan-
sion. Together, these processes contribute to increasing bone 
mass. In a temporospatially restricted fashion, expression of Wnt 
antagonists, such as WIF1, SOST, and DKK1, initiates terminal 
cell cycle exit. Interestingly, in some cases (e.g., SOST), these inhib-
itors constrain bone mass, and in other cases, they stimulate bone 
formation (e.g., DKK2), while WIF1 appears dispensable for bone 
formation (Figure 8A). These effects may reflect subtle differences 
in timing or function that we do not yet understand. While we 
have here focused on tumor-related epigenetic silencing of WIF1, 
demethylation was associated with reexpression of additional 
inhibitors noted in the original screen: Wnt11, Sfrp4, and Sfrp1. 
Collectively, these data suggest that epigenetic silencing of Wnt 
pathway antagonists derepresses Wnt signaling, thereby removing 
a physiologic constraint on osteoblast expansion (Figure 8B). At 
least in the case of Wif1, loss of expression may increase suscepti-
bility to osteosarcoma, although this also represents a therapeutic 
strategy to increase bone mass.

Osteoporosis is a major human health problem, affecting 
between 5 and 8 million people worldwide. Until recently, treat-

ment focused on inhibiting bone resorption, which stabilized 
bone loss but could not restore lost mass. Achieving peak bone 
mass is as much a function of osteoblast lineage expansion as is 
precisely controlled cellular differentiation. The discovery that 
intermittent parathyroid hormone (PTH) increases bone mass, 
in part through promoting osteoblast proliferation, represented 
a major advance in the treatment of osteoporosis (52). Wnt sig-
naling is critical to achieving peak bone mass and has therefore 
been an attractive therapeutic strategy for osteoporosis. PTH 
itself may act by downregulating SOST, a negative regulator of 
Wnt signaling, thereby activating Wnt signaling (53). Drugs that 
activate Wnt signaling in bone by directly blocking the actions of 
SOST are in late phase clinical development (16). The strategy of 
targeting negative regulators of Wnt signaling to stimulate bone 
formation may be freighted with unwanted consequences. Osteo-
sarcomas frequently exhibit high levels of β-catenin (18), which 
is associated with metastasis (19). States in which osteoblast pro-
liferation is stimulated, including skeletal growth during ado-
lescence, Paget disease, and chronic osteomyelitis, are associated 
with osteosarcoma. Intermittent PTH has caused osteosarcoma in 
preclinical models (54, 55), and a recent case report of osteosar-
coma in a patient being treated with intermittent PTH has caused 
concern (56), while a number of additional reports are currently 
under review. Our present findings suggest that activation of Wnt 
signaling, in this case by loss of Wif1, may increase the risk of 
osteosarcomas in vivo. Caution is warranted as Wnt pathway ago-
nists enter clinical trials for disorders of bone loss.

Methods
Cell lines and tissue samples. B143, G292, HOS, SAOS2, SJSA, U2OS, and 
MC3T3E1 cell lines were obtained from ATCC and maintained in DMEM-
HEPES (Gibco-BRL, Invitrogen) supplemented with 10% FBS, 100 U/ml 
penicillin, and 10 mg/ml streptomycin. The mouse preosteoblast cell line 
MC3T3E1 was cultured in α-MEM supplemented with 10% FBS. Human 
osteosarcoma samples were obtained from the Peter MacCallum Cancer 
Centre tissue bank following patient consent. All procedures using human 
tissue were reviewed and approved by the Ethics Committee of Peter MacCal-
lum Cancer Centre. Trabecular bone specimens were obtained from patients 
undergoing routine hip replacement surgery and processed as previously 
described (57). Osteoblast differentiation was induced with 100 ng/ml  
BMP2, or 10 mM β-glycerophosphate and 25 μg/ml ascorbic acid, for 

Figure 8
Role of Wnt signaling in osteoblast 
development and osteosarcoma. (A) 
Physiologic control by Wnts of osteo-
blast lineage commitment and expan-
sion is terminated by a range of secreted 
antagonists, including WIF1, SOST, and 
DKKs. (B) Therapeutic targeting of Wnt 
antagonists such as SOST increases 
bone mass by increasing the commit-
ment and number of osteoblasts. Epi-
genetic silencing of WIF1 leads to unop-
posed activity of Wnts, resulting in failure 
to undergo terminal cell cycle exit and 
increasing the likelihood of malignant 
transformation.
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21 d. ALP activity and mineralization using Alizarin red were assayed as 
previously described (58). Primary human osteoblasts were immortalized 
by infection with retrovirus containing the HPV16 E6 and E7 oncogenes 
(LXSN-HPV16-E6/E7) or control vector as described previously (59). After 
transduction, cells were selected in media containing G418 (50 μg/ml). 
Colony-forming assays were carried out as described previously (60).

Transcriptional profiling. The high-throughput screen for epigenetically 
silenced genes linking differentiation and transformation in osteosar-
coma was undertaken as follows. Osteosarcoma cell lines B143B, G292, 
HOS, SAOS2, and SJSA were cultured until 70% confluent and treated 
for 3 d with 5–10 μM dAC (Sigma-Aldrich). The concentration of dAC 
used was empirically determined in each line to induced cell cycle arrest 
but not apoptosis. Total RNA was then isolated, and molecular profiling 
was performed using 2-color cDNA arrays as described previously (27). 
All array experiments were performed independently twice. Data were 
normalized with LOWESS and analyzed using GeneSpring GX software 
(version 7.3.1; Silicon Genetics; ref. 61). Levels in dAC-treated samples 
were normalized to those of untreated cells, data from replicate experi-
ments were averaged for each line, and median values derived from all 6 
cell lines were used for analyses (Supplemental Table 1).

The array data set on 30 primary osteosarcomas (28) was provided by 
D.A. Stephan (Translational Genomics Research Institute, Phoenix, Ari-
zona, USA). This data set was generated on Affymetrix U95Av2 arrays. 
The gene cassettes described were generated from genes selected for their 
role in osteoblast differentiation or proliferation based on exhaustive 
literature review (Supplemental Table 3). Wif1 expression was defined 
as present or absent by Affymetrix calls on each array. Finally, profil-
ing of primary human osteoblasts was undertaken using the Affymetrix 
U133Av2.0 arrays. Data from the methylation analyses and the primary 
osteosarcoma data sets were clustered after log transformation and 
median normalization using Spearman’s rank correlation and centroid 
linkage in Cluster (version 3.1) and presented graphically using Tree-
view (version 1.1.1; both available at http://rana.lbl.gov). This analysis 
segregated the samples into 3 distinct clades (clusters). The correlation 
coefficient for cluster C by this analysis was 0.31, for cluster B, 0.34; and 
for cluster A, 0.31 (Figure 7C).

Methylation analyses. CpG island methylation of the WIF1 promoter 
region was analyzed using quantitative high-throughput mass spectrom-
etry on SEQUENOM’s EpiTYPER platform (29). The details of primers 
used to amplify the proximal human WIF1 promoter and first exon (chro-
mosome 12, 63,800,758–63,802,522 bp) are given in Supplemental Table 
4. The median amplicon length was 419 bp (min, 314; max, 467), with a 
median of 22 CpGs per amplicon (min, 13; max, 46). To estimate the dif-
ferences between groups in mean scaled methylation level for each CpG, 
linear models were fitted to the data. An ANOVA was then performed 
on each model to determine which of these differences were significant 
at the 5% level. Bisulfite restriction analysis was undertaken as previously 
described (62), using methylation-specific and methylation-independent 
primers (Supplemental Table 4).

Fluorescence-activated cell sorting. NHB cells were stained for STRO1 and 
ALP clone B4-78 (R&D systems) as described previously (63). NHB cells 
were treated with 1 ng/ml PDGF for 3 d to optimize the STRO1+ popula-
tion and sorted on a BD LSRII flow cytometry system (BD Biosciences). 
For cell sorting, 107–108 NHB cells were stained, and STRO1+ALP– or  
STRO1–ALP+ cells were sorted and collected using a FACS Diva flow cytom-
etry system (BD Biosciences).

Reporter assays. Osteosarcoma cell lines were transfected with TOP-Flash, 
control FOP-Flash (gifts of R. Moon, University of Washington, Seattle, 
Washington, USA), or a reporter containing 6 tandem runx2 binding sites 
from the OC promoter 6OSE2-luciferase (60) using FuGENE 6 (Roche). 

Constructs were cotransfected with Wif1 vector (hWIF1PJCH76; provid-
ed by J.C. Hsieh, SUNY Stony Brook, Stony Brook, New York, USA), and  
β-galactosidase–expressing vector was used as a control. After 24 h, lucifer-
ase and β-galactosidase assays were performed according to the manufac-
turers’ instructions (Promega and Roche).

RNA analyses. RNA was prepared and converted to cDNA using stan-
dard techniques. Semiquantitative PCR was carried out using Hotstar Taq 
(Qiagen) according to the manufacturer’s instructions. Real-time RT-PCR 
was carried out using SyBr Green (Applied Biosystems) according to the 
manufacturer’s instructions using an ABI-Prism 7000 Sequence Detection 
System. All primer sequences are listed in Supplemental Table 4.

WIF1 siRNA knockdown studies. To knock down Wif1 in MC3T3E1 cells, 
sequences from mouse Wif1 (Supplemental Table 4) were cloned into  
pSUPER.retro.puro (64). Ecotropic retroviral supernatants produced using 
Phoenix packaging cells were used to infect MC3T3E1 cells, which were 
then selected using 2 μg/ml puromycin.

Western blot analysis. Western blots were carried out using whole cell 
extracts, separated on 10% SDS-PAGE genes, and transferred to PVDF 
(Millipore). Blots were stained with anti-mouse Wif1 mAb (clone 134714; 
R&D Systems), anti-human WIF1 mAb (clone 133015; R&D Systems),  
β-catenin (clone 14; BD Biosciences), or rabbit anti-Runx2 (human/rodent; 
CeMines). Western blots were developed using enhanced chemilumines-
cence (Amersham Biosciences).

Immunohistochemistry and immunofluorescence studies. The osteosarcoma 
tissue microarray was a gift from B. Rubin (Cleveland Clinic Lerner Col-
lege of Medicine, Cleveland, Ohio, USA). Each tissue microarray con-
tained a section of normal bone and 96 osteosarcomas. Sections were 
stained with H&E and antibodies against anti-human Wif1 mAb (clone 
133015; R&D Systems), β-catenin (clone 14; Dako), and PCNA (clone 
PC10; Dako). H&E staining was graded as follows: 0, no staining; <2, 
less than 50% staining; 2, 50%–90% staining; 3, greater than 90% staining 
of sections. Cells were treated with dAC or wheat germ–derived human 
recombinant WIF1 (Abnova) for 2 d or 8–16 h, respectively. Cells were 
fixed in 4% freshly prepared paraformaldehyde for 20 min and permea-
bilized with 0.2 % Triton X-100 for 10 min. After blocking, cells were 
incubated with β-catenin antibody (diluted 1:100) for 2 h. After washing, 
cells were incubated with Alexa Fluor 488–conjugated goat anti-mouse 
IgG (diluted 1:1,000; Invitrogen), and with 2 μg/ml propidium iodide 
for 10 min. Immunostaining was analyzed by laser scanning confocal 
microscopy, and intensity was semiquantitatively assessed using Meta-
morph software (version 7.5; Molecular Devices).

Wif1 LacZ reporter knockin mice. All procedures using animals were 
reviewed and approved by the NICHD, NIH, Animal Care and Use 
Committee. To generate the Wif1 LacZ knockin construct, a BAC clone 
(Genome Systems) containing the complete Wif1 gene locus was used. A 
restriction fragment (approximately 5 kb) containing the first 2 Wif1 exons 
with extensive upstream and intron sequences was subcloned into pBlue-
script II vector and subjected to site-directed mutagenesis (Quikchange; 
Stratagene). To disrupt the Wif1 coding sequence and to insert a tau-LacZ 
reporter gene, the initiation methionine (NcoI site) was mutated to create 
a PacI restriction site (see Supplemental Table 4 for primer details). The 
tau-LacZ/neomycin cassette inserted into the PacI site was under the con-
trol of endogenous Wif1 promoter and enhancers, and at the same time 
the insertion disrupted normal Wif1 transcription and translation because 
it introduced multiple in-frame stop codons. The viral thymidine kinase 
gene was subcloned into the 5′ end of the Wif1 genomic sequence to allow 
for secondary selection of targeted ES cells. The knockin construct was lin-
earized, electroporated into 129 ES cells, and selected by standard proto-
cols. After selection, more than 300 ES clones were isolated and expanded. 
We screened 100 individual clones using Southern blots, and at least 20% 



research article

850	 The Journal of Clinical Investigation      http://www.jci.org      Volume 119      Number 4      April 2009

exhibited correct insertion of the tau-LacZ cassette into the Wif1 locus. ES 
clone no. 58 was used to generate chimeric animals (65), which were out-
crossed to obtain heterozygous animals. The background of these mice, 
referred to herein as Wif1–/–, was C57BL/6×129/SV. Mice were genotyped 
using a PCR-based method using primers listed in Supplemental Table 4. 
In E12.5 heterozygous embryos, β-galactosidase activity was detected by 
whole-mount staining with X-gal (66).

Quantitative CT and bone histomorphometry. Wif1–/– and control litter-
mates (n = 3–6 per group, male and female) were analyzed for bone devel-
opmental defects at 4 wk ± 2 d and for remodeling defects at 16 wk ± 1 wk 
and 1 yr. Femora and tibiae were fixed in 10% buffered formalin. Femo-
ral cortical and trabecular bone mineral density, femoral circumference, 
and cortical thickness were measured by peripheral quantitative CT (XCT 
Research SA+; Stratec Medizintechnik GmbH) as previously described 
(67). For histomorphometry, mice were injected with 20 mg/kg calcein at 
10 d and 3 d prior to killing. Femora and tibiae were fixed and embedded 
in methylmethacrylate, and 5-μm sections were stained with toluidine 
blue or analyzed unstained for fluorochrome labels according to stan-
dard procedures in the proximal tibia using the Osteomeasure system 
(Osteometrics Inc.) (68).

Radiation-induced osteosarcoma model. Wif1–/– mice and littermate controls 
were injected weekly with 1 μCi/g 45Ca intraperitoneally from 4 to 8 wk 
of age (Figure 7B), as described previously (35). Mice were monitored for 
tumorigenesis, limping, paralysis (caused by spinal metastasis), loss of con-
dition, poor feeding or grooming, or greater than 20% weight loss. Mice 
were scanned using 18F-PET to localize osteoblastic lesions (69), and then 
euthanized and scanned using CT prior to dissection.

Statistics. Where single comparisons were made, 2-tailed Student’s t test 
or standard χ2 test was used, with corrections as specified in the text. For 
multiple comparisons, standard ANOVA was used. For time-to-event and 
survival analyses, significance was estimated using Cox proportional haz-
ard regression models. The statistical analyses associated with the array 

studies are described above. Significance was conventionally accepted at a 
P value less than 0.05.
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