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Malignant fibrous histiocytoma (MFH), now termed high-grade undifferentiated pleomorphic sarcoma, is a com-
monly diagnosed mesenchymal tumor, yet both the underlying molecular mechanisms of tumorigenesis 
and cell of origin remain unidentified. We present evidence demonstrating that human mesenchymal stem 
cells (hMSCs) are the progenitors of MFH. DKK1, a Wnt inhibitor and mediator of hMSC proliferation, is 
overexpressed in MFH. Using recombinant proteins, antibody depletion, and siRNA knockdown strategies of 
specific Wnt elements, we show that DKK1 inhibits hMSC commitment to differentiation via Wnt2/β-catenin 
canonical signaling and that Wnt5a/JNK noncanonical signaling regulates a viability checkpoint independent 
of Dkk1. Finally, we illustrate that hMSCs can be transformed via inhibition of Wnt signaling to form MFH-
like tumors in nude mice, and conversely, MFH cells in which Wnt signaling is appropriately reestablished 
can differentiate along mature connective tissue lineages. Our results provide mechanistic insights regarding 
the cell of origin of MFH, establish what we believe is a novel tumor suppressor role for Wnt signaling, and 
identify a potential therapeutic differentiation strategy for sarcomas.

Introduction
The essence and origin of malignant fibrous histiocytoma (MFH) 
have been debated for over 40 years. It was characterized as a mor-
phologically unique soft tissue sarcoma subtype in 1963 (1), and 
it was said at the time that “the issue of histogenesis [of MFH] is 
largely unresolvable” (2). More recently it was stated that “MFH 
is now regarded as synonymous with [high-grade] undifferenti-
ated pleomorphic sarcoma and essentially represents a diagnosis 
of exclusion” (3). Yet MFH, now termed [high-grade] undifferentiated 
pleomorphic sarcoma, has historically accounted for approximately 
25% of all patients accrued to sarcoma clinical trials (4, 5). While 
its diagnosis may have declined in recent years, it remains a recog-
nized and distinct sarcoma subtype without effective treatment 
options for metastatic disease. Therefore, understanding its his-
togenesis and discerning its molecular features are critical steps in 
identifying relevant targets for therapeutic intervention.

In the present study, we postulate that MFH represents a trans-
formed adult human mesenchymal stem cell (hMSC). To validate 
our hypothesis, we use a well-characterized set of genes representa-
tive of the stem cell phenotype to establish an association between 
MFH and hMSCs. Furthermore, we hypothesized that if hMSCs 
are the cells of origin of MFH, then genes differentially expressed 
in MFH as compared with other sarcomas should be relevant to 
hMSC biology. Gene expression and related functional analyses 
based on the latter concept led us to unravel the oncogenic role of 
DKK1 in hMSC transformation. Dkk1 is a secreted inhibitor of the 

highly conserved Wnt developmental program (6) and a protein 
that has been previously shown to be necessary for proliferation of 
hMSCs (7). Although the relevance of Wnt signaling in epithelial 
malignancies has been well established (reviewed in ref. 8), its role 
in mesenchymal tumors remains mainly unexplored.

Results
MFH expression patterns correlate with those of hMSCs. To explore 
the possibility that MFH derives from the transformation of 
hMSCs, RNA was isolated from proliferating hMSCs, hybridized 
on Affymetrix U133a microarrays, and compared with previously 
profiled sarcomas (9). Soft-tissue sarcomas (STS) define a group 
of histologically and genetically diverse tumors of mesenchymal 
origin, with greater similarity within a given subtype than with 
cultured hMSCs. For this reason, we used a well-characterized 
panel of stem cell–specific genes (10, 11) as a discriminant to eval-
uate the potential relationship between hMSCs, MFH, and other 
sarcoma subtypes. Unsupervised hierarchical clustering analy-
sis using such a stem cell gene signature revealed that hMSCs 
are significantly associated exclusively with MFH (Figure 1A).  
Previous transcriptional pairwise analysis had also revealed the 
association between hMSCs and MFH (12). Using an in vitro 
approach in which hMSCs are differentiated into prototypic con-
nective cells (i.e., fat and bone) and gene expression analysis per-
formed (via Affymetrix U133a arrays) at multiple temporal points 
during differentiation, we found that MFH exhibits the closest 
association among the differentiating cells to undifferentiated 
hMSCs. Similarly, committed (i.e., lineage-specific) sarcoma cell 
lines (i.e., LS141 liposarcoma [LS] and SAOS2 osteosarcoma) 
associate with hMSCs, differentiating into either adipocytes or 
osteocytes, respectively, independently corroborating the hMSC-
sarcoma association (Supplemental Figure 1 and Supplemental 
Text; supplemental material available online with this article; 
doi:10.1172/JCI31377DS1).
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sue sarcoma(s).
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To further establish the specific relationship between sarcoma sub-
types and their lineage of origin, we performed immunohistochemical 
analysis of lineage-specific markers on STS in a tissue microarray. As 
illustrated in Figure 1B, staining these tumors for fat-specific mark-
ers (i.e., leptin and adiponectin) resulted in intense immunostaining 
of LS only. As expected, only leiomyosarcomas (LMSs) strongly 
expressed muscle-specific markers (i.e., muscle actin and α-smooth 
muscle actin). Similarly, when the same lesions were studied with 
MSC markers (e.g., CD54 and HGF) (13), we observed that only MFH 
cases displayed a positive phenotype, reinforcing its putative MSC 
origin. As a negative control, low-grade fibrosarcomas exhibited neg-
ative phenotypes for all biomarkers analyzed (Figure 1B). Although 
there are other classical MSC markers used for FACS analysis, they 
are not suited for our approach of immunohistochemistry (IHC) on 
sarcoma tissue (13). Additionally, we were specifically interested in 
hMSC markers that were not only present and/or specific in hMSCs 
but also decreased their expression as hMSCs differentiated. Accord-

ingly, we screened all known mesenchymal markers against our dif-
ferentiation gene expression data to determine which, if any, decrease 
with differentiation (data not shown). Of all the potential MSC 
markers, we found that CD54 and HGF were the best candidates, 
and they were therefore used in this study.

DKK1 is overexpressed and Wnt/β-catenin activity is absent in MFH cells. 
Previous analysis of gene expression profiles by our laboratory (9) 
and others (14) has led us to observe that genes overexpressed in 
specific sarcoma subtypes are representative of the cell/lineage of 
origin of that particular neoplasm (Figure 2A and Supplemental 
Text). We hypothesized that if hMSCs are the cells of origin of MFH, 
then genes overexpressed in MFH as compared with other sarcoma 
subtypes should be relevant to hMSC biology and function. ANOVA 
on gene expression profiles of the panel of STS stratified by genes 
overexpressed in MFH (Figure 2A) identified many structural pro-
teins and/or proteins whose functions are not well established. The 
most prominent exception was DKK1, a secreted inhibitor of the 

Figure 1
MFH associated with hMSCs. (A) Unsuper-
vised hierarchical clustering of a panel of 
STS (described in detail in ref. 9) using a 
stem cell gene list (Supplemental Table 1).  
(B) Immunohistochemical staining of dif-
ferentiation-associated proteins on the 
indicated tumor specimens from a tissue 
microarray. A single stain representative 
of 10 tissue samples each of MFH, LS, and 
leiomyosarcomas (LMS), and of 6 tissue 
samples each of fibrosarcomas (FS) are 
shown. Original magnification, ×200.
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highly conserved Wnt developmental program (6) known to be nec-
essary for proliferation of hMSCs (7). Immunohistochemical stud-
ies for DKK1 on a panel of STS (Figure 2C) and RT-PCR (Figure 2B)  
analysis of DKK1 transcripts on RNA isolated from fresh-frozen 
MFHs, LS, and leiomyosarcomas demonstrated that DKK1 is more 
significantly expressed in MFH than other sarcoma subtypes.

Having identified DKK1 as a protein expressed by both MFH 
and hMSCs, we next sought to examine the patterns of DKK1 and 
β-catenin (the effector arm of the Wnt-canonical pathway; ref. 8) 
expression in hMSCs in relation to MFH cells. Prockop et al. (7, 15) 
established that expression of DKK1 closely parallels proliferation of 

hMSCs in vitro and that Dkk1 promotes reentry of hMSCs into the 
cell cycle. To examine the relationship between the levels of DKK1 
in hMSCs and MFH, hMSCs were grown as previously described (7). 
Cell density was measured at the indicated time points (Figure 2E),  
and total cellular protein was isolated from hMSCs at an initial cell 
density of approximately 1 × 105 cells/cm2. Immunoblot analysis of 
DKK1 and β-catenin as a function of proliferation indicated that 
DKK1 is expressed specifically during the proliferative phase of 
hMSCs while β-catenin is expressed in an inverse pattern — absent dur-
ing proliferation and present during the stationary phase (Figure 2E).  
In comparison, the MFH0022 cell line (assayed at confluence; other 

Figure 2
DKK1 and β-catenin pat-
terns in hMSCs and MFH. 
(A) ANOVA of gene expres-
sion analysis of the indicat-
ed sarcomas listed in order 
of genes overexpressed 
in MFH. (B) DKK1 levels 
by RT-PCR in the indi-
cated sarcomas. (C) Dkk1 
expression by IHC staining 
in the indicated sarcomas 
and percentage of samples 
expressing intense stain-
ing. Original magnifica-
tion, ×200. (D) Cell density 
of hMSCs proliferating in 
vitro in relation to β-catenin 
activity. Immunoblot analy-
sis of Dkk1 and β-catenin 
in total cellular extracts (E), 
nuclear extracts, (F) and 
cytoplasmic extracts (G) 
in the indicated samples. 
Immunoblot analysis of 
LEF1, c-myc, and cyclin D1 
tubulin (H) in the indicated 
samples.
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MFH culture time points showed similar pattern to confluence; 
data not shown) displayed both Dkk1 and β-catenin (Figure 2E), 
paralleling the pattern observed in proliferating hMSCs (in particu-
lar the day 8 time point) and suggesting that MFH arises specifically 
from the proliferating hMSC population.

Since β-catenin levels are primarily regulated by cytoplasmic-
to-nuclear shuttling (8), we examined the levels of nuclear and 
cytoplasmic β-catenin in both proliferating hMSCs and MFH. 
As hMSCs transitioned from the proliferating to the stationary 
phase, β-catenin accumulated first in the cytoplasm (Figure 2G) 
and then moved into the nucleus (Figure 2F). In contrast, while 
confluent and exponentially growing MFH cells expressed cyto-
plasmic β-catenin, no nuclear β-catenin was detectable (Figure 2, 
F and G). Finally, active β-catenin levels (via ELISA for the active 
form of β-catenin) measured as a function of time paralleled the 
nuclear β-catenin immunoblot pattern, with accumulation of  
β-catenin observed as hMSCs ceased proliferating and no measur-
able expression in MFH (see Figure 2E). Additionally, induction 
of β-catenin levels via combined treatment of MFH cells with lith-
ium (an activator of β-catenin via inhibition of the Wnt pathway 
intermediate inhibitor GSK-3β) and inhibition of Dkk1 protein or 
RNA expression using monoclonal anti-Dkk1 antibody or siRNA-
Dkk1 resulted in increased total and nuclear β-catenin accumula-
tion (Supplemental Figure 2 and Supplemental Text).

Finally, we examined the expression of 3 known β-catenin tar-
get genes in proliferating and stationary hMSCs as well as in MFH 
cells. As shown in Figure 2H (left panel), LEF1 levels increased 

with increasing levels of β-catenin while c-myc and cyclin D1 levels 
decreased with increasing β-catenin levels. We also used chromatin 
immunoprecipitation to demonstrate that β-catenin directly binds 
the promoters of myc and cyclin D1 and that the promoter exists 
in a primed repressive state (Supplemental Text and Supplemental  
Figures 3 and 4). Furthermore, the decrease in c-myc and cyclin D1 was 
consistent with the observed loss of hMSC proliferation (Figure 2E).  
On the other hand, as shown in Figure 2H (right panel), MFH cells 
(assayed at confluence) expressed higher levels of c-myc and cyclin 
D1 than hMSCs (assayed at confluence; day 12). The expression of 
c-myc and cyclin D1 in MFH cells at confluence may explain their 
continuous proliferation. Additionally, the low levels of LEF1 in 
MFH confirmed the lack of Wnt signaling as inferred from lack of 
active (Figure 2E) and nuclear β-catenin (Figure 2F).

Taken together, these results suggest that MFH cells fail to 
accumulate nuclear β-catenin due to limited endogenous pro-
duction, as fitting an hMSC transformed during their prolifera-
tive state where endogenous hMSC β-catenin protein levels were 
naturally low (Figure 2F).

Wnt2-canonical signaling in hMSCs mediates commitment to differentiation.  
Since nuclear β-catenin levels increased as hMSCs reached conflu-
ence and since no nuclear β-catenin was detectable in MFH cells, 
we sought to compare the patterns of the main determinants of  
β-catenin activity (the Wnt proteins) in hMSCs and MFH. It has 
been reported that Wnt2, Wnt4, Wnt5a, Wnt11, and Wnt16 are 
detectable in hMSCs while the majority of other Wnt products are 
not (16). To limit our exploration to the Wnt genes relevant to MFH 

Figure 3
Wnt signaling in hMSCs. (A) Expression of Wnt2 and Wnt5a by RT-PCR in the indicated sarcomas. (B) Immunoblot analysis of Wnt2 and Wnt5a 
in the indicated samples. (C) ELISA of β-catenin in the indicated samples following specified treatments.
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as transformed hMSCs, we examined the relative expression of Wnt 
proteins in MFH as compared with other sarcoma subtypes (Supple-
mental Table 2). Of the 5 Wnts referred to above, Wnt2 was highly 
overexpressed in MFH and Wnt5a was absent as compared with 
other sarcoma subtypes. These results were confirmed in a panel 
of STS by RT-PCR (Figure 3A). Additionally, during in vitro hMSC 
proliferation, Wnt5a protein accumulated as cells ceased to grow (in 
agreement with previously published RNA patterns; ref. 15) while 
Wnt2 levels stayed constant (Figure 3B). Given these observations, 
2 possibilities may explain the mechanism of β-catenin accumula-
tion: (a) Wnt5a accumulation results in canonical Wnt pathway 
activation and β-catenin nuclear accumulation; or (b) Wnt2 activa-
tion results in constitutive β-catenin activation, which is repressed 
by Dkk1, and thus β-catenin only accumulates when Dkk1 levels 

decrease. To explore these possibilities, total cellular protein was iso-
lated from hMSCs at the indicated time points of in vitro prolifera-
tion after treatment with either a polyclonal antibody or with siRNA 
against either Wnt2 or Wnt5a under the indicated conditions (see 
Supplemental Figure 2 and Supplemental Text regarding the speci-
ficity of siRNA-Wnt2 and siRNa-Wnt5a) and assayed via ELISA for 
active β-catenin (Figure 3C). Only the use of either blocking anti-
body PoAb-Wnt2 or siRNA-Wnt2 was specifically able to suppress 
active β-catenin accumulation, not PoAb-Wnt5a or siRNA-Wnt5a. 
These data suggest that Wnt2 mediates signaling via canonical 
(Wnt/β-catenin) pathway in hMSCs, controlled by Dkk1 levels.

Wnt2 mediates commitment while Wnt5a mediates a viability checkpoint 
in hMSCs. To further explore the role of Wnt2 signaling in hMSC 
differentiation, hMSCs were pretreated with either PoAb-Wnt2 or 

Figure 4
Wnt5a regulates a commitment viability checkpoint. (A) Expression of EMofMD by RT-PCR in hMSCs grown in either continuous culture medium 
(CCM), ADM, or ODM, as indicated. (B) Cell cycle analysis of hMSCs after 7 days of culture under the specified treatments.
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PoAb-Wnt5a, then induced to differentiate via further treatment 
with adipocytic differentiation medium (ADM) or osteogenic differ-
entiation medium (ODM), and finally assessed for early markers of 
mesenchymal differentiation (EMofMD) (Figure 4A) (see Supplemen-
tal Figure 5 and Supplemental Text for further details). Treatment 
of cells with PoAb-Wnt2 but not PoAb-Wnt5a led to the inability of 
hMSCs to express EMofMD, suggesting that Wnt2/β-catenin activity 
is necessary for commitment to the mesenchymal differentiation pro-
gram. (In the Supplemental Text and in Supplemental Figure 5, we 
discuss and illustrate that MFH cells treated with lithium and PoAb-
Dkk1 [which we show results in nuclear β-catenin accumulation; 
Supplemental Figure 2] display detectable expression of EMofMD.)

In contrast, hMSCs pretreated with PoAb-Wnt5a express EMofMD 
(Figure 4A), suggesting that Wnt5a does not affect commitment of 
hMSCs to differentiation. However, further growth of hMSCs fol-
lowing PoAb-Wnt5a treatment resulted in apoptotic-appearing cells 
as compared with control cells (Figure 4B). Propidium iodide stain-
ing and DNA content detection demonstrated an accumulation 
of a large sub-G1 peak consistent with apoptosis (Figure 4B). This 

was not observed in either hMSCs proliferating as controls 
or in hMSCs treated with PoAb-Wnt2. Based on this set of 
observations, we concluded that Wnt2 (via Wnt/β-catenin) 
signaling is necessary for commitment to differentiation 
while Wnt5a signaling does not promote commitment to 
differentiation (as judged by expression of EMofMD) but 
may mediate an antiapoptotic signal.

Wnt5a signals through JNK in hMSCs. Since Wnt5a has been 
previously reported to mediate noncanonical Wnt signal-
ing, we sought to examine the main noncanonical Wnt 
pathways active during hMSC proliferation and MFH 
sarcomagenesis. As discussed in a previous review (17), 
Wnt/noncanonical is mediated by 3 main pathways: Wnt-
PKC/calmodulin, Wnt-Rho GTPase (Rho/ROK/cdd42), 
and Wnt/JNK. Total cellular protein was isolated at mul-
tiple time points during hMSC in vitro proliferation and 
in confluent MFH cells after continuous culturing both 
in the absence and presence of an inhibitor to each path-
way (hispidin, inhibitor of PKC, ref. 18; Y-27632, inhibi-
tor of ROK, ref. 19; SP600125, inhibitor of JNK, ref. 20). 
The activity of each pathway was assayed as described in 
Methods. Only Wnt/JNK changed during hMSC in vitro 
proliferation (Figure 5A), increasing approximately 4-fold 
as compared with baseline activity at plating. This activity 
was specifically blocked by JNK inhibitor SP600125.

To assess whether or not the rise in Wnt/JNK activ-
ity was Wnt5a mediated, Wnt/JNK signaling activity was 
measured in proliferating hMSCs either transfected with 
siRNA-Wnt5a or grown in medium supplemented with 
PoAb-Wnt5a. Under these conditions, no Wnt/JNK accu-
mulation was observed, similar to the pattern of hMSCs 
grown in media supplemented with SP600125. As a con-
trol, hMSCs transfected with siRNA-Wnt2 or grown in 
medium supplemented with PoAb-Wnt2 showed no effect 
on Wnt/JNK activity (Figure 5B). These studies demon-
strate that Wnt5a accumulation during hMSC growth 
activates Wnt/JNK activity, a well-characterized antiapop-
totic pathway (21). In contrast, MFH cells at confluence do 
not show significant Wnt/JNK activity (Figure 5, A and B),  
mirroring the pattern seen when comparing β-catenin 
activity in MFH and hMSCs (Figure 3, D and E).

Recapitulation of hMSC Wnt signaling patterns in MFH cells 
leads to controlled differentiation of MFH cells into mature con-
nective tissue lineages. We have shown that Dkk1 is overexpressed 
in MFH and that it controls a canonical Wnt2 signaling pathway 
required for commitment to mesenchymal differentiation while 
Wnt5a/JNK noncanonical signaling regulates a commitment-via-
bility checkpoint. Based on these findings, we sought to further 
investigate whether establishing both Wnt2/canonical signaling 
and Wnt5a/noncanonical signaling in MFH cells may be sufficient 
to recapitulate the overall pattern of Wnt signaling observed in 
confluent hMSCs and thus allow for the controlled differentiation 
of MFH cells into mature connective tissue lineages.

Accordingly, MFH0022 cells were cultured in the presence of 
both recombinant Wnt2 (rWnt2) and rWnt5a for 72 hours prior 
to changing medium, and further grown in either ADM or ODM 
without rWnt5a or rWnt2. Treatment of MFH cells with either 
ADM or ODM did not result in any significant accumulation of 
markers of either adipocytic (Figure 6A) or osteogenic (Figure 6B)  
differentiation. However, MFH cells pretreated with rWnt2 and 

Figure 5
Wnt5a signals through Jnk. (A) Relative activity of Wnt noncanonical signaling 
and its inhibitors: Wnt/Ca pathway (Ca and hispidin), Wnt/Rho pathway (Rho 
and Y-276632), and Wnt/Jnk (JNK and SP600125) in specified samples under 
the indicated conditions. (B) Relative activity of Wnt/Jnk in specified samples 
under the indicated conditions. All measurements (A and B) indicated are the 
average of 2 independent time series.
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rWnt5a readily accumulated markers of fat and mineralized cal-
cium (Figure 6, C and D, respectively). Notably, the continual 
exposure of rWnt2 and rWnt5a after the addition of either ADM 
or ODM to MFH resulted in significantly less accumulation of 
differentiated cells. Similar treatment with rWnt2 alone resulted 
in cellular death while treatment with rWnt5a alone led to no evi-
dence of differentiated cells (data not shown).

Inhibition in hMSCs of Wnt-mediated commitment results in transformation 
and MFH morphology. Having shown that activation of both canoni-
cal and noncanonical Wnt signaling is sufficient to commit MFH 
cells to differentiation, we next sought to test the hypothesis that 
inhibition of both Wnt signaling pathways in hMSCs may result in 
tumorigenesis. Since our previous observations suggest that Wnt5a 
(via Wnt/JNK signaling) is not involved in differentiation but rather 
mediates a commitment-viability checkpoint, we hypothesized that 
inhibition of canonical Wnt signaling would be sufficient to block 
commitment of hMSCs, which may serve as a tumorigenic event. 
Furthermore, if our initial gene expression analysis experiments were 
correct in identifying hMSCs as the progenitors of MFH, then the 
transformed phenotype of hMSCs should resemble MFH. To test 
this hypothesis, hMSCs and hMSCs previously immortalized with 
SV40 large T antigen (22) were treated with human recombinant 

Dkk1 (hrDkk1) for 2 weeks at a concentration of 50 ng/ml (based 
on a previous determination of Dkk1 media levels in expanding 
hMSCs) (7). As controls, hMSCs and SV40-hMSCs were grown in the 
absence of Dkk1 supplementation. All cultures were allowed to grow 
to confluence and then diluted and replated at a low density. Cells 
were grown for an additional 2 weeks in the presence and/or absence 
of hrDkk1 or until the detection of colony formation. hMSCs and 
SV40-hMSCs grown in the presence of hrDkk1 showed tumorigenic 
colony formation (Figure 6, G and H, respectively). This result was 
most evident in SV40-hMSCs and not seen in controls. No spontane-
ous transformation in either hMSCs or SV40-hMSCs grown in the 
absence of hrDKK1 was observed (data not shown).

To assess the in vivo tumorigenicity of these cells, an SV40-hMSC 
tumorigenic clone (SV40-hMSC-TC) was isolated and expanded, 
and 4 × 106 cells were injected subcutaneously into the flanks of 
nude mice. Parental SV40-hMSC cells were injected for controls. 
Within 3 weeks, SV40-hMSC-TC formed tumors with average vol-
umes of 454 mm3 in comparison with 24 mm3 for SV40-hMSC 
parental cells (Figure 6I). Since the current gold standard for 
diagnosis of MFH is based on tumor morphology, a histological 
analysis of the formed tumors was performed (3). Histological 
analysis of SV40-hMSC-TC tumors revealed their high grade and 
undifferentiated nature (Figure 6, J and K) and their mesenchymal 
origin, according to IHC studies (vimentin positive; S100, SMA, 
cytokeratin negative; data not shown). Finally, these tumors were 
reviewed in a blinded manner by a sarcoma pathologist and mor-
phologically recapitulated MFH histopathology. The only appar-
ent difference between the SV40-hMSC-TC xenograft tumors and 
human MFH was that the xenograft tumors did not display the 
full degree of pleomorphism commonly observed in MFH.

Discussion
MFH as a transformed hMSC. A stem cell–specific gene expression 
pattern to discriminate between sarcoma subtypes revealed that 
the profile of hMSCs was significantly associated with that of 
the MFH but not other sarcoma subtypes. As validation of our 
postulate on the relationship between MFH and hMSCs, we dem-
onstrated that hMSCs can be transformed into MFH-like tumors 
using the principles of MSC biology (i.e., Wnt signaling and bal-
ance between proliferation and differentiation). This relation of 
sarcomagenesis to normal mesenchymal differentiation pathways 
provides fundamental insight into explaining how sarcomas arise 
(schematically represented, Supplemental Figure 6).

While others have been able to recreate what appear to be high-
grade sarcomas by overexpressing known oncogenes or inactivating 
tumor suppressors (e.g., delivering Cre recombinase to the thighs 
of mice carrying conditional mutations in K-ras and p53; ref. 23), 
this study takes into account the normal biology of precursor cells 

Figure 6
Differentiation and transformation via Wnt signaling. MFH cells cultured 
in ADM (A); ODM (B); ADM, rWnt2, and rWnt5a (C); and ODM, rWnt2, 
and rWnt5a (D). hMSCs cultured in the absence (E) or presence of 
hrDkk1 (G); SV40-hMSCLTag cultured in the absence (F) or presence 
of hrDkk1 (H); tumor volumes at the indicated days of subcutaneously 
injected SV40-hMSCLTag tumorigenic clones (upper line) and SV40-
hMSCLTag cells (lower line) as controls into the flanks of Balb/c nude 
mice. Clones from H&E staining of tumors formed following subcutane-
ous injection of in vitro–transformed cells at low (I) and high (J) power. 
Original magnification, ×200; ×400 (inset).
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to demonstrate how its deregulation results in tumorigenesis. Based 
on our observations, we propose a model of MFH sarcomagenesis in 
which a stimulus for hMSC proliferation prior to commitment to 
differentiation may serve as the backdrop for further genetic chang-
es and tumorigenesis (Figure 7). Specifically, tissue homeostasis is 
based on the normal turnover of cells that depends on a pool of tis-
sue progenitor cells and/or adult stem cells differentiating into the 
corresponding mature tissue. Tissue injury/repair may be an even 
stronger impetus for stem cell recruitment. These states of chronic 
inflammation (i.e., Crohn disease), chronic infection (i.e., Helicobacter 
pylori), and chronic physical damage (reflux gastritis) are well associ-
ated with the onset of cancer. Thus, failure to commit to differentia-
tion (through inability to activate Wnt signaling as discussed in this 
manuscript for hMSCs) may result in a pool of hyperproliferating 
stem cells with enhanced tumorigenic potential. These cells may then 
secondarily become deficient in response to damage, have enhanced 
proliferation, and generate antiapoptotic signals, ultimately result-
ing in the ability to generate a complete cancer initiating unit. Final-
ly, although this model is potentially equally applicable to any tissue, 
in light of our observations that hMSCs when transformed assume 
a MFH morphology and IHC profile, it should be pointed out that 
MFH of bone is a well-characterized entity and has been reported to 
occur as a postarthroplastic complication (24).

Wnt signaling in hMSCs and MFH. A critical observation from this 
study is the role of Wnt2/canonical signaling in the “commit-
ment” of hMSCs to differentiation, as defined by its control over 
the accumulation of EMofMD. Another significant finding is that 
Wnt5/noncanonical (via JNK) signaling appears to control a viabil-
ity checkpoint at the time of hMSC commitment. The concomitant 
activation of both pathways appears necessary and sufficient to 
commit hMSCs to differentiation in the presence of specific hMSC 

maturation media. EMofMD can be detected in MFH cells in which 
the canonical pathway is activated (via Wnt2), but this is insuffi-
cient for terminal differentiation, suggesting that there must be 
crosstalk between the canonical and noncanonical Wnt pathways 
during normal commitment to a mature mesenchymal cell.

Wnt signaling as a tumor suppressor. An unexpected finding in this 
study is the observation that inhibition of Wnt signaling (via contin-
uous culturing in the presence of hrDKK1) is itself pro-oncogenic 
or, conversely, that active Wnt signaling serves a tumor suppressor 
function in hMSCs. This conclusion is based on our observations 
that culturing of hMSCs and SV40-hMSC in the presence of hrDkk1 
results in acquisition of clonogenicity in vitro and tumors in nude 
mice. These results are strikingly different from the role of canonical 
Wnt signaling in carcinomas, where activating mutations of several 
genes within this pathway have been reported to be tumorigenic. 
Nuclear β-catenin accumulation as an indicator of active canonical 
Wnt signaling is a well-documented event in colorectal (25), prostate 
(26), breast (27), and ovarian carcinomas (28) as well as melanomas 
(29). Additionally, numerous stabilizing mutations in β-catenin (30) 
as well as inactivating mutations of members of the APC/AXIN/
GSK-3β complex (31, 32) have been well characterized in colorectal 
carcinomas. Furthermore, downregulation of β-catenin in colorec-
tal carcinoma cell lines leads to loss of proliferative capacity (33), 
thus suggesting that aberrant Wnt/β-catenin is not just a marker 
but also contributes to the malignant phenotype.

In contrast with carcinomas, no Wnt/β-catenin nuclear activity 
has been noted in sarcomas (34) with the exception of desmoid 
tumors (deep fibromatoses) (35) and synovial sarcomas (36). 
Taken together, these data suggest that Wnt signaling may limit 
development of mesenchymal tumors and thus have a very dif-
ferent role in sarcomagenesis as compared with carcinogenesis. 
Supporting this notion is the observation that Wnt signaling may 
have a different role in epithelial and mesenchymal development. 
Epithelial-mesenchymal transition is an important process dur-
ing development by which epithelial cells acquire mesenchymal or 
fibroblast-like properties and show reduced intercellular adhesions 
and increased motility mediated by active Wnt/β-catenin signaling. 
In contrast, mesenchymal-epithelial transition is observed as Wnt/
β-catenin is downregulated (37). Thus, Wnt signaling mediates 
development of and/or commitment to the mesenchymal program, 
a conclusion supported by the observation that stabilized β-catenin 
in the mouse zygote leads to premature epithelial-mesenchymal 
transition in the epiblast (38). Although our data further support a 
role of Wnt signaling in committing mesenchymal progenitor cells 
to mesenchymal differentiation and mesenchymal tissue develop-
ment, the role of Wnt signaling after commitment (i.e., after the 
pluripotent progenitor stage) appears to be both lineage specific 
and even temporally dependent. For progenitor cells committed 
to adipogenesis, Wnt/β-catenin signaling is inhibitory (34, 38). 
Conversely, for progenitor cells committed to the osteogenic lin-
eage, Wnt signaling promotes development (39). In an even more 
complex example, Wnt signaling in developing cardiomyocytes 

Figure 7
Schematic diagram illustrating a working hypothesis regarding tumori-
genesis. Enhanced recruitment of adult stem cells and/or tissue pre-
cursors under conditions that result in tissue damage may promote 
development of the first oncogenic event that predisposes that cell to 
accumulate further genetic damage, ultimately resulting in tumor initia-
tion and progression. See text for details.
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acts in phases where it must be activated, then repressed, and later 
activated again (40). Finally, it should be pointed out that others 
(41) have reported that Wnt3a signaling is inhibitory to hMSC dif-
ferentiation. The differences in these results suggest that interac-
tions between specific Wnts and Wnt receptors (i.e., frizzled family) 
may result in potential activation of different downstream path-
ways (42). The differential effect of Wnt/β-catenin activation has 
been demonstrated even on specific β-catenin target genes that are 
either activated or repressed based on context (e.g., Sox 9; refs. 43, 
44). Thus, our findings that c-myc and cyclin D1 levels inversely 
correlate with β-catenin activity in both hMSCs and MFH are fur-
ther supported by our data regarding the primed repressive state or 
bivalent chromatin structure (45, 46) (Supplemental Text) of these 
genes at the point of commitment. Together, these data suggest 
that β-catenin directly represses these genes in confluent hMSCs 
and MFH cells in which hMSC Wnt signaling patterns are recapitu-
lated. Finally, at least as may apply to the hMSC state, this tumor-
suppressor role for specific Wnt2 signaling may mediate differenti-
ation via activation of β-catenin in conjunction with Wnt5a/JNK.

In conclusion, data from this study establish a relationship 
between adult stem cells and their transformation to a specific 
sarcoma subtype, providing a previously missing link in the rela-
tionship between stem cells and cellular transformation. This par-
adigm shift sets the stage for further exploration and modeling of 
adult onset tumorigenesis. Results presented also uncover what we 
believe is a novel tumor suppression role for Wnt signaling in solid 
tumors. Finally, by elucidating key signaling patterns in hMSCs at 
the point of commitment and then reestablishing these patterns 
in tumor cells, we demonstrate how solid tumors could be repro-
grammed to resume normal differentiation.

Methods
Cell culture, retroviral transduction, siRNA treatment, and cell cycle analysis. hMSCs 

were kindly provided by Darwin Prockop (Tulane University, New Orleans, 

Louisiana, USA) and propagated in continuous culture medium (20% FBS, 

Atlanta Bio in DMEM, Gibco BRL). Production of retroviral supernatants 

was carried out by calcium phosphate–mediated transfection of ampho-

tropic packaging Phoenix cells. High-titer retroviral supernatants were 

passed through a 0.45-μm filter and supplemented with 6 μg/ml polybrene 

(Sigma-Aldrich). siRNAs for Wnt2 (Hs_WNT2_1), Wnt5a (Hs_WNT5A_7), 

and Dkk1 (Hs_DKK1_1) were purchased from QIAGEN (Xeragon) and 

transfected using the HiPerFect Transfection Reagent (QIAGEN).

Gene expression analysis. Hierarchical cluster analysis was performed using 

Pearson’s correlation coefficient. Gene ranking per subtype was performed 

using ANOVA (parametric test, Benajmini and Hochberg false discovery 

rate, P < 0.05; and Student-Neuman-Keuls post hoc analysis). RNA from 

soft tissue sarcoma samples was hybridized to HG U133A oligonucleotide 

arrays per standard protocols of the MSKCC Genomics Core Facility 

(described in detail in ref. 9).

Protein isolation and immunoblot analysis. Immunoblot assays were per-

formed on 25 μg of total protein extracted from proliferating hMSCs 

and MFH0022 as previously described (47). Blots were probed with anti-

bodies directed against the following: human Dkk1 (PoAb-Dkk1) (R&D 

Human Affinity Purified Polyclonal Ab, AF1096); total β-catenin (Upstate, 

AB19022); active β-catenin (Upstate, anti-ABC, clone 8E7, 05-665); Wnt2 

(Santa Cruz H-20, SC5208); Wnt5a (Santa Cruz H-58, SC30244); LEF1 

(Santa Cruz N-17, SC8519); cyclin D1 (Abcam 24249); c-myc (Santa Cruz 

N-262, SC764); and β-tubulin (Upstate). Secondary anti-mouse, anti-

goat, or anti-rabbit (Amersham) antibodies were used to visualize pro-

teins using an ECL detection system (Amersham). Ideal concentrations for 

each antibody were empirically determined using company-recommended 

controls. Working concentrations ranged from 1:500 to 1:2000 dilutions 

of recommended stock solutions.

Immunohistochemistry. Tissue sections were deparaffinized, treated with 

1% H2O2, immersed in 10 mM boiling citrate buffer for 15 minutes, and 

incubated in 10% normal horse serum for 30 minutes at room tem-

perature. Samples were incubated with antibodies against CD54 (clone 

28, BD Biosciences — Pharmingen), hepatocyte growth factor (clone 

24612.111, AbCam), muscle actin (clone HHF35, AbCam), α-smooth 

muscle actin (clone A2547, Sigma-Aldrich), adiponectin (anti-Acrp30 

antiserum, AbCam), leptin (ab2125, AbCam), and Dkk1 (AF1096, R&D). 

Samples were further incubated with biotinylated anti-mouse, anti-rab-

bit, or anti-goat antibodies (Vector Laboratories) and then followed by 

avidin−biotin peroxidase complexes (Vector Laboratories) for 30 min-

utes. Diaminobenzidine was used as the chromogen and hematoxylin as 

the nuclear counter stain.

Protein activity assays. β-catenin activity was measured via the ELISA 

Human Total β-catenin DuoSet IC (R&D, DYC1329E) per the manu-

facturer’s guidelines, except for the substitution of anti–active β-catenin 

(anti-ABC, clone 8E7 Upstate) as the capture antibody. Wnt/calcium 

pathway activity was measured via Protein Kinase C Activity Kit (Stress 

Bioreagents, EKS-420A) per the manufacturer’s guidelines, except for 

the preliminary step in which the cell lysates were immunoprecipitated 

with pan PKC antibody (SC-10800, Santa Cruz Biotechnology Inc.). Wnt/

Rho GTPase pathway was measured via the ROKα/ROCK-II KinEAS  

FP-645nm FarRed Assay (Upstate, 32-118) according to the manufactur-

er’s instructions. Wnt/JNK pathway activity was measured via JNK Activity 

Kit (Sigma-Aldrich, CS0380) performed according to the manufacturer’s 

instructions. Absorbance measurements were performed using the Victor 

V Plate Reader (PerkinElmer).

In vitro and in vivo tumorigenic assays. hMSCs and hMSCs previously 

immortalized with SV40–large T antigen (SV40-hMSC) (22) were treated 

with hrDKK1 (R&D) for 2 weeks at a concentration of 50 ng/ml, based on 

a previous determination of endogenous Dkk1 media levels in expanding 

hMSCs (7). As controls, hMSCs and SV40-hMSC were grown in the absence 

of Dkk1 supplementation. All cultures were allowed to grow to confluence, 

then diluted and replated at a density of 1000 cells/10 cm plate. Cells were 

grown for an additional 2 weeks in the presence and/or absence of hrDKK1 

or until colony formation was observed, at which point all plates were 

stained with crystal violet. To assess the in vivo tumorigenicity of in vitro–

generated clones, an SV40-hMSC tumorigenic clone (SV40-hMSC-TC)  

was isolated and expanded, and 4 × 106 cells were injected subcutane-

ously into the flanks of Balb/c nude mice. Parental SV40-hMSC cells were 

injected as controls. Mice were observed for 2 weeks and then sacrificed. 

Tumors were excised and analyzed by H&E staining. Animals were housed 

in pathogen-free housing and all experiments were approved and strictly 

subjected to guidelines as dictated by the Institutional Animal Care and 

Use Committee and the Research Animal Resource Center at Memorial 

Sloan-Kettering Cancer Center.

Differentiation assays. To induce adipocytic differentiation, MFH0022 

cells were grown in DMEM/F12 supplemented with 0.5 μM dexametha-

sone, 0.5 μM isobutylmethylxanthine, and 50 μM indomethacin for 21 

days. To induce osteogenic differentiation, MFH0022 cells were grown 

in DMEM/F12 supplemented with 10-8 M dexamethasone, 5 mM β-glyc-

erophosphate, and 50 μg/ml L-ascorbic acid for 21 days. Human recom-

binant Wnt2 and mouse recombinant Wnt5a (both from R&D Systems) 

were used at 100 ng/ml. Oil red O (Sigma-Aldrich) and Alizarin red -S  

(Sigma-Aldrich) staining was performed as previously described (7). 

Additionally, MFH0022 cells were grown in the presence or absence of 

rhDKK1, as indicated in Results. The differentiation protocol utilized 
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represents a modification of the hMSC differentiation protocol out-

lined in the Supplemental Text.
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