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cellular origins from which most tumors arise are poorly defined, especially in mesenchymal neoplasms.
ssive fibromatosis, also known as desmoid tumor, is a locally invasive soft tissue tumor that has
chymal characteristics. We found that aggressive fibromatosis tumors express genes and cell surface
rs characteristic of mesenchymal stem cells (MSC). In mice that are genetically predisposed to develop
sive fibromatosis tumors (Apcwt/1638N), we found that the number of tumors formed was proportional to
mber of MSCs present. Sca-1−/− mice, which develop fewer MSCs, were crossed with Apcwt/1638N mice.
y mutant mice deficient in Sca-1 developed substantially fewer aggressive fibromatosis tumors than
pe (WT) littermates, but Sca-1 deficiency had no effect on the formation of epithelial-derived intestinal
. MSCs isolated from Apcwt/1638N mice (or mice expressing a stabilized form of β-catenin) induced
nt cellular growth reminiscent of aggressive fibromatosis tumors after engraftment to immunocompro-
mice, but WT cells and mature fibroblasts from the same animals did not. Taken together, our findings
te that aggressive fibromatosis is derived from MSCs, and that β-catenin supports tumorigenesis by
aining mesenchymal progenitor cells in a less differentiated state. Protecting this progenitor cell popu-
maint

lation might prevent tumor formation in patients harboring a germline APC mutation, where fibromatosis is
currently the leading cause of mortality. Cancer Res; 70(19); OF1–9. ©2010 AACR.
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ressive fibromatosis, also known as desmoid tumor, is
lly invasive soft tissue lesion arising in connective
s. Although these lesions infiltrate into surrounding
l tissues, they do not metastasize to distant sites. His-
and cytologic analyses of the tumors reveal that they
mposed of bipolar fibroblastic cells that express the
ediate filament vimentin but lack expression of epi-
l markers such as E-cadherin. The location, cellular
ology, and histologic profile of these tumors suggest
hey derive from mesenchymal sources; however, the
sive fibromatosis cell of origin has yet to be definitively
ated (1, 2).
vious studies identified the molecular etiology of ag-
e fibromatosis (3, 4). These lesions can occur as spo-
tumors or as part of preneoplastic conditions, such as
atous polyposis (FAP) and familial infiltra-
s. Patients with FAP develop gastrointestinal
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s that typically progress to cancer by the third decade
but with the advent of early colectomy as a treatment,
ost common cause of mortality in afflicted patients
ressive fibromatosis tumors (5, 6). In both FAP and
al infiltrative fibromatosis, lesions are associated with
ation in the APC gene, whereas in sporadic aggressive
atosis, most tumors contain mutations in CTNNB1, the
hat codes for β-catenin (7, 8). In both cases, genetic
tions cause stabilization of β-catenin and activation
atenin–mediated T-cell factor (TCF)/lymphoid enhancer
-1–dependent transcription (9, 10). The Apcwt/1638N

harbors a targeted mutation in the Apc gene, resulting
expression of a truncated nonfunctional version of the
rotein, consequently leading to upregulated β-catenin–
ted, TCF-dependent transcription. These mice devel-
large numbers of aggressive fibromatosis tumors and
intestinal lesions and, as such, are a well-characterized
l model that closely approximates the human disease
).
e mesenchymal neoplasms are associated with specific
ocations that result in the expression of functional
proteins that often contribute to oncogenesis. For in-
, rearrangement of the EWSR1 gene on chromosome 22
ETS gene family member FLI-1 on chromosome 11
tes the EWS–FLI-1 fusion protein commonly found in
's sarcoma. In addition, chromosomal translocations re-
in the generation of the FUS-CHOP fusion protein are
ed in myxoid liposarcomas. Interestingly, overexpres-

f either EWS–FLI-1 or FUS-CHOP proteins in murine
chymal stem cells (MSC; also known as mesenchymal

OF1
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al cells due to the heterogeneity of the population)
in the induction of tumors, strongly resembling the
stic lesions from which they are affiliated (13, 14). Af-
g-term in vitro culture, both murine and human MSCs
dergo spontaneous transformation, producing tumors
bling fibrosarcomas (15, 16). In addition, conditional
sion of a translocation specific to synovial sarcomas
scle progenitors, but not mature myoblasts, has the
ity to induce the formation of synovial sarcomas in
(17), further supporting the notion that oncogenic
es in mesenchymal precursors give rise to mesenchy-
eoplasms.
enchymal tumors display cellular heterogeneity and
n a subpopulation of side population (SP) cells, which
an enhanced tumor-initiating potential. These observa-
suggest that this tumor type may be organized into a
r hierarchy, with SP cells behaving like cancer stem
riving tumorigenesis in established lesions (18, 19).
ver, these findings suggest that established tumors
e driven by a subpopulation of stem-like cells, but
r prove nor insinuate that mesenchymal neoplasms
rived from a normal mesenchymal progenitor that
stained oncogenic mutations, nor do they suggest that
ith stem-like characteristics contribute to de novo
formation.
e, we use a mouse model of FAP and mesenchymal
sor cells from these mice and from mice expressing
ivated form of β-catenin to investigate the influence
senchymal progenitor cells (MPC) on the formation
ressive fibromatosis.

rials and Methods

ry human tumors
ary human aggressive fibromatosis tumors were ob-
at the time of surgery, and all material was used with
ed patient or guardian consent. They were dissociated
ingle cells as previously reported (18). Cells from four
s were examined, all from sporadic lesions involving
tremity. Two were from males (ages 11 and 23) and
om females (ages 16 and 25). Dissociated cells were
ltured but rather used immediately afterwards for flow
etry analysis or for expression array analysis. Ethical
val was obtained for all human tissue samples collected.
umors were used for this analysis.

cytometry
staining of MSC markers, 1.0 × 106 dissociated cells
esuspended in 100 μL of PBS supplemented with 2%
ovine serum (FBS). Antibodies used consisted of phy-
hrin (PE)–conjugated CD146 (Becton Dickinson), PE-
ated CD44 (Becton Dickinson), PE-conjugated CD166
n Dickinson), PE-conjugated CD29 (Becton Dickinson),
1 μg/μL of Stro-1 (R&D Systems). For visualization of
staining, after incubation with primary antibody, cells
tained for 30 minutes at 4°C with FITC-conjugated IgM

ackson Laboratory). After staining, cells were washed
with PBS and then counterstained with 1 μg/mL of

the va
each g

r Res; 70(19) October 1, 2010
ium iodide (PI; Molecular Probes). PI-positive (non-
) cells were excluded from analysis. Cell staining was
ified using LSRII flow cytometer (Becton Dickinson).

me-wide transcriptional profiling
was extracted from cell pellets using RNeasy Micro

iagen) according to the manufacturer's instructions.
uality was assessed with a Bioanalyzer (Agilent Tech-
ies), and cDNA was generated and hybridized onto
etrix Human Genome U133.0 2.0 gene chips. To com-
ur tumor expression data with control samples, an
is of gene expression was performed using Parktec
yping Suite and Ingenuity Systems Software. To com-
xpression analysis, we used expression profiles from
ne Expression Omnibus database (20). The data from
ene Expression Omnibus database were subjected to
round correction by weighting on the GAPDH value
h array. For normal fibroblasts, data from normal
n fibroblasts (accession number GDS2535) were used
hree independent samples, and expression arrays were
ned to generate a single weighted data set for normal
n fibroblasts. For MSC gene expression, data from
ion number GDS3062 were used from three indepen-
SC samples, and these data were combined to a single

ted data set. A heat map of the weighted values was
ucted using the web-based program CIMminer (21)
the expression profile from the MSCs as the reference
n an unsupervised manner.

ation of genetically modified mice
generation and phenotype of theApcwt/1638N and Sca-1−/−

have been previously reported (11, 22). These mice
crossed to produce Apcwt/1638N/Sca-1+/+, Apcwt/1638N/
/−, and Apcwt/1638N/Sca-1−/− mice using a previously re-
breeding strategy so that the phenotype in Sca-1–

ent mice was always compared with Sca-1 wild-type
littermates (23, 24). The Catnblox(ex3) allele (25) contains
ites flanking exon 3, which, when exposed to Cre re-
inase, results in expression of a functional β-catenin
in missing the NH2-terminal phosphorylation sites
s such is a constitutively stabilized, transcriptionally
protein. Mice expressing the Catnblox(ex3) allele were
d with the Tg(cre/Esr1) mouse, which expresses Cre
binase driven by a tamoxifen-inducible promoter
amoxifen drives efficient Cre-mediated recombination
ost all cells and does not react with native receptors,
ausing expression of a stabilized β-catenin protein.
rom the Catnblox(ex3) mouse were also treated with an
virus expressing Cre recombinase and green fluores-
rotein (GFP) or an adenovirus expressing only GFP,
ur previous work (27), to allow tracking in vivo. All mice
nto a C57BL/6 background.

sis of tumors in mice
eration of the Apcwt/1638N and Sca-1−/− mouse crosses
d for the comparison of littermate controls between

rious genotypes. Fifteen male and 15 female mice of
enotype were sacrificed at 6 months of age, and the
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Aggressive Fibromatosis and Mesenchymal Progenitors

www.a
er of aggressive fibromatosis tumors, intestinal polyps,
in cysts was scored by a observer blinded to the geno-
s previously reported (24). For histology, representative
samples were formalin fixed, paraffin embedded, sec-
, and stained with H&E. To determine the number of
resent in the tumors, a blinded study was performed,
ng the number of nuclei present in stained sections.

ulture
s were isolated as previously described (28). Briefly,
ere euthanized at 8 weeks of age, femurs and tibias
emoved, and the bone marrow was aspirated. Recov-
ells were plated in MesenCult MSC basal medium for
MSCs supplemented with MSC stimulatory supple-
(StemCell Technologies). After 72 hours, the medium
hanged to remove nonadherent cells. For colony-
g unit (CFU) studies, the recovered bone marrow cells
ounted and plated at 9 × 105 nucleated cells/cm2. To
re the number of CFU-fibroblastic (CFU-F), stromal
ere cultured for 7 days, after which they were stained
rystal violet [0.05% (w/v) in methanol; Sigma], and
es >1 mm were counted (29). To determine if the MSCs
d from mice expressing the Catnblox(ex3) allele have al-
differentiation characteristics, their ability to differen-
own adipocytic or osteogenic lineages was determined
viously reported (30–32). Adipogenic differentiation
duced by using medium supplemented with isobutyl
lxanthine, indomethacin, insulin, and dexamethasone,
e phenotype was quantitated by detection of Oil Red
itive cells. Osteogenic potential was determined by
dexamethasone to the medium, and the phenotype

onfirmed using alkaline phosphatase immunohisto-
stry. The number of CFUs of each type was measured
same manner as for CFU-F. Primary dermal fibroblast
ltures were also prepared from these mice in an iden-
anner as previously reported (33).

rafting
s (3.0 × 104, 3.0 × 105, or 3.0 × 106) were resuspended in
of 1× PBS supplemented with 2% FBS. This suspension
en mixed with 50 μL of Matrigel (Becton Dickinson)
c. injected into immunodeficient nonobese diabetic/
combined immunodeficient (NOD/SCID) mice as pre-
y described (18, 34). Cells for grafting were derived
T mice, mice expressing the Catnblox(ex3) allele, and

1638N mice. Both MSCs, isolated as above, and primary
last cultures from the three genotypes were grafted. In
cases, cells were infected with an adenovirus expres-
FP to allow tracking of the cells. Mice were observed
weeks, after which they were euthanized and tumor
tion was assessed. Tumors were removed and samples
paraffin embedded, formalin fixed, sectioned, and
d for H&E. An antibody to GFP was used to determine
igin of tumors that formed in select cases.

rn blot analysis

tern blot analysis was undertaken as previously re-
using an antibody for total β-catenin (BD Bio-

tiate
measu

acrjournals.org
es) and an antibody to actin (as a loading control;
chem) using previously reported techniques and
ions (8, 9).

tical analysis
mean, SD, and 95% confidence interval were calcu-
for each data set using Microsoft Excel. Regression
is was calculated using Microsoft Excel. Data are
ted as the mean and 95% confidence interval. The
iled Student's t test was used to calculate differences
en groups of data. Statistical significance is given as
.05.

lts

ssive fibromatosis tumors express similar genes
arkers as MSCs
examined human aggressive fibromatosis tumor cells
e expression of cell surface makers known to be pres-
MSCs. Dissociated cells from aggressive fibromatosis

rs were stained with antibodies to CD146, CD44,
, CD29, CD15, and Stro-1, and the expression of these
rface markers was analyzed using flow cytometry. A
pulation of aggressive fibromatosis cells expressed
markers, suggesting a role for MSCs in the etiology
tumor type. Thirteen percent (±6%) of cells stained
146, 3% (±3%) for Stro-1, 52% (±15%) for CD44, 3%
for CD166, 97% (±22%) for CD29, and 39% (±11%)
15 (± data are given as the 95% interval from the four
s). A heat map of expression arrays from the four ag-
ve fibromatosis samples was compared with that of
and normal fibroblasts available from public data-
The data from the MSCs were used as the index for
ng the genes. The expression profile from the aggres-
bromatosis cells shared similarities in expression levels
lose to two thirds of the MSCs genes, but less than a
r of the normal fibroblast cell genes, as illustrated by a
ap, as shown in Fig. 1. Thus, human aggressive fibro-
is tumor cells share similarities in the expression of
with MSCs.

itive correlation between the number of CFU-F
he number of aggressive fibromatosis tumors that
op in Apcwt/1638N mice
study the role of MSCs in tumor development in vivo,
ed a mouse that develops aggressive fibromatosis.
1638N mice carry a targeted mutation at codon 1638
murine APC gene. Mice heterozygous for the Apc1638N
ion develop large numbers of aggressive fibromatosis
omplete penetrance, and more tumors form in male
than in female mice (11). The inherent variability in
mber of aggressive fibromatosis tumors (between 10
tumors at 6 months of age) that form in each individ-

ale Apcwt/1638N mouse allowed us to determine if a re-
ship existed between the numbers of tumors and the
er of MSCs. CFU-F, which has the potential to differen-

into various mesenchymal lineages, is a surrogate
re of MSCs present in the bone marrow, and as such,

Cancer Res; 70(19) October 1, 2010 OF3
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s can be used as an estimation of MSCs present. Ten
1638N male mice were sacrificed at 6 months of age, and
al bone marrow was removed and plated to assess
formation. We found that mice with low numbers of
s had fewer CFU-Fs compared with high numbers of
s (Fig. 2).

deficient in mesenchymal progenitors develop
aggressive fibromatosis tumors
e lacking Sca-1 exhibit fewer numbers of MSCs due to
ed capacity to self-renew, as marked by progressively
CFU-F with age (22). Using a previously described breed-
ategy, we mated Apcwt/1638N mice to Sca-1−/− mice and
ted Apcwt/1638Nmice that were eitherWT, heterozygous,
pletely lacking the Sca-1 gene (24).Apc+/1638N;Sca-1−/−had
numbers of CFU-F compared with Apcwt/1638N;Sca-1+/+

ate controls (Fig. 3A).

months of age, mice were sacrificed and tumor devel-

nt was assessed. We found that Apcwt/1638N;Sca-1+/+
fects b
and th

r Res; 70(19) October 1, 2010
had the greatest numbers of tumors, averaging 24
s per male mice. In contrast, Apcwt/1638N;Sca-1−/− litter-
controls developed significantly fewer tumors, averag-
tumors per male mouse (Fig. 3B). Consistent with

usly published reports, male mice developed more tu-
than female mice (6, 9, 10). However, as with the males,
1638N;Sca-1+/+ female mice formed more tumors than
/1638N;Sca-1−/− littermate controls (Fig. 3B). Tumors
ach genotype were also stained with H&E. We found
mors derived from Apcwt/1638N;Sca-1−/− had fewer cells
red with Apcwt/1638N;Sca-1+/+ mice (Fig. 3C and D). In
on, tumors from Apcwt/1638N;Sca-1+/+ mice were larger
from Apcwt/1638N;Sca-1−/− mice. For female mice, the
nce was 16.5 (±4.7) mm3 versus 8.3 (±3.6) mm3 mean
e per tumor, and for male mice, the difference was 22.5
) mm3 versus 12.8 (± 4.2) mm3 (both P < 0.05). Thus,
ng the number and self-renewal capacity of MSCs af-
Fig
tum
A h
agg
with
The
for
from
mo
tha
oth the number of a
e cellularity of the tu
1. Human aggressive fibromatosis
express genes characteristic of MSCs.
map of expression arrays from four
sive fibromatosis samples compared
at of the MSCs and normal fibroblasts.
ta from the MSCs were used as the index
ering the genes. The expression profiles
e aggressive fibromatosis cells share
imilarities in expression levels with MSCs
ggressive fibromatosis that forms
mors.
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www.a
elial-derived tumors are not affected by a
tion in MSCs
ddition to the formation of mesenchymal neoplasms,
1638N mice also develop intestinal polyps and skin
(12). Interestingly, whereas the numbers of aggressive
atosis were reduced in Apcwt/1638N;Sca-1−/− mice when
red with Apcwt/1638N;Sca-1+/+ littermate controls, no
nces were observed in the numbers of intestinal
or skin cysts (Fig. 4) in either male or female mice,
howing that in Apcwt/1638N, epithelial neoplasms were
fected by the ablation of Sca-1.

chymal precursors from Apcwt/1638N and mice
ssing the Catnblox(ex3) allele have the capacity to
te tumor formation
next determined whether MSCs with an oncogenic
ion have tumorigenic potential. To address this ques-
e isolated bone marrow stromal cells and dermal

lasts from 8-week-old Apc+/1638N, Apc+/+, and Catnbtm2Kem

Cells from the genotypes were s.c. injected into immu-
cient NOD/SCID mice. For Catnblox(ex3) mice, cells were
ned with and without activation of the conditional
ted β-catenin allele, and an elevated level of β-catenin
bserved in cells in which the conditional allele was ac-
. After 12 weeks, mice were sacrificed and tumor for-
n was assessed. We detected aberrant cellular growth
e injected with 3.0 × 105 or 3.0 × 106 MSCs derived from
638N and Catnblox(ex3) mice in which the conditional
was activated (Fig. 5). In contrast, none of the mice
d with cells derived from WT mice generated tumors,
d mice in which dermal fibroblasts were injected devel-
ors. Histologic examination of the lesions revealed the

ce of cells of mesenchymal origins, specifically cells
bling those found in the bone marrow. Examination
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acrjournals.org
ors from Catnblox(ex3) mice expressing GFP showed
e tumors expressed GFP, verifying they were of donor
origin. We observed that MSCs with oncogenic muta-
ave the capacity to deregulate cellular growth, and the
ng tumors are reminiscent of aggressive fibromatosis
s.

chymal precursors from mice expressing the
lox(ex3) allele have a decreased
entiation ability
determine if β-catenin stabilization altered the ability
Cs to differentiate, stromal cells from Catnblox(ex3) mice
sing either the WT or the stabilized allele were grown
presence of differentiation medium, and the number of
lastic and adipocytic CFUs that formed was compared
en cells expressing a β-catenin–stabilized allele and a
llele. Whereas stabilization of β-catenin resulted in a
number of CFU-F, it resulted in a smaller number of
steoblastic and CFU-adipocytic (Fig. 6). This shows
-catenin maintains MSCs in a less differentiated and
proliferative state.

ssion

s from aggressive fibromatosis tumors express cell sur-
arkers and genes expressed in mesenchymal progeni-
owever, this observation does not imply that tumors
rom normal stem cells, as neoplastic cells can express
that are characteristically expressed in progenitor cell
(13, 14). As such, we sought to identify the cells respon-
or oncogenesis before tumor formation. We observed a
e correlation between MSC numbers and aggressive
atosis tumor formation and that the loss of MSCs
a reduction in the numbers of aggressive fibromato-

mors in mature mice. We also showed that MSCs
d from mice predisposed to aggressive fibromatosis tu-
rmation have the capacity to initiate aberrant cellular
h, resulting in a tumor that shares cytologic similarities
ressive fibromatosis in immunocompromised mice.
together, these findings raise the likelihood that devel-
t of aggressive fibromatosis is influenced by a primi-
esenchymal precursor. The observation that MSC
ers did not affect the formation of intestinal neo-
s, which derive from epithelial precursors, strengthens
ecificity of the association between aggressive fibroma-
nd MSCs.
ent studies show that primary MSCs transduced
press an oncogenic mutation can form sarcomas
6). Mesenchymal cells in peripheral tissues also can
from circulating precursors, as has been shown for

cytes (37). These findings raise the possibility that
tumors arise from circulating MSCs harboring a
ion, resulting in β-catenin stabilization that hones
ripheral sites, causing aggressive fibromatosis. This
ility can be tested by determining if a mutated form
atenin into human MSCs will result in aggressive fibro-

is tumors, and by performing bone marrow and MSC
2. A positive correlation between the numbers of aggressive
tosis (AF) tumors that form and CFU-F in mice. Apcwt/1638N mice
er numbers of CFU-Fs develop fewer numbers of aggressive
tosis. Apcwt/1638N mice were sacrificed at 6 mo of age, and tumors
unted. In tandem, CFU-F from each sacrificed mouse were
lantations from mice harboring mutation resulting in

Cancer Res; 70(19) October 1, 2010 OF5
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nin stabilization to determine if such transplanted
ting cells can form aggressive fibromatosis tumors.
r study, we did not transduce a mutated form of
nin into human MSCs, nor did we undertake bone
w and MSC transplantations. Such future studies
more clearly define the cell of origin of aggressive
atosis tumors.
only did we show a reduction in the number of tumors
Apcwt/1638N;Sca-1−/−, but we also showed that tumors
d from these mice are smaller and contain fewer cell
ers when compared with Apcwt/1638N;Sca-1+/+ mice.

s. D, representative H&E slides of the tumors from each genotype show di
hen compared with Apcwt/1638N;Sca-1+/+ mice. An asterisk above a data p
acking Sca-1 develop age-dependent osteoporosis and
henotype is caused not by the loss of differentiated

attrib
self-re

r Res; 70(19) October 1, 2010
rogenitors but rather by a deficit in the numbers of
. Interestingly, no differences in MSC frequency were
ed in young Sca-1−/− mice; however, aged Sca-1−/− mice
much lower numbers of MSCs when compared with
WT counterparts. This deficit and the subsequent
pment of age-dependent osteoporosis are attributed
impairment in the capacity of MSCs to self-renew
). It has been postulated that Sca-1 may play a role in
ing the signals between differentiation and self-renewal
cells (39). Given these observations, decreased tumor

rity and tumor size in Apcwt/1638N;Sca-1−/− mice may be

ed numbers of nuclei in tumors derived from Apcwt/1638N;Sca-1−/−

ows a significant difference from Sca-1+/+ mice.
3. Loss of Sca-1 reduces numbers of aggressive fibromatosis tumors in Apcwt/1638N mice. A, there were fewer numbers of CFU-F in Apcwt/1638N;
/− mice when compared with Apcwt/1638N;Sca-1+/+ mice. Columns, mean number of CFU-F isolated from three independent mice from each
e; bars, 95% confidence intervals. B, Apcwt/1638N;Sca-1+/+, Apcwt/1638N;Sca-1+/−, and Apcwt/1638N;Sca-1−/− mice were sacrificed at 6 mo of age,

gressive fibromatosis tumors were scored. In both males and females, Apcwt/1638N;Sca-1−/− mice formed fewer tumors than Apcwt/1638N;Sca-1+/+

olumns, mean number of tumors per mice (total of 15 mice per given genotype); bars, 95% confidence intervals. C, tumors derived from Apcwt/1638N;
/− mice have decreased cellularity when compared with Apcwt/1638N;Sca-1+/+ littermate controls. Columns, mean number of nuclei counted in
ld of vision at ×400 magnification (three mice for each given genotype and four fields for each section were counted); bars, 95% confidence
uted to a diminished capacity of oncogenic MPCs to
new.
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rowths have cytologic characteristics similar to those found in aggressive fibrom
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r hierarchy exists, with the quinti-potent, self-renewing
t the apex and the restricted fibroblast at the base (40).
4. Loss of Sca-1 does not alter the
r of gastrointestinal tumors formed by
638N mice. Apcwt/1638N;Sca-1+/+ and
638N;Sca-1−/− mice develop similar
rs of epithelial-derived lesions. Mice from
the three genotypes were sacrificed at
age, and the number of intestinal polyps
n cysts was counted. No significant
ces were observed in the numbers
tinal polyps or skin cyst between
638N;Sca-1+/+, Apcwt/1638N;Sca-1+/−, and
638N;Sca-1−/− mice. Columns, mean
r of tumors per mice (15 mice per given
ulation of these well-orchestrated events dramatically

e commitment is not a random process, but rather, a alters the lineage commitment of cells within this hierarchy.

5. Stromal cells from Catnblox(ex3) and Apcwt/1638N mice have the potential to induce aberrant cellular growth. Bone marrow stromal cells isolated
atnblox(ex3), Apcwt/1638N, and Apcwt/wt mice were s.c. injected into NOD/SCID mice. After 3 mo, mice were sacrificed and tumor formation was
ed. Only MSCs isolated from Apcwt/1638N and Catnblox(ex3) mice had the potential to induce aberrant cellular growth. A, Western blot analysis showing
ed β-catenin protein from Catnblox(ex3) mice in which the conditional allele is activated. A slightly smaller size to the protein product expressed
e alleles in which exon 3 is deleted is shown, and a 3-fold increase in protein level was detected using a pan–β-catenin antibody as determined using
aining of lesions was performed for histologic examination.
atosis.
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nt/β-catenin pathway is implicated in regulating this
ntiation process and is also a known molecular deter-
t of aggressive fibromatosis tumor formation. There-
n the case of aggressive fibromatosis, distortion of
gnaling pathway may tilt a large proportion of mesen-
l precursors to forfeit toward the committed fibro-
a defining feature of aggressive fibromatosis tumors.
duction in the number of MSCs in Apcwt/1638N;Sca-1−/−

erefore lower the numbers of cells mandated down an
ed differentiation pathway.
le for β-catenin altering MSC differentiation is sup-
by other in vitro studies (41), as well as by in vivo stud-
repair processes. Indeed, during fracture repair,

ed β-catenin results in cells maintaining a fibroblast-
enotype, rather than developing an osteoblastic phe-
(42). Thus, in aggressive fibromatosis, a MPC with a

ion resulting in β-catenin stabilization maintains the
ith a proliferative advantage in an undifferentiated
resulting in a fibroproliferative tumor. Our data sug-
g that β-catenin stabilization inhibits differentiation,
aining cells in an undifferentiated form, support this no-
harmacologic agents to modulate β-catenin signaling
der development, and one such agent, lithium, is already
le for clinical use (43, 44). This raises the possibility that
nin modulation could be used to prevent the develop-
of aggressive fibromatosis in susceptible individuals.
letion of Sca-1–positive cells in the mammary gland re-
n the loss of regeneration potential in mammary gland
stitution experiments, showing the ability of Sca-1 to
ectively identify a population of mammary epithelial
45). Interestingly, in mouse models of breast cancer,
pression of components of the Wnt signaling pathway
in an expansion of Sca-1/keratin 6 progenitor cells. In
st, in mouse models where tumorigenesis is driven by

ce from cells from WT mice.
erexpression of H-ras, Neu, or middle T antigen, no ex-
n of Sca-1/keratin 6 progenitor cells is detected (46, 47).
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olecular etiology of aggressive fibromatosis is well
, where the upregulation ofβ-catenin signaling is a hall-
of these neoplasms. Taken together, this suggests that
catenin pathway may contribute, in part, to tumorigen-
expanding the progenitor cell compartment, allowing
increase in the number of cells that may be responsible
or maintenance. As such, loss of Sca-1 results in fewer

ers of progenitors susceptible to this aberrant expansion.
loss of Sca-1 may diminish the number of aggressive
atosis tumors through multiple mechanisms. First, the
ion in the number of mesenchymal progenitors, which
a potential candidate cell of origin for these neo-

s, results in fewer cells with the potential to form tu-
This may be particularly important in mesenchymal
sms susceptible to β-catenin signaling, such as aggres-
bromatosis, for this loss is amplified in the tumorigenic
s by reducing the number of progenitor cells available
th cellular expansion and distorted lineage commit-
Second, in Sca-1 null mice, the remaining MSCs have
paired ability to self-renew, resulting in the eventual
f tumors by targeting those cells responsible for the
enance of the malignant tissue. This provides strong
ce that functional MSCs are important in the develop-
and progression of aggressive fibromatosis.
ether aggressive fibromatosis originates from a progen-
ll that acquires an oncogenic mutations or whether it
from a differentiated cell that acquires a mutation,
it a stem-like phenotype, has yet to be elucidated;
er, these data show an important influence of MPCs
s neoplasm. The identification of the primary cell of
in aggressive fibromatosis is a key step toward an un-
nding of the pathology of this disease. Here, we provide
ce to support a model in which cells with MSC-like
teristics play a role in both the initiation and mainte-
of aggressive fibromatosis tumors, raising the intrigu-
ssibility that protecting the stem cells in patients with
an prevent aggressive fibromatosis and understanding
iology can be used to develop new treatments.
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