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The cellular and molecular mechanisms that underlie age-dependent
osteoporosis, the most common disease in the Western Hemisphere,
are poorly understood in part due to the lack of appropriate animal
models in which to study disease progression. Here, we present a
model that shows many similarities to the human disease. Sca-1, well
known for its expression on hematopoietic stem cells, is present on a
subset of bone marrow stromal cells, which potentially include
mesenchymal stem cells. Longitudinal studies showed that Sca-12/2

mice undergo normal bone development but with age exhibit
dramatically decreased bone mass resulting in brittle bones. In vivo
and in vitro analyses demonstrated that Sca-1 is required directly
for the self-renewal of mesenchymal progenitors and indirectly for
the regulation of osteoclast differentiation. Thus, defective mesen-
chymal stem or progenitor cell self-renewal may represent a previ-
ously uncharacterized mechanism of age-dependent osteoporosis in
humans.

Osteoporosis is a multifactorial, age-related metabolic bone
disease characterized by low bone mineral density (BMD) and

the deterioration of the microarchitecture of cancellous bone,
leading to enhanced bone fragility and increased risk of fracture (1).
Type I osteoporosis, also called postmenopausal osteoporosis be-
cause it primarily affects postmenopausal women, is characterized
by increased bone turnover and accelerated cancellous bone loss,
increasing the risk of vertebral fracture. Type II osteoporosis, or
age-relatedydependent osteoporosis, affects older women and men
and its origins are far less understood than postmenopausal osteo-
porosis. Although type II osteoporosis is not accompanied by
increased bone turnover, it leads to increased risk of hip fracture
and has a greater mortality and morbidity than type I osteoporosis.

Type I and II osteoporosis are thought to result from dysregu-
lated bone remodeling during aging. Normal bone remodeling
requires an exquisite balance between bone resorption by oste-
oclasts and bone formation by osteoblasts. Osteoblasts are mesen-
chymal cells that originate from a multipotential precursor, often
referred to as the mesenchymal stem cell (MSC), which also gives
rise to other lineages such as adipocytes, chondrocytes, and muscle
(2, 3). By contrast, osteoclasts differentiate from hematopoietic
monocyteymacrophage precursors (4).

Stem cell antigen 1 (Sca-1; also known as Ly-6A) is an 18-kDa
glycosyl phosphatidylinositol-anchored cell surface protein of the
Ly-6 gene family expressed by hematopoietic stem cells (HSCs),
skeletal muscle stem cells, mammary epithelial stem cells, subsets
of hematopoietic progenitors, lymphocytes and macrophages, and
a subpopulation of bone marrow (BM) stromal cells including
osteoblasts (5–11). Sca-12/2 mice exhibit defects in T cell signaling
(12) and HSC self-renewal (13).

Here, we report that Sca-12/2 mice also model human age-
related (type II) osteoporosis with reduced BMD and increased
susceptibility to fractures. Unlike type I osteoporosis, which results
from an imbalance toward bone resorption (14–17), Sca-12/2 adult
mice have both decreased bone formation because of a deficiency

in osteoprogenitors and decreased bone resorption as a conse-
quence of the osteoprogenitor deficiency. The decrease in Sca-12/2

osteoprogenitors during aging is not due to a direct defect in
osteoblastogenesis, but rather due to decreased self-renewal activity
of multilineage mesenchymal progenitors. Our data suggest that
stem cells or their direct descendants are the target cell population
affected by Sca-1 ablation and implicate Sca-1 as a component of
the stem cell self-renewal machinery.

Materials and Methods
Animals. All mice were maintained at Mount Sinai Hospital.
Sca-12/2 mice were backcrossed 10 generations to BALByc. Back-
cross 10 mice were bred to generate Sca-11/1 control and Sca-12/2

progeny, which were subsequently independently bred.

Histomorphometric and Dual-Energy X-Ray Absorptiometry (DEXA)
Analysis. For in vivo fluorescent labeling, a s.c. injection of calcein
(25 mgykg body weight) was administered at days 0 and 7. Animals
were killed at day 12 (18). Plastic bone sections were prepared as
described (19). All histomorphometric parameters were measured
blindly on trabecular bone of the femoral metaphysis from five
animals of each genotype and time point, using a microscope
equipped with a TV camera interfaced to a computer running
custom-designed software for bone histomorphometry (IMAGE
PROPLUS). All histomorphometric parameters are reported in ac-
cordance with the recommended American Society for Bone and
Mineral Research nomenclature (20). Bone resorption parameters
were measured on bones excised from five animals of each genotype
and time point by counting the number and surface of tartrate-
resistant acid phosphatase (TRAP)-positive cells (21, 22). The bone
mineral content (BMC) and BMD of whole mice, as well as excised
lumbar (L6) vertebrae and right femurs, were determined on 10
mice from each genotype and time point by DEXA as described
(ref. 23; PIXImus, GE Medical Systems).

Progenitor Assays. To study the total number of progenitors of
MSCs, osteoprogenitors, functional osteoblasts, and adipocytes in
vitro, we performed colony-forming unit fibroblast (CFU-F), CFU
alkaline phosphatase (CFU-ALP), CFU osteoblast (CFU-O), and
CFU adipocyte (CFU-A) assays, respectively. These assays were
performed in both primary calvarial and BM stroma cell cultures
with a minimum of three experiments per assay. Primary murine
calvarial cell cultures were prepared from 1- to 3-day-old Sca-11/1
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or Sca-12/2 mice (15 newborns from each genotype) as described
(24, 25). BM was flushed from four to six animals from each
genotype and time point for each experiment, and the recovered
cells were counted and plated at 9 3 105 nucleated cells per cm2.
For CFU-F assays, cultures were stained with Methylene blue and
colonies with .20 cells were counted. For CFU-ALP and CFU-O
assays, cultures were grown for 21 days, fixed, and stained by the von
Kossa method (26). For the CFU-A assay, calvarial or BM cells
were prepared, cultured in medium supplemented with 5 mM
BRL-49653 (rosiglitazone; a generous gift from the Sankyo Com-
pany, Tokyo) for 10 days, and fixed and stained with Sudan IV to
detect lipid droplets.

Osteoclast Formation Assay. Osteoclasts in coculture were generated
as described (27), fixed, and stained for TRAP (28), and TRAP1

multinucleated cells (more than three nuclei) were counted. To test
resorption activity, cocultures were grown on Osteologic discs (BD
Biosciences) as described by the manufacturer.

RNA Isolation and Reverse Transcription (RT). Total RNA was
isolated from cell cultures at different time points (3, 6, and 10
days). Four micrograms of total RNA was used in each RT
reaction and the following primer pairs were used to amplify first
strand cDNA in a semiquantitative PCR: ALP, 59-TTA-
AGGGCCAGCTACACCAC-39 and 59-GATAGGCGATGTC-
CTTGCAG-39; L32, 59-CATGGCTGCCCTTCGGCCTC-39
and 59-cattctcttcgctgcgtagcc-39; adipsin, 59-TGTACTTCGTG-
GCTCTGGTG-39 and 59-atccggtaggatgacactcg-39; osteopontin,
59-AGAGGAGAAGGCGCATTACA-39 and 59-GCAACTGG-
GATGACCTTGAT-39; and Sca-1, 59-GGACACTTCTCA-
CACTACAAAG-39 and 59-TAACACAGACTCCATCAGGG-
TAG-39.

Mechanical Testing of Excised Bones. The mechanical properties of
the excised lumbar vertebral bodies (L6) and right femurs were
determined by using a material testing system (Model 1011, Instron,
Canton, MA) as described (29). Briefly, vertebral bodies were
tested in compression (at 0.5 mmymin) and the femurs were tested
in three-point bending (at 1 mmymin). Stress–strain curves were
generated from the collected load-displacement data and the
specimen geometry (Fig. 1 c and d). These curves were then
segmented into the elastic (recoverable deformation) and plastic
(permanent deformation) regions at the yield point (determined by
the 0.02% offset method). Within these regions, the following bone
material properties were determined: (i) elastic modulus (stiffness),
(ii) yield stress (strength) and strain (deformation), (iii) failure
stress and strain, (iv) postyield strain (permanent deformation), (v)
toughness (energy to failure), and (vi) elastic and plastic toughness
(pre- and postyield energy).

Results
Sca-12/2 Mice Exhibit Phenotypes of Age-Dependent Osteoporosis.
Sca-12/2 mice were initially generated to study the role of Sca-1 in
lymphocyte and HSC function (12, 13). During the course of
BM-derived hematopoietic cell isolation, we observed that Sca-12/2

bones appeared to splinter more often than bones from control
animals. To determine whether Sca-1 plays a role in skeletal
development, Sca-12/2 and Sca-11/1 14.5-dpc (days postcoitum)
embryos and newborns were analyzed by alizarin red–alcian blue
staining, which did not show any distinguishable differences in
terms of bone development and skeletal pattern (data not shown).
BMD and BMC of 2- and 12-month-old female mice were analyzed
by using DEXA. No differences between WT and mutant total
BMD and BMC were observed in young mice; however, by 1 year
of age, Sca-11/1 mice had dramatically increased total BMD and
BMC, whereas Sca-12/2 mice had essentially the same total BMD
and BMC as 10 months earlier (Fig. 1a; data not shown). Two to
3 months later, the animals were killed and the femurs and

vertebrae were removed for analysis. BMC and BMD analyses
performed on individual bones demonstrated that the decreased
BMC and BMD of mutant 15-month-old bones were greatest in
vertebrae (Fig. 1b).

To determine the physiological effects of decreased mineral
content in Sca-12/2 bones, mechanical and structural analyses were
performed on the same bones used for DEXA analysis. Consistent
with the BMC and BMD data, compression testing of vertebrae and
three-point bending testing of femurs revealed no differences
between WT and mutant bones of 4-month-old mice. However, the
vertebrae from 15-month-old Sca-12/2 mice were not as stiff and
were substantially weaker and more compliant than bones from
WT animals (Fig. 1c, Table 1). In contrast, the femurs from
15-month-old Sca-12/2 mice had a similar stiffness to the Sca-11/1

bones but were weaker and considerably more brittle (Fig. 1d,
Table 1).

Sca-12/2 Mice Have a Non-Cell Autonomous Osteoclast Defect. Type
I osteoporosis in humans typically reflects an imbalance in bone
remodeling such that bone resorption exceeds bone formation. As
discussed above, bone resorption is the unique function of the
osteoclast, a specialized multinucleated cell derived from the mono-
cyte–macrophage lineage cell that depends on functional osteo-
progenitors for its differentiation and activity. A simple explanation
for osteoporosis in Sca-12/2 mice would be an increase in oste-
oclasts or osteoclast activity. To test the first possibility, TRAP, an
enzyme specifically expressed by osteoclasts, was used to stain
decalcified femoral sections, and TRAP1 cells were counted in
double-blind experiments. Surprisingly, the absolute number of
osteoclasts was reduced by .40% in both 2- and 9-month-old
Sca-12/2 femurs compared with WT bones (Fig. 2a).

To determine whether the reduction in osteoclasts is a cell-
autonomous defect, coculture studies using different combinations
of osteoblastic cells (derived from newborn calvaria) and osteoclast
progenitors (splenocytes) from WT and Sca-12/2 mice were per-

Fig. 1. BMD and mechanical analysis of Sca-12/2 (KO) and Sca-11/1 mice (WT)
demonstrate that Sca-12/2 mice exhibit age-related osteoporosis. (a) Signifi-
cantly higher (P , 0.0001) whole-body BMD was observed in control mice at
12 months of age compared with Sca-12/2 animals, whereas no significant
differences were observed at 2 months of age. (b) The BMD of excised femurs
and L6 vertebrae at 15 months shows significantly less mineralization in
Sca-12/2 femurs and vertebrae than those of WT mice, with a greater differ-
ence in the vertebrae. (c) Vertebral stress-strain response at 15 months dem-
onstrated that vertebrae from KO were substantially weaker and more com-
pliant than bones from WT mice. (d) Femoral stress–strain response at 15
months showed that femurs from KO were more brittle and weak than femurs
from controls, although equally as stiff.
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formed (Fig. 2b). Sca-12/2 osteoblast and splenic cocultures gen-
erated ,10% of the osteoclasts found in Sca-11/1 cultures, con-
sistent with our in vivo findings. Although the combination of
Sca-11/1 calvaria cells and Sca-12/2 splenocytes showed a slight
reduction in the number of osteoclasts compared with what was
seen with Sca-11/1 splenocytes, this was not statistically significant,
suggesting that the reduction in osteoclasts in Sca-12/2 mice is not
due to a hematopoietic defect. Notably, when Sca-12/2 osteoblastic
cells were used with Sca-11/1 splenocytes, markedly reduced num-
bers of WT osteoclasts were generated, indicating that the reduc-
tion in osteoclasts in situ is a secondary effect of a primary stromal

cell defect. Furthermore, the percentage of multinucleated oste-
oclasts among the total osteoclasts that develop is unaltered
amongst the various coculture combinations, demonstrating that
there is no intrinsic defect in osteoclast maturation in the absence
of Sca-1 (Fig. 2 c and d). Functional characterization of in vitro-
differentiated osteoclasts by using the resorption pit assay also
demonstrated that Sca-12/2 osteoclasts are capable of bone resorp-
tion (data not shown). Therefore, Sca-12/2 animals exhibit a
non-cell autonomous defect in osteoclastogenesis resulting in an
osteoclast cytopenia. Rather than osteoclasts contributing to os-
teoporosis in Sca-1-deficient mice, reduced osteoclastogenesis in

Table 1. Mechanical properties of excised bones at 15 months (mean 6 SEM)

Vertebrae (n 5 10) Femurs (n 5 10)

WT KO WT KO

Elastic modulus, GPa 0.710 6 0.067 0.431 6 0.070* 13.4 6 0.4 12.8 6 0.6
Yield stress, MPa 21 6 1 14 6 1* 166 6 4 171 6 12
Failure stress, MPa 21 6 2 16 6 1* 231 6 7 204 6 6*
Yield strain, % 4.2 6 0.4 4.6 6 0.6 1.81 6 0.07 2.0 6 0.2
Failure strain, % 5.9 6 0.5 8 6 1 2.8 6 0.2 2.5 6 0.2
Postyield strain, % 1.6 6 0.3 3.2 6 0.9† 1.0 6 0.2 0.5 6 0.2†

Toughness (total), mJymm3 0.8 6 0.1 0.8 6 0.2 343 6 44 248 6 22†

Toughness (elastic), mJymm3 0.42 6 0.06 0.30 6 0.03† 139 6 5 154 6 11
Toughness (plastic), mJymm3 0.36 6 0.07 0.5 6 0.1 204 6 45 93 6 27*

Bone mechanical properties were determined as described in Materials and Methods. Briefly, vertebral bodies (L6)
were tested to failure in compression and right femurs were tested to failure in three-point bending. Resultant
stress–strain curves were segmented into the elastic (recoverable) and plastic (permanent) deformation regions at the
yield point. The elastic modulus, stress, strain, and toughness were determined for each of the bones from the WT and
KO mice (n, the number of bones tested).
*Significant difference between WT and KO (P , 0.05).
†Trend between WT and KO (P , 0.1).

Fig. 2. Sca-12/2 micehaveanon-cell autonomousosteoclastdefect. (a) TheabsolutenumberofTRAP1 (osteoclasts) cells in femursofboth2-and9-month-oldSca-12/2

mice is ,40% of that in Sca-11/1 mice. (b) Osteoblast (OB)ysplenocytes (monocyte, MO) coculture experiments. Sca-11/1 (WT) osteoblast (2 3 104 cells per well) and
splenic (1.5 3 105 cells per well) cultures were used to standardize the culture results (i.e., 100% on x axis); osteoclast formation in all other culture combinations is
specified as the percentage compared with the WT cocultures. The number of TRAP1 cells in cocultures in which monocytes are derived from WT mice and osteoblasts
are derived from either Sca-12/2 or WT mice is significantly different (P , 0.001). However, osteoclast formation is not significantly altered in cocultures in which OB
are derived from KO and monocytes from either Sca-12/2 or WT mice (P 5 0.4). (c) The number of mononucleated, binucleated, and multinucleated osteoclasts, and
total number of osteoclasts (TRAP1 cells) generated in vitro by different combinations of osteoblasts and monocytes derived from WT or Sca-12/2 mice. (d) Images of
TRAP1 mononucleated, binucleated, and multinucleated cells generated by a combination of monocytes and osteoblasts derived from Sca-12/2 mice in culture.
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these mice may actually diminish the severity of the underlying
defect.

Sca-12/2 Mice Have a Reduced Number of Osteoprogenitors. The
inability of Sca-12/2 osteoblastic cells to support osteoclast devel-
opment suggests that a defect in the osteoblast lineage is responsible
for the reduced BMD despite our finding that Sca-12/2 animals
appear to undergo normal bone formation during embryonic
development. Thus, we carried out image analysis on plastic sec-
tions of femurs from 4- and 15-month-old mice (Fig. 3 a and b).
Sca-12/2 femurs have 27% (P , 0.001) fewer trabeculae compared
with control bones at 4 months of age and 58% (P , 0.001)
compared with Sca-11/1 bones at 15 months (Fig. 3b). Consistent
with fewer trabeculae, histomorphometric analysis showed that the
amount of osteoid (unmineralized bone) secreted by Sca-12/2

osteoblasts was significantly lower in both 4- and 15-month-old
bones (Fig. 3 c–f), suggesting that by 4 months of age, Sca-12/2

animals already have fewer osteoblasts or less osteoblast activity. As
a further assessment of osteoblast activity (i.e., bone formation), in
vivo double calcein labeling of 2- and 6-month-old Sca-12/2 and
Sca-11/1 mice was performed and showed that bone formation in
Sca-12/2 mice is essentially normal at 2 months of age but is
dramatically reduced by 6 months of age (Fig. 3f).

To evaluate the cellular basis of decreased bone formation in
Sca-12/2 mice, in vitro analysis of osteoprogenitor frequency and
differentiation capacity [i.e., CFU assays] was performed. CFU-
ALP assays demonstrated that Sca-12/2 BM has reduced osteo-
progenitors by 2 months of age (Fig. 4a). Furthermore, CFU-O (in
vitro bone nodule formation) were reduced by more than half in
Sca-12/2 cultures, consistent with decreased functional progenitors
(Fig. 4b). To determine whether committed osteoprogenitors pro-

Fig. 4. In vitro analysis of the cellular and molecular basis of the bone
formation deficiency in Sca-12/2 mice. (a) The numbers of CFU-F and CFU-ALP
generated in BM cultures derived from 2-month-old Sca-12/2 mice are ,50%
of those derived from Sca-11/1 mice. (b) The number of CFU-O formed from
Sca-12/2 cultures is '50% of CFU-O from Sca-11/1 cultures. (c) The number of
ALP1 cells in calvarial cultures from Sca-12/2 at different time points is con-
sistently less than that of Sca-11/1 mice. The cultures were initiated with 10,000
cells. (d) RT-PCR analysis of osteoblast- and adipocyte-associated genes during
in vitro differentiation at 3, 6, and 10 days excludes the possible disturbances
of osteoblast andyor adipocyte pathways in Sca-12/2 mice. Expression of
adipsin (mADP), alkaline phosphatase (ALP), osteopontin (OPN), Sca-1, and
bone sialoprotein (BSP) genes were examined, and L32 expression was used as
a control for relative mRNA levels.

Fig. 3. Progressive diminution of bone mass in Sca-12/2 mice. (a) Plastic sections of femurs from Sca-12/2 and Sca-11/1 mice at 4 and 15 months of age used for image
analysis. (b) Image analysis demonstrates that Sca-12/2 femurs have 27% (P , 0.001) fewer trabeculae compared with control bones at 4 months of age and 58% (P ,
0.001) compared with Sca-11/1 bones at 15 months of age. (c) Goldner’s trichrome staining of unmineralized bone sections of femur showing mineralized bone (green),
osteoid (red), and cartilage (pink) was used to measure osteoid volume and osteoid surface. (d and e) The percent osteoid volume and osteoid surface calculated from
unmineralized femoral sections from 4- and 15-month-old Sca-12/2 mice are less than those of Sca-11/1 mice. (f) Double calcein labeling of bones from Sca-12/2 and
Sca-11/1 mice at 2 and 6 months of age revealed that bone formation in Sca-12/2 mice is essentially normal at 2 months of age but is dramatically reduced by 6 months
of age.
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liferate at a normal rate, primary calvaria cultures were grown and
differentiated in vitro, and ALP-expressing (ALP1) cells were
counted at different time points (Fig. 4c). Sca-12/2 cultures gen-
erated 45–60% fewer ALP1 cells at all time points, suggesting that
CFU-ALP was reduced in Sca-12/2 mice, although ALP1 cells
proliferated at the same rate as Sca-11/1 cells. Based on the increase
in ALP1 cells between 2 and 4 days in culture, the doubling time
for WT and mutant ALP1 cells was found to be 49.0 and 52.5 h,
respectively. The 7% increase in doubling time by Sca-12/2 cells
cannot account for the 45–60% reduction in ALP1 cells at all time
points assayed (Fig. 4c). Furthermore, the colony size of CFU-ALP
was found to be similar in WT and Sca-12/2 cultures, again
suggesting that there is no intrinsic defect in proliferation by
Sca-12/2 progenitors (data not shown). Molecular analysis con-
firmed that Sca-1 expression increases during osteogenesis and that
the osteoprogenitor differentiation pathway is intact in Sca-12/2

mice (Fig. 4d). For example, semiquantitative RT-PCR analysis of
ALP, osteopontin, and bone sialoprotein mRNA expression did not
show significant differences between Sca-12/2 and Sca-11/1 cul-
tures undergoing differentiation (Fig. 4d).

Sca-12/2 Mice Exhibit a Defect in Mesenchymal Progenitors. To
determine the origin of the osteoprogenitor deficiency, equal
numbers of nucleated BM cells from 2- and 7-month-old Sca-12/2

and Sca-11/1 mice were cultured. The number of CFU-F, a
measure of total mesenchymal precursors including stem cells and
committed progenitors (30), formed in Sca-12/2 compared with
Sca-11/1 cultures was reduced in 2- and 7-month-old mice by 45%
and 67%, respectively (Fig. 5a). These data demonstrate that
mesenchymal precursors (potentially stem cells) are fewer and tend
to lose their capability of self-renewal faster with advancing age in
Sca-12/2 compared with WT mice. Furthermore, CFU-ALP was
also decreased in Sca-12/2 cultures (Fig. 5b) but the percentage of
osteoprogenitors among stromal progenitors (i.e., CFU-ALP and
CFU-F) in cultures from Sca-12/2 and Sca-11/1 mice was constant
('10%), indicating that the observed deficiency in osteoprogeni-
tors is a consequence of an overall decline in stromal progenitors.
The decrease in CFU-F with aging suggests that Sca-1 is required
for self-renewal of the MSC or an early progenitor in vivo. In an
attempt to test this hypothesis in vitro, replicate BM stromal cultures
were put through secondary and tertiary passaging by plating equal
numbers of Sca-12/2 or WT cells at each passage. One set of
cultures was stained for CFU-F analysis and the second set was

harvested for replating. In each passage, the CFU-F in Sca-12/2

cultures was reduced by more than half, consistent with defective
MSC self-renewal. Specifically, an average reduction of 53% and
63%, respectively, was observed in CFU-F from mutant cultures in
the secondary passages of stroma from 2- and 7-month mice (Fig.
5c). Too few cells were recovered from 7-month-old mutant mice
for tertiary passaging; however, we observed a 57% loss of CFU-F
from cultures derived from 2-month-old Sca-12/2 mice (data not
shown). Annexin V staining and viability analysis demonstrated
that under the conditions used for these assays, neither WT nor
Sca-12/2 cells undergo significant apoptosis (data not shown).
Furthermore, examination of plastic sections of femurs did not
show any difference in cell viability in vivo between WT and mutant
bone cells (data not shown).

Diminished self-renewal of early mesenchymal progenitors in
Sca-12/2 mice suggested that other mesenchymal lineages might be
affected in a manner analogous to osteoprogenitors; therefore, we
studied adipogenesis in vitro. Consistent with the observed decrease
in total stromal progenitors and osteoprogenitors, Sca-12/2 BM
stroma contains significantly fewer adipocyte progenitors (CFU-A)
than present in Sca-11/1 mice (Fig. 5d), but those present appeared
to mature normally, as shown by morphological and gene expres-
sion analysis (Fig. 4d; data not shown).

Discussion
We have shown that mice deficient in the glycosyl phosphatidyli-
nositol-anchored cell surface protein Sca-1 develop age-related
osteoporosis, representing a unique genetic model of the most
common degenerative disease affecting the Western Hemisphere.
The imbalance between bone formation and resorption in these
mutant animals is due to a primary defect in the self-renewal
capacity of an early mesenchymal precursor, possibly the MSC,
leading to decreased osteoprogenitor development and failure of
the mice to attain peak bone mass during skeletal growth, a critical
risk factor for human osteoporotic syndromes. Although all of the
data presented in this manuscript were obtained by using females,
BMD and structural analysis of young and old male mice recapit-
ulates the phenotypes observed in females (S.D.W. and M.D.G.,
unpublished results), suggesting that Sca-12/2 mice provide a
unique model of type II osteoporosis.

Osteoporosis-like phenotypes have been reported in a variety of
transgenic or knockout mouse models, including ones in which
cytokines or growth factors have been overexpressed or ablated.

Fig. 5. Mesenchymal progenitor self-renewal defi-
ciency inSca-12/2 mice. (a)TotalnumberofCFU-Fformed
in Sca-12/2 compared with Sca-11/1 cultures is reduced
45% and 67%, respectively, in 2- and 7-month-old mice.
(b) The total numbers of CFU-F and CFU-ALP are de-
creased in primary BM stromal cultures derived from 2-
and 7-month-old Sca-12/2 cultures; however, the ratio of
CFU-ALPyCFU-F is consistent ('10%) between KO and
WT cultures, indicating that the decrease in osteopro-
genitors is due to a reduced total number of stroma
progenitors inSca-12/2 mice. (c)TotalnumberofCFU-F in
secondary BM stromal cultures derived from 2- and
7-month-old Sca-12/2 mice is '50% of those derived
from Sca-11/1 mice, suggesting a self-renewal deficiency
by Sca-12/2 stromal progenitors. (d) Reduced CFU-A (adi-
pocyte) was generated in BM stromal cultures derived
from Sca-12/2 mice.
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However, in each case the osteoporotic phenotypes result from
developmental defects in mesenchymal or hematopoietic cells or
accompany pleiotropic phenotypes (15–17, 31–36). Thus, although
a number of mouse mutants have elucidated critical bone devel-
opmental and homeostatic pathways, Sca-12/2 mice provide a
unique model because they have phenotypically normal bones into
adulthood and the age-related osteoporosis is due to defective
self-renewal capacity of mesenchymal progenitors or stem cells,
which becomes more severe as the animals age. Furthermore, the
cellular hallmark of type II osteoporosis is a decline in osteoblast
numbers and a decrease in bone formation activity leading to a slow
loss in bone mass (37), which is consistent with the Sca-12/2

phenotype and the self-renewal defect of primitive mesenchymal
progenitors underlying the phenotype.

In addition to contributing an important tool for dissecting the
molecular mechanisms that underlie this disease and testing treat-
ments, our work leads to two fundamental hypotheses. First,
although calvaria osteoblasts arise developmentally from a different
pool of precursors than do those in the axial and appendicular
skeleton, the defects in Sca-12/2 mice are consistent throughout the
skeletal system, suggesting that the MSCs that seed these tissues in
postnatal life may have the same origin or that Sca-1 function is
conserved throughout the skeletal system. This also suggests that
well established site-specific differences in bone architecture and
make-up, responsiveness to hormones, and heterogeneity of osteo-
blast phenotype (38) arise downstream of the MSCs that contribute
to the precursor and mature cell pools at these sites.

Finally, we hypothesize that type II osteoporosis, or some subset
of cases, is a stem cell disease. Although many degenerative diseases
affecting other tissues have primary or secondary stem cell defects,
there has been little direct evidence for this in age-related (type II)
osteoporosis. However, the observation that CFU-F colony sizes
showed significant reduction with age in human populations, sug-
gesting that a change in proliferative potential of progenitors occurs
with age (39), supports this concept. We postulate that the me-
chanical stress of movement and dynamic bone remodeling even-
tually require replacement of limited lifespan bone forming osteo-
blasts from progenitor pools, a process that would begin with MSC
division. If the MSC asymmetrically divides into a daughter stem
cell as well as a daughter progenitor that proceeds along the
developmental pathway to form osteoblasts, then homeostasis is
preserved. However, if MSCs lack appropriate self-renewal signals

or when both daughter cells differentiate because of defective cell
signaling, the stem cell pool would be reduced with age, leading to
fewer osteoblasts and the eventual development of osteoporosis.
Simmons and colleagues (Paul Simmons, personal communication)
have found that one in nine Sca-11CD452 compact bone cells
forms at least a bipotential mesenchymal colony. This highly
enriched population of mesenchymal progenitors suggests that
Sca-1 is a marker of the MSC or a MSC-like progenitor. Unfortu-
nately, it is difficult to conclusively determine that Sca-1 is expressed
by MSCs because the stromal cell field has not developed true stem
cell assays such as the competitive repopulation assay for the HSC
(13). However, we hypothesize that Sca-1 influences the cell fate
decision of mesenchymal progenitors as well as other stem cells to
self-renew, and its absence leads to a decrease in the stem celly
progenitor pool. Consistent with this hypothesis, our preliminary
biochemical analysis of Sca-1 signaling in mast cells demonstrates
that Sca-12/2 cells have altered levels of tyrosine phosphorylated
proteins in response to proliferation signals (N. Ciliberti, M. Ohishi,
and W.L.S., unpublished results). Furthermore, we have shown
elsewhere (13) that Sca-12/2 mice exhibit defective HSC self-
renewal as measured by transplantation capacity. In addition,
preliminary experiments have demonstrated that muscle regener-
ation is impaired in Sca-12/2 mice, suggesting that skeletal muscle
progenitors also require Sca-1 for normal function (M.B. and
W.L.S., unpublished results). Sca-1 is expressed on additional
stem cell lineages; therefore, the investigation of the role of Sca-1
in the regenerative potential of these organ systems, as well as
potential Sca-1 signaling pathways, may provide new strategies to
manipulate stem cells toward therapeutic and tissue engineering
ends.
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