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Alternate protein kinase A activity identifies a unique
population of stromal cells in adult bone
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A population of stromal cells that retains osteogenic capacity in adult
bone (adult bone stromal cells or aBSCs) exists and is under intense
investigation. Mice heterozygous for a null allele of prkaria
(Prkar1a*'~), the primary receptor for cyclic adenosine monophos-
phate (cAMP) and regulator of protein kinase A (PKA) activity, de-
veloped bone lesions that were derived from cAMP-responsive
osteogenic cells and resembled fibrous dysplasia (FD). Prkaria*’~
mice were crossed with mice that were heterozygous for catalytic
subunit Ca (Prkaca*"), the main PKA activity-mediating molecule, to
generate a mouse model with double heterozygosity for prkar1a and
prkaca (Prkaria*’~Prkaca*'~). Unexpectedly, Prkar1a*'~Prkaca*’~
mice developed a greater number of osseous lesions starting at 3
months of age that varied from the rare chondromas in the long
bones and the ubiquitous osteochondrodysplasia of vertebral bodies
to the occasional sarcoma in older animals. Cells from these lesions
originated from an area proximal to the growth plate, expressed
osteogenic cell markers, and showed higher PKA activity that was
mostly type Il (PKA-Il) mediated by an alternate pattern of catalytic
subunit expression. Gene expression profiling confirmed a preosteo-
blastic nature for these cells but also showed a signature that was
indicative of mesenchymal-to-epithelial transition and increased Wnt
signaling. These studies show that a specific subpopulation of aBSCs
can be stimulated in adult bone by alternate PKA and catalytic sub-
unit activity; abnormal proliferation of these cells leads to skeletal
lesions that have similarities to human FD and bone tumors.

catalytic subunit | mesenchymal cells | regulatory subunit | tumor |
sarcoma

G enes Prkarla and prkaca encode the type 1A regulatory sub-
unit (R1a) and type A catalytic subunit (Cax), respectively, of
cAMP (cAMP)-dependent protein kinase (PKA) (1). PKA exists
as a holoenzyme that consists of a homodimer of regulatory sub-
units and two inactive catalytic subunits, each bound to one of the
regulatory subunits of the dimer (2). Four main regulatory subunit
isoforms (R1la, R1p, RIla, and RIIP) and four catalytic subunit
isoforms (Ca, CB, Cy, and Prkx) have been identified (2, 3). The
holoenzyme of two molecules of catalytic subunits with dimers of
Rla or R1p forms the PKA type I isozyme (PKA-I), whereas the
complex with either RIIa or RIIp forms the PKA type II isozyme
(PKA-II) (2-4). PKA-I and -II have different cellular local-
izations, functions, and affinity to cAMP (3, 4).

Our previous studies have shown that prkarla heterozygous mice
(Prkarla™"™) develop various tumors, which include schwannomas,
thyroid neoplasias, and tail bone lesions, in a spectrum that overlaps
with that observed in Carney complex (CNC) patients (5). Rla
haploinsufficiency leads to increased total PKA activity in response
to cCAMP and an increased PKA-II to PKA-I ratio (6-10). Dysregu-
lation of the catalytic subunits appears to be the most important

WWww.pnas.org/cgi/doi/10.,1073/pnas.1003680107

mechanism for an increase in cAMP-responsive PKA activity (11).
Previous studies in mice and human cell lines have all suggested that
coordinated inhibition of the catalytic subunit is the most important
function of the PKA regulatory subunits (12-15). Accordingly, we
hypothesized that if we studied the Prkarla*’~ animal in the back-
ground of prkaca haploinsufficiency (Prkaca™~), we would abrogate
most if not all of the tumors that developed in the former (4, 6, 11, 15).
However, the Prkarla*'~Prkaca™*'~ mice not only continued to de-
velop bone lesions but also demonstrated a significant increase in
both the number and the severity of the lesions, as well as a reduction
in the age of first appearance of any bone abnormality. Biochemical
characterization showed an overall increase in PKA activity, and
protein expression studies showed an increase in type-II regulatory
subunits and alternate PKA catalytic subunits in Prkarla™'~Prkaca™'~
bone lesions. Histological analysis of bone from Prkarla™'~Prkaca™'~
mice showed that these lesions had similarity to tumors from humans
with CNC (16) (SI Appendix, Fig. S1) and some resemblance (but also
differences) to humans and mice with fibrous dysplasia (FD), a dis-
ease of bone stromal cells (BSCs) (17, 18). Thus, genetic manipula-
tion of the PKA pathway in mice revealed a particular population of
BSCs in adult animals (aBSCs) that are responsive to cAMP signal-
ing mediated mainly by PKA-II and alternate catalytic subunits.
These data have implications for the understanding of bone marrow
subgroups of cells and their potential pharmacological manipulation
through the cAMP signaling pathway.

Results

Description and Evolution of Bone Lesions in Prkarla*'~Prkaca*'~
Double Heterozygous Mice. None of the Prkarla*'~Prkaca™~
mice showed schwannomas or thyroid tumors that were found, as
previously reported (5), in the Prkarla™*'~ mice. However, we ob-
served an increasing number of bone lesions along the tail of
Prkarla®'~Prkaca™~ mice (Fig. 14). A single male, 3 month-old
Prkarla™'~Prkaca™'~ mouse developed a tibial chondroma (SI
Appendix, Fig. S2), a tumor analogous to what is seen in CNC
patients (16). Tail lesions in Prkarla®™~Prkaca™~ mice first
appeared at 4-5 months of age; 90% of Prkarla™*'~Prkaca™'~ mice
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Fig. 1. Development of bone lesions along the tail of Prkarfia™" and
Prkarla*~Prkaca*~ mice. (A Left) comparison of tails from WT, Prkaca®’",
Prkar1a*"~, and Prkarla*~Prkaca*~ mice at 12 months old. (A Right) X-ray
radiographs. White arrows point to the lesions. (B) Kaplan-Meier curve
shows the number of tail masses found in various ages of Prkarla*~ and
Prkarla*~Prkaca*~ mice. (C-G) Hematoxylin and eosin (H&E) staining of
longitudinal sections of WT bones and Prkar1a*'~Prkaca*'~ bone lesions. In C,
black arrows denote the presence of mature osteoblasts lining along the
trabecular bone. (Original magnification: C Upper, x10; Lower, original
magnification, x20 . In D, the asterisk denotes the bone marrow space filled
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exhibited these lesions by 6 months, and 100% by 9 months.
Prkarla™'~Prkaca™'~ mice not only developed these lesions earlier
but also showed an increased number of lesions when compared to
the age-matched Prkarla™'~ mice (Fig. 1B). Four of 30 Prkarla™'~
Prkaca™*'~ mice (13%) developed osteochondromyxoma (OCM),
a tumor that was histologically similar to the bony lesions that have
been reported in association with CNC (16). Cartilaginous meta-
plasia, chondromas, and osteochondrodysplasia were observed in
marrow cavities of up to 1/3 of the long bones and in most of the
vertebral bodies (up to 23% of the sPinal column and 100% of the
caudal vertebrae) of the Prkarla™’~Prkaca*'~ mice. Two meta-
static osteochondrosarcomas developed in one Prkarla™~ mouse
that was 16 months old and one Prkarla™’~Prkaca™~ mouse that
was 14 months old; in both cases the most likely primary sites were
hind-limb masses, and metastases were renal and lung, respectively
(SI Appendix, Fig. S3).

Osteoblast-like cells lined along the trabecular bone in younger
Prkarla™~Prkaca™~ mice, and then gradually, with advancing
age, filled the marrow with loosely arranged collagenous connec-
tive tissue and fibroblastoid cells (Fig. 1 C and D). As the marrow
spaces were being filled, some of the trabeculae were being
digested by activated osteoclasts (Fig. 1E). At about 12 months of
age, all caudal vertebrae were affected in various degrees. As the
new bone formation continued, it effaced the cartilaginous growth
plate and eventually coalesced with adjacent masses encasing the
joint space (Fig. 1F). With time, in some lesions, hyaline cartilage
could fill up the marrow (Fig. 1G). These changes are presented in
more detail and with more photographs in S/ Appendix, Results and
Fig. S4. The lesions always started from the area immediately
under the growth plate and adjacent periosteal bone (SI Appendix,
Fig. S5 and Fig. S64). Successive vertebrae were affected in the
Prkarla™~Prkaca™™ mice, whereas this was unusual in Prkarla ™'~
mice; the affected vertebrae were macroscopically visible by 9-12
months in all Prkarla™’~Prkaca™~ mice (SI Appendix, Fig. S5B
and Fig. S6B). The periosteum of affected bones was also abnor-
mal. First, occasionally, cells from lesions from Prkarla +=
Prkaca™~ mice invaded and crossed the periosteum into the
extraosseous space (SIAppendix, Fig. S7A4 and B). Second, Sharpey
fibers, characteristic of FD lesions (19), were present at various
sites along the affected periosteum (SI Appendix, Fig. STC). An
increased number of apoptotic bodies within the rapidly pro-
liferating cells was evident (SI Appendix, Fig. S7D), and osteocytes
were morphologically abnormal within the newly formed osteoid
(arrows in SI Appendix, Fig. ST B-D).

Microcomputed Tomography (uCT) and Raman Microspectroscopy
(RMS). pCT analysis of caudal vertebrae (Fig. 24) revealed that
the overall bone mineralization density of Prkarla™~ and
Prkarla™'~Prkaca™*'~ was significantly lower when compared to
WT (Fig. 2B). A previously undocumented observation was that
the single heterozygote, Prkaca™~ mice showed an overall gain in
bone formation that was derived from primarily cortical bone;
trabecular bone in Prkaca™~ mice tended to be decreased. In 6-
month-old Prkarla™'~Prkaca™'~ animals, brightfield and polari-
zation transmission microscopy and RMS showed that in affected
bones, normal cortical bone was replaced by mineralized material
that had intermediate organization and mineralization heteroge-
neity closer to woven than to lamellar bone; the normally sharp
mineralization boundary between periosteum and cortical bone
was now replaced by a gradual increase of mineralization from the

with fibroblastoid cells. (Original magnification, x40). In E, black arrows
denote the presence of osteoclasts. (Original magnification: x20.) In F, the
black arrow denotes the destroyed joint space. (Original magnification: x2.)
In G, the asterisk denotes the presence of cartilage island within the fibro-
blasts. (Original magnification: x20.)
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Fig. 2. Undermineralization of bone in both Prkaria*~ and Prkarla*~
Prkaca*’~ mice. (A) pCT images of caudal vertebra from WT, Prkaca®",
Prkar1a*~ , and Prkarla*'~Prkaca®~ mice at the age of 12 months. (B) Av-
erage of tissue mineral content (TMC) measurement of three caudal verte-
brae from WT, Prkaca*~, Prkarla*~, and Prkarla*~Prkaca*~ mice at 12
months old. **, P < 0.01. Error bars represent means + SD.

periosteal to the endosteal surface (Fig. 3), indicating a lag be-
tween bone matrix formation and mineralization and abnormal
coordination of these processes with bone resorption.

Characterization of Cells Forming the Lesions in Affected Bones. We
compared gene expression between Prkarla™'~ and Prkarla™'~
Prkaca*'~ bone lesions (SI Appendix, Table S1) and Runx2, the
master regulator of osteogenic commitment (20), was significantly
up-regulated in the latter at both the mRNA and protein level (SI
Appendix, Fig. S8). On the other hand, the fibroblast-like cells did
not show a strong signal for osteocalcin, a marker of mature
osteoblasts (SI Appendix, Fig. S94), and were negative for osteo-
pontin, as in Prkarla*'~ mice (5); the only cells in the lesions that
stained for osteocalcin were those that lined the trabeculae (S/
Appendix, Fig. S94). Taken together, these data suggested that the
fibroblastoid cells within the lesions were committed osteogenic
(Runx-2-positive), unlike the case in Prkarla™~ lesions (5). Fur-
thermore, cells lining newly formed bone were more mature
osteoblasts. Osteoclasts were also activated in the lesions: tartrate-
resistant acid phosphatase 5 (AcpS) and cathepsin K were highly
expressed in the cells lined along the trabeculae bone as well as
inside the pool of fibrotic cells of bone lesions from Prkarla™*'~
Prkaca™'~; only the cells next to the trabecular bone expressed these
markers in Prkarla™'~ lesions (SI Appendix, Fig. S9B).

PKA and Phosphodiesterase (PDE) Activities. The loss of one prkarla
allele and one prkaca allele led to an increase in cAMP-stimulated
kinase activity in bone tumors (Prkarla™'~Prkaca™'~ tumor vs. WT
tail bone, 2,724.7 + 866.8 vs. 912.4 + 283.6, P < 0.05). Prkarla™'"~
tumors had a smaller increase in kinase activity when compared to
WT bone (P = 0.079) (ST Appendix, Fig. S104), consistent with
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Fig. 3. Structure and mineralization of cortical bone in adjacent affected and
unaffected caudal vertebrae. (4) Brightfield and polarized images of unaffected
and affected caudal vertebrae. Well organized, lamellar/fine-fibered bone was
indicated by well oriented spindle-shaped osteocyte lacunae (arrows) and more
uniform polarized images due to regular collagen fiber orientation. Woven bone
was indicated by irregular-shaped, disoriented lacunae and patchy appearance of
polarized images due toirregular fiber orientation. (B) Even (0.1 + 0.2 mm™! slope)
mineral/matrix ratio across the cortical layer (the intensity ratio of mineral PO, to
organic CH Raman peaks) is characteristic of well mineralized, mature bone in un-
affected vertebrae. Gradually increasing mineral/matrix ratio from periosteal to
endosteal surface [+0.8 + 0.2 (SD) mm™" slope, P < 0.003] indicates lagging miner-
alization characteristic of rapidly growing, immature bone in affected vertebrae.
(C) High mineralization heterogeneity (coefficient of variation for the mineral/
matrix ratio) in all cortical regions of affected vertebrae is also consistent with rapid
formation of immature bone.

previously published data (5). Like in Prkarla™’~ tumors (5), the
bone lesions from Prkarla*'~Prkaca™'~ mice did not show any loss of
heterozygosity (LOH) of the normal Prkarla or Prkaca allele (SI
Appendix, Fig. S11). cAMP levels were slightly increased in bone
tumors from both Prkarla™~ and Prkarla*'~Prkaca™™ mice (SI
Appendix, Fig. S10B). To address whether this increase in cAMP
levels was the result of a decrease in PDE activity, we measured the
latter. Total PDE activity in tumor protein extracts was si}gniﬁcantly
increased in both Prkarla*'~- and Prkarla*'~Prkaca™-induced
tumors (SI Appendix, Fig. S10C). By Western blot analysis, we de-
termined that cAMP-binding Pdella and Pde4d, but not Pde7a,
were highly expressed in tumor cells (SI Appendix, Fig. S10D).
Therefore, the increase in cAMP levels did not result from a decrease
in total PDE activity. We then looked at the expression of adenylate
cyclases (AC, Adcy) in the bone lesions. We tested all nine trans-
membrane AC enzymes and the one soluble AC; Adcyl, Adcy6, and
Adcy9 were found to be up-regulated at both the mRNA and protein
level (SI Appendix, Fig. S12). Thus, the increase in cAMP levels was at
least in part mediated by an increased expression of ACs.

PKA Typing, Regulatory, and Catalytic Subunits. We then performed
diethylaminoethyl cellulose (DEAE) ion-exchange column chro-
matography on total proteins extracted from the primary cells de-
rived from bone tumors and normal bone tissues (Fig. 4). Prkarla™’~
Prkaca™~ tumor cells had significantly more PKA-II complexes
(PKA-II to PKA-I ratio = 3.10, P = 0.057 compared to WT; P <
0.001 compared to Prkarla*'") (Fig. 44 Lower Right). These data
indicated that there was an excess of PKA-II in the lesions. Con-
sistent with these data, Western blot analysis showed an up-
regulated expression of type II regulatory subunits in bone tumors
(Fig. 4B), also confirmed by IHC (SI Appendix, Fig. S13). By using
an antibody specific for the phosphorylated form, we showed an
increase in phosphorylated forms of type II regulatory subunits
in the tumors from Prkarla*'~Prkaca™~ mice (Fig. 4B). Both
Prkarla™'~- and Prkarla*'~Prkaca™'~-derived tumor showed an
induction in the expression of Prkx and CB1 and a reduction in
CB2 when compared with WT bone tissue. When tumors from
Prkarla™'~ mice were compared to those of Prkarla™'~Prkaca™~
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Fig. 4. Increased PKA-Il complex, type Il regulatory subunit and catalytic

subunit p1, and Prkx in Prkarla*~Prkaca*’~ mice bone tumors. (A) DEAE-
chromatography of PKA isozymes in tail tissues of WT and Prkaca*’~ mice
and tail lesions of Prkar1a*'~ and Prkarla*'~Prkaca*’~ mice. PKA-Il to PKA-I
ratio was calculated from averaging the intensities of 10 fractions within the
peaks. Note that tail lesions of Prkarla*~Prkaca*~ mice had the highest
PKA-Il to PKA-I ratio (n = 3). (B) Western blot analysis on Rllo, RII, and
phosphorylated form of RIl in WT, Prkaca*’~, Prkarla*~, and Prkarla*~
Prkaca*~ mice at 1 year of age, showing the up-regulation of RIl subunits in
bone lesions and increase in phosphorylated form of Ril in Prkar1a*'~Prkaca*’
~tumors. (C) Western blot analysis on different PKA catalytic subunits of WT,
Prkaca*~, Prkaria*~, and Prkarla*~Prkaca*~ mice at 1 year of age. (D)
Relative quantification of Prkx, Ca, Cy, CB1, and CP2 protein in bone lesions
against WT normal bone.

animals, the latter had a higher expression of Cp2 (Fig. 4 C and D).
IHC confirmed that Cp, Cy, and the Prkx proteins, in addition to Ca,
were up-regulated in the bone lesions (SI Appendix, Fig. S14).

Gene Signature of Bone Lesions. Tumor tissues from Prkarla*'~ and
Prkarla™’~Prkaca™'~ mice had similar whole-genome gene expres-
sion signatures when compared against WT tail bone (SI Appendix,
Fig. S154). Both expressed high levels of mesenchymal markers, like
n-cadherin, vimentin, snaill , twist, mmp2, mmp9,1gfbl, and collal (SI
Appendix, Table S1 and Table S24); confirmed by IHC studies,
mesenchymal proteins n-cadherin and vimentin were highly
expressed by abnormally proliferating fibroblasts in bone lesions
(Fig. 54). Western blot analysis also confirmed the induction of
mmp2 and mmp9 protein expression in bone tumors (SI Appendix,
Fig. S164). We then compared Prkarla™'~ and Prkarla™'~Prkaca™'~
bone tumors with a clustering algorithm (21) (S Appendix, Fig.
S15B). The raw and normalized array data have been deposited in
National Center for Biotechnology Information’s Gene Expression
Omnibus (GEO) (22) and are accessible through GEO Series ac-
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Fig. 5. Expression of mesenchymal proteins in bone lesions from Prkaria
and Prkarla*~Prkaca*’~ mice and epithelial markers in Prkarla*~Prkaca*"~
bone tumors that confirms the mesenchymal-to-epithelial gene signature in
lesions from Prkarla*~Prkaca*’~ mice. (A) Immunohistochemistry for n-
cadherin and vimentin, mesenchymal proteins, is increased in all animals of
PKA defects. (B) Immunohistochemistry for e-cadherin and cytokeratin 18,
epithelial proteins, is increased in double heterozygote animals only.

cession number GSE20984. We identified 258 significantly up-
regulated genes in Prkarla*'~Prkaca™ ' -derived tumors; they in-
cluded 20 genes associated with hair and epithelial differentiation,
such as keratin and keratin-related genes, S10043, Bmp4, Msx1,
Foxql, and Foxnl (SI Appendix, Table S2B). IHC staining for epi-
thelial markers, E-cadherin and cytokeratin 18 (Fig. 5B), also
revealed that, whereas most of the fibroblast-like cells were mes-
enchymal, islands of cells within the Prkarla*'~Prkaca™'~ lesions
expressed epithelial markers. Several other genes were increased in
the Prkarla*'~Prkaca™'~ tumors including cFos and Foxol; THC
confirmed these data (SI Appendix, Fig. S16B). However, what
appeared to be the most up-regulated molecular pathway in these
lesions was that of the Wnt signaling. We then performed RT-qPCR
array analysis of Wnt signaling pathway genes (n = 84) that showed
that the lesions from Prkarla™’~Prkaca™~ mice had increased ex-
pression of brachyury (the T gene), Wnt3, Wnt3a, Wnt7a, Wnt8a, and
Wnt8b (SI Appendix, Table S3). In accordance, the lesions also
showed down-regulation of Wnt signaling pathway inhibitors, such
as Dkkl. Brachyury was also increased by IHC in lesions from
Prkarla™*'"Prkaca™'~ mice (SI Appendix, Fig. S16B). FACS studies
on the primary cultures of bone tumors confirmed the mesenchymal
nature of the cells because they expressed high level of vimentin,
c-fos, c-kit, and foxol (SI Appendix, Fig. S17). Ninety percent of
these cells also expressed CD44, CD90, and Vcam but stained
negative for CD45 (SI Appendix, Fig. S18).

Discussion

The present study demonstrates that tissues are extraordinarily
sensitive to modest changes in the type of PKA signaling (1, 2, 4).
PKA abnormalities were enhanced in the bone of the Prkarla™~
Prkaca™ mice by cAMP levels that were associated with increased
expression of Adcyl, Adcy6, and Adcy9 (SI Appendix, Fig. S12),
despite a concurrent increase in PDE activity. Low vs. high in-
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tracellular cAMP levels have been known for years to have different
effects on bone physiology (23), and cAMP signaling is essential for
normal bone development (24) in response to parathyroid hormone
(PTH) and PTH-related protein (PTHrP). Moreover, PKA is
a powerful negative regulator of all hedgehog signaling, which
ensures conversion of BSCs to chondrocytes and osteoblasts (24, 25)
in vertebrates and in a variety of settings (26-28). PKA is activated
by PTH or PTHrP through the G protein stimulating subunit (Gs,,)
and activation of the Adcy-dependent generation of cAMP. Acti-
vation of Gs, leads to FD in humans (18) and mice (17), a disease
affecting BSCs (29). Gnas overexpression leads to primarily PKA-II
activation (30) but does not lead to AC (Adcy) activation in vitro or
invivo (30, 31). On the other hand, decreased GNAS expression in
human mesenchymal cells leads to a more mature-osteoblast-like
phenotype and decreased PKA-II activity (32). These data converge
in the following hypothesis: PKA activation either by PTHRP or Gs,,
(17,24,30, 33, 34), through cAMP, or by deficient inhibitory control
of the catalytic subunit Ca (1, 11) leads to excess PKA-II, re-
cruitment of BSCs from the pool of bone marrow mesenchymal
cells, and their differentiation to and proliferation as chondrocytes
and immature osteoblasts. These cells are unable to follow the
regular process of maturation to hypetrophic chondrocytes or ma-
ture osteoblasts and develop a matrix that is irregular and under-
mineralized (Fig. 3).

Are the bone lesions that we see in Prkarla*'~Prkaca™~ mice
consistent with FD? Despite the similarities noted above, there are
some important differences. First, the defects that we saw in
Prkarla™’~Prkaca™~ mice developed postnatally, starting well after
2months and peaking between 6 and 9 months of age. In human FD,
lesions are present in toddlerhood and peak in late childhood and
young adulthood (17, 18). Second, in both humans (18) and mice
(17) with FD, the disease is caused by a postzygotic defect; all bones
are chimeras of normal and abnormal Gs,, which creates a totally
different tissue microenvironment. In Prkarla™’~ and Prkarla™’~
Prkaca™™ mice, as well as humans with CNC, the defect is in the
germline and the mutant allele is present in all cells (5, 16, 35). PKA
defects appear to affect specific areas that are characterized by high
amount of metabolically active trabecular bone and residual carti-
lage (such as adult mouse vertebrae) or have a high natural pop-
ulation of prechondrocytes (i.e., tibia). It is of note that the earliest
lesion in Prkarla*'~Prkaca™'~ mice was a tibial chondroma (S/
Appendix, Fig. S2); in humans with CNC, humerus and tibia are the
most frequently affected long bones, too (16). Thus, unlike in FD,
PKA defects reveal a particular population of aBSCs. These cells
obviously belong to the osteoblastic lineage and appear to originate
in affected bones from an area under the growth plate of the long
bones and the vertebrae.

The identified stromal cells expressed alkaline phosphatase
(AlpI) (SI Appendix, Table S1), osteocalcin (SI.Appendix, Fig. S9A4),
cFos (SI Appendix, Fig. S16B), as in FD (36), collagen I, matrix
metalloproteinases (MMP) 9 and MMP10, and other known
markers of bone development. There were some significant dif-
ferences between Prkarla™’~ and Prkarla™~Prkaca™~ cells.
Prkarla*'~Prkaca™'~ cells were closer to chondrocytes than osteo-
cytesin their gene signature (SI.Appendix, Table S1): they expressed
less Alp1 and bone morphogenetic protein-2 (Bmp2) but expressed
more Collagen 11 (Colllal), the gene mutated in the chon-
drodysplastic (cho) mouse (37), enamel, Bmp4, fibroblast growth
factor receptor 2 (Fgfr2), and Smad 1. The latter molecules pointed
to a gene signature of Prkarla™'~Prkaca™~ cells that is closer to that
of cells involved in ectopic ossification in fibrodysplasia ossificans
progressiva (FOP) (38): overexpression of BMP4 (39) and SMAD1
(40) is seen in human cells from this condition. Furthermore,
proximal chondromas in the tibia, the long bone most affected in
Prkarla™""Prkaca™™ mice (SI Appendix, Fig. S2), in humans with
CNC (16), and in a chondrocyte-specific knockout mouse model of
Gnas by ectopic cartilage formation (41), occur in >90% of patients
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with FOP (42). It is thus conceivable that the aBSCs identified in the
bone of Prkarla™'~Prkaca™™ mice are as pluripotential as those
progenitor cells that contribute to ectopic bone formation after
activation of inflammation in FOP (43). Prkarla™'~Prkaca™’~ cells
also showed, as in other settings of R1a defects (44, 45) in humans
and mice, induction of Wnt-signaling genes (SI.Appendix, Table S3),
including p-catenin and brachyury, and had a molecular signature
consistent with mesenchymal-to-epithelial transition (SI Appendix,
Table S2), which has also been seen in complete R1a loss (46).

We conclude that genetic manipulation of the PKA pathway in
mice revealed a particular population of aBSCs that are responsive
to cAMP signaling mediated mainly by PKA-II and alternate PKA
catalytic subunits. It has only been recently recognized that stromal
or mesenchymal cells respond to cAMP invitro (29, 47); it was also
shown that BSCs need proximity to cartilage for growth, pro-
liferation, and differentiation (48). Our study extends these
observations in vivo. The discovery of an alternate PKA activity as
a factor that develops aBSCs had not been recognized earlier.
These data may help in growing these cells ex vivo and explain
some of the inconsistencies noted by investigators on cAMP sig-
naling and growth of mesenchymal cells (47, 49-51). The present
data are also helpful in understanding better the process of ma-
lignant transformation for which BSCs and other pluripotential
cells are at risk (52). Finally, our study provides a mouse model of
an FD-like condition caused by a germline defect.

Materials and Methods
Details are provided in S/ Appendix, Materials and Methods.

Generation of Prkarla*~Prkaca*’~ Double Heterozygous Mice. Prkaria het-
erozygous mice (Prkar1a*"), which contain one null allele of Prkar1a®?, were
previously generated in our laboratory (5). Prkaca heterozygous mice
(Prkaca*’"), which have a neomycin resistance cassette to replace exons 6-8
of the prkaca gene (53), were purchased from Mutant Mouse Regional Re-
source Centers (MMRRC) (strain name: B6; 129 x 1-Prkaca®’%™/Mmnc).

X-Ray, uCT, and RMS. The macroscopic and microscopic structure of the lesions
were analyzed by radiographs using a Faxitron x-ray system (Model MX-20).
uCT analysis employed a GE Medical Systems eXplore Locus SP pCT scanner
and RMS using confocal Raman microscope (Senterra; Bruker Optics).

Flow Cytometry. Primary cells from bone tumors (1 x 10°) were collected from
cultures and fixed using the Cytofix/Cytoperm Fixation/Permeabilization
Solution Kit (BD Biosciences). Primary antibodies: vimentine, foxo1, c-fos, c-
kit, runx2, collagen 1, CD44, CD45, CD90, and Vcam (S/ Appendix, Table S4)
were used for staining. FITC-tag secondary antibody (1:250) (Invitrogen) was
used for detection. MC3T3 (ATCC CRL-2593), which is a preosteoblastic cell
line, was used as control cells.

PKA, PDE Activity, and cAMP Assays. PKA enzymatic activity was measured by
the method described in ref. 54. cAMP levels were determined with the 3H
Biotrak Assay System (Amersham Biosciences). PDE activity was assayed with
[H3]-cAMP (55).

DEAE-Cellulose Chromatography. This experiment was performed as described
in ref. 56.
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