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Abstract
Carney Complex (CNC), a human genetic syndrome predisposing tomultiple neoplasias, is associatedwith bone lesions such as
osteochondromyxomas (OMX). The most frequent cause for CNC is PRKAR1A deficiency; PRKAR1A codes for type-I regulatory
subunit of protein kinase A (PKA). Prkar1a+/−mice developedOMX, fibrous dysplasia-like lesions (FDL) and other tumors. Tumor
tissues in these animals had increased PKAactivity due to an unregulated PKA catalytic subunit and increased PKA type II (PKA-
II) activitymediated by the PRKAR2A and PRKAR2B subunits. To better understand the effect of altered PKA activity on bone, we
studied Prkar2a and Prkar2b knockout (KO) andheterozygousmice; none of thesemice developed bone lesions.When Prkar2a+/−

and Prkar2b+/− mice were used to generate Prkar1a+/−Prkar2a+/− and Prkar1a+/−Prkar2b+/− animals, bone lesions formed that
looked like those of the Prkar1a+/− mice. However, better overall bone organization and mineralization and fewer FDL lesions
were found in both double heterozygote groups, indicating a partial restoration of the immature bone structure observed in
Prkar1a+/− mice. Further investigation indicated increased osteogenesis and higher new bone formation rates in both Prkar1a+/−

Prkar2a+/− and Prkar1a+/−Prkar2b+/− mice with someminor differences between them. The observations were confirmed with a
variety of markers and studies. PKA activity measurements showed the expected PKA-II decrease in both double heterozygote
groups. Thus, haploinsufficiency for either of PKA-II regulatory subunits improved bone phenotype ofmice haploinsufficient for
Prkar1a, in support of the hypothesis that the PRKAR2A and PRKAR2B regulatory subunits were in part responsible for the bone
phenotype of Prkar1a+/− mice.
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Introduction
Protein kinase A (PKA) is an important enzyme involved in the
regulation of a number of cellular functions and biological pro-
cesses; it is a holoenzyme composed of two regulatory and two
catalytic subunits (1). Four regulatory subunits (R1α, R1β, R2α
and R2β) and four catalytic subunits (Cα, Cβ, Cγ and Prkx) of PKA
have been identified (1,2). The type of the enzyme is determined
by the dimer of the regulatory subunits: PKA type I (PKA-I) is com-
posed by R1α or R1β, whereas PKA type II (PKA-II) is composed by
R2α or R2β (3). Binding of cyclic adenosine monophosphate
(cAMP) to the regulatory subunits frees the catalytic subunits
from the tetramer (4); the latter are then phosphorylating down-
stream targets as other serine-threonine kinases do (5).

Abnormal PKA activity leads to a number of human diseases
including Carney complex (CNC), amultiple neoplasia syndrome,
which is caused by mutations in PRKAR1A, the gene coding for
the PKA regulatory subunit R1α (6,7). R1α is responsible for PKA-
I activity inmost tissues, including bone (1,2).Wehave previously
generated amousewith only one active Prkar1a allele (Prkar1a+/−)
that developed various tumors including schwannomas, thyroid,
bone and other lesions, overlapping with neoplasms that are
seen in patients with CNC, including osteochondromyxomas
(OMX) (8). In these mice, and in other settings of R1α deficiency,
neoplastic growth and/or cellular proliferation appeared to be
due to decreased control of the PKA catalytic subunit by the defi-
cient or absent regulatory subunit (9,10). However,whenhaploin-
sufficiency for the main PKA catalytic subunit Cα (Prkaca+/−) was
introduced into the Prkar1a+/− background, the double heterozy-
gousmice had overallmore bone tumors (11). Thesemice also de-
veloped fibrous dysplasia-like lesions (FDL) that were different
from those seen in Prkar1a+/− mice. PKA investigations in
Prkar1a+/− and Prkar1a+/− Prkaca+/− mice showed that PKA-I defi-
ciency and an overall increase in PKA-II activity could be the cul-
prit behind the FDL lesions and the higher and earlier occurrence
of bone neoplasms, such as OMX (11).

To better understand the effect of PKA-II on bone structures,we
obtained Prkar2a (12) and Prkar2b (13) knock out (KO) mice which
were used to generate the respective heterozygous mice and
their double heterozygous counterparts, Prkar1a+/−Prkar2a+/− and
Prkar1a+/−Prkar2b+/−, after mating them with the Prkar1a+/−

mouse. Caudal vertebrae lesions similar to those in Prkar1a+/−

micewere found in all groups; however, newly formed bonemater-
ial inside the lesions appeared more mature, with improved min-
eralization and organization, in Prkar1a+/− mice with either R2a or
R2b deficiency. The data demonstrate that haploinsufficiency for
either one of the type-II regulatory subunits improved the bone
phenotype of mice haploinsufficient for Prkar1a, and support the
hypothesis that PKA-II activity was in part responsible for the
bone phenotype of Prkar1a+/− mice.

Results
Bone lesions in Prkar1a+/−Prkar2a+/− and Prkar1a+/−

Prkar2b+/− mice

As previously reported, schwannomas, thyroid tumors and bone
lesions were found in Prkar1a+/− mice (8). Caudal vertebrae le-
sions, both OMX and FDL, were found in both Prkar1a+/−

Prkar2a+/− and Prkar1a+/−Prkar2b+/− mice, with single or multiple
vertebral bodies containing these fibro-osseous neoplasms
(Fig. 1A). The lesions became first noticeable at 6 months of
age; they were present in 73.7% of Prkar1a+/−Prkar2a+/− mice and
83.3% Prkar1a+/−Prkar2b+/− by 12 months of age (Fig. 1B).

Histological examination by hematoxylin and eosin (H&E)
staining (Fig. 1C) suggested that the fibro-osseous lesions started
from the area adjacent to the growth plate and periosteal bone
surface, as had been noted previously for Prkar1a+/− and Prka-
ca+/− Prkar1a+/− mice (11). At their earlier stages, lesions were
more cellular with numerous blood vessels; osteoblasts and os-
teoclasts lined trabecular bone surfaces and the endosteum, indi-
cating both active removal of the old and formation of new bone.
Fibrous lesions then gradually filled the marrow space; their fur-
ther expansion led to endosteal bone being rapidly resorbed and
new periosteal bone deposited, along with the formation of new
bone within the fibrous lesion. At later stages, bone lesions be-
came less cellular, with fewer blood vessels, and some necrosis.

Bone organization, mineralization and new bone
formation

Bright-field and polarized images of 10–15 μm cryosections of af-
fected vertebrae were captured in a confocal Raman microscope
followed by Raman micro-spectroscopic measurement of min-
eral: matrix ratios at different distances from the periosteal
bone surface (Fig. 2). Well-organized osteocyte lacunae and colla-
genmatrix aswell as a narrowwidth of incompletelymineralized
bone at the periosteal surface were consistent with mature la-
mellar bone in the cortical layer of wild-type animal vertebrae.
Similar bone organization and mineralization was observed in
unaffected vertebrae from mutant animals. Cortical bone layers
surrounding late stage lesions in Prkar1a+/− mice were under-
mineralized and had disorganized osteocytes and collagen
matrix. The structure of these regions was reminiscent of FDL
lesions and consistent with the immature bone formation that
we described in Prkar1a+/−Prkaca+/− mice (11).

Surprising quilts of orthogonally oriented 50–100 μm patches
of newly formed bone were observed only in Prkar1a+/−Prkar2a+/−

lesions. Good organization and mineralization of the matrix
within these patches suggested a partial rescue of the bone struc-
ture at distance scales smaller than the patch size. In some of the
patches, collagen fibers were oriented parallel to the bone sur-
face, as expected in normal lamellar or fine-fibered bone. Other
patches were perpendicular to the bone surface, reminiscent of
collagen orientation in Sharpeyfibers (14); yet, we did not observe
distinct individual fibers expected within the latter bone forma-
tions. The quilted pattern of the patches andmatrix organization
within them appeared to be different from any other previously
described bone matrix structure.

Newly formed cortical bones covering Prkar1a+/−Prkar2b+/− le-
sions had well organized lamellar structure at all distance scales,
which was parallel to the bone surface. However, these bones
were undermineralized. The more gradual increase in the min-
eral:matrix ratio away from the periosteal surface, compared
with wild-type bone, as well as the smaller thickness of the cor-
tical layer suggested rapid bone formation on the periosteal side
and resorption on the endosteal side, typically observed inmuch
younger animals.

New bone formation in the lesions was examined by injec-
tions of calcein, which binds to and labels regions of active
bone deposition in live animals (15,16) (Fig. 3). Little bone mater-
ial (Fig. 3A) and little new bone formation (Fig. 3B and D) were
observed in the marrow cavity of Prkar1a+/− vertebrae occupied
by mostly FDL lesions. Much more bone material and more ex-
tensive deposition of new mineralized matrix were revealed by
extensive calcein labeling of lesions in both Prkar1a+/−Prkar2a+/−

and Prkar1a+/−Prkar2b+/− vertebrae. The larger distance between
two fluorescent lines at the periosteal surface of cortical bone
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Figure 1.Development of bone lesions along the tails of Prkar1a+/−, Prkar1a+/−Prkaca+/−, Prkar1a+/−Prkar2a+/− and Prkar1a+/−Prkar2b+/−mice. (A) Bone lesion status of the tails

in 12-month-old mice. Tail bone lesions were found in mice with all four genotypes. The time of onset, number and malignancy of the tumors are different among

different genotypes. (B) The percentages of mice with bone lesions at 6 months, 9 months and 12 months for each genotype. There is an earlier onset of tumors in

Prkar1a+/−Prkaca+/− mice (which are only presented here for comparison, since the data have been published previously) and a later onset in Prkar1a+/−Prkar2a+/− and

Prkar1a+/−Prkar2b+/− mice; the latter have more tumors than both Prkar1a+/− and Prkar1a+/−Prkar2a+/− mice at 6 months (C). Hematoxylin and eosin (H&E) staining of

the caudal vertebrae with bone lesions. The lesions start at 6 months age and gradually fill the marrow space with time.
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(Fig. 3C) indicates deposition of more bone matrix between
two calcein injections and therefore overall faster bone forma-
tion in Prkar1a+/−Prkar2a+/−and Prkar1a+/−Prkar2b+/− compared
with Prkar1a+/ mice. Calcein labeling inside the marrow space
(Fig. 3D) also demonstrated more extensive formation and faster
deposition of bone within Prkar1a+/−Prkar2a+/− and Prkar1a+/−

Prkar2b+/− compared with Prkar1a+/− lesions.

Expression of osteoblastic markers in bone lesions

We performed immunohistochemistry staining of bone lesions
for RUNX2, osterix, osteocalcin and DMP1, which are often used
as markers of different stages in osteoblast differentiation (17–
20). More pronounced nuclear localization of RUNX2 in osteo-
blastic cells lining the sites of active bone formation was found
in tumors from double heterozygous compared with Prkar1a+/−

animals (Fig. 4A). In the fibrous tissue away from bone surfaces,
only a small fraction of Prkar1a+/− cells with fibroblast morph-
ology were RUNX2-positive. A significantly larger fraction of
such cells was RUNX2-positive in double heterozygous lesions;
the most prominent nuclear localization of RUNX2 was observed
in Prkar1a+/−Prkar2b+/− cells.

Pronounced nuclear staining for osterix was observed in bone
surface osteoblasts of all three genotypes (Fig. 4B). No nuclear lo-
calization and only a few cells with cytoplasmic osterix staining
were observed in cells away from bone surfaces in Prkar1a+/− tu-
mors, while a significant fraction of fibroblast-like cells in double
heterozygous tumors had clear osterix staining with at least par-
tial nuclear localization.

Similarly, pronounced osteocalcin staining was observed in
bone surface cells that had osteoblast morphology in all three

genotypes (Fig. 4C). No fibroblastic tumor cells appeared to be os-
teocalcin positive in Prkar1a+/−mice, while stainingwas observed
in a significant fraction of double heterozygous tumor cells.

In Prkar1a+/− tumors, a significant fraction of osteocytes had
unexpectedly light or no DMP1 staining (Fig. 4D) and bone surface
osteoblasts had predominantly cytoplasmic staining. In Prkar1a+/−

Prkar2a+/− tumors, the DMP1 staining pattern was different: most
osteocytes had the expected intense staining and bone surface
osteoblasts had pronounced nuclear and lighter cytoplasmic
staining. In Prkar1a+/−Prkar2b+/− tumors, we observed an inter-
mediate staining pattern.

We also analyzed expression of alkaline phosphatase (ALP),
osterix, osteocalcin and RUNX2 in cultured tumor cells by flow
cytometry (Fig. 5A). After normalization of themeanfluorescence
intensities to unstained controls, increased signals were found
in double heterozygous tumor cells for all of these osteroblast
markers, except for osteocalcin in Prkar1a+/−Prkar2b+/− mice
(Fig. 5B). This indicates a higher expression of most of the osteo-
blastic markers in double heterozygous tumor cells compared
with Prkar1a+/− ones.

PKA isoform analysis

We performed diethylaminoethyl (DEAE) cellulose ion-exchange
column chromatography on proteins extracted from tumors
dissected from tails andmeasured PKA activity in different chro-
matographic fractions (21). The activity without cAMP was
subtracted from the activity with cAMP as the baseline, so that
the signal represented the amount of PKA in the chromatographic
fraction that can be activated by cAMP (21,22). All three geno-
types had a similar PKA isozyme pattern, with the first peak

Figure 2. Organization and mineralization of cortical bone in tail vertebrae of wild-type animals and in affected tail vertebrae of animals with defective PKA activity.

Bright-field (top panels) and polarized (middle panels) images were captured in a Raman confocal microscope, followed by Raman spectra measurements in the bone

matrix outside osteocyte lacunae. The mineral:matrix ratios across the cortical bone (bottom panels) were calculated from the Raman spectra.
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representing cAMP-activatable PKA-I and the second peak repre-
senting cAMP-activatable PKA-II (21) (Fig. 6). As expected, de-
creased PKA-II to PKA-I ratios were found in Prkar1a+/−Prkar2a+/−

(PKA-II: PKA-I = 1.62, P = 0.027) and Prkar1a+/−Prkar2b+/− tumors
(PKA-II: PKA-I = 1.32, P = 0.014) compared with Prkar1a+/− (PKA-II:
PKA-I = 1.82).

Expression of PKA subunits

Transcriptional and translational levels of PKA subunits in tu-
mors were measured by quantitative real-time PCR (qPCR) ana-
lysis of mRNA and western blot (WB) analysis of proteins
extracted from TRIzol tissue lysates. Quantitative real-time PCR
measurement of Cα, Cβ, R1α, R2α and R2β mRNA levels revealed
higher Cβ transcription in Prkar1a+/−Prkar2a+/− (2−ΔΔCt = 3.5,
P < 0.001) and Prkar1a+/−Prkar2b+/− (2−ΔΔCt = 2.3, P < 0.001) relative
to Prkar1a+/− tumors (Fig. 7). WB analysis of Cα, Cβ, Cγ and R1α
was performed by utilizing GAPDH as control for normalizing
relative band intensities (Fig. 8). Consistent with qPCR results, in-
creased Cβ expression levels were found in Prkar1a+/−Prkar2a+/−

(2.5-fold increase) and Prkar1a+/−Prkar2b+/− (4-fold increase)

mouse tumors. Although there may be slight difference in Cα
mRNA expression levels, this difference may be normalized by
post-transcriptional and post-translational regulation mechan-
isms, leading to similar Cα protein levels in all genotypes.

Discussion
The importance of PKA and cAMP signaling in bone and cartilage
development has been known for years (23–27): downstream of
parathyroid hormone (PTH) and PTH-related protein (PTHrP),
PKA signaling is stimulated by cAMP through Gsα’s activation
(28–30). In humans, mutations in PRKAR1A lead to OMX in the
context of CNC (6), while activating mutations of Gsα subunit
(coded by the GNAS1 gene) were found in patients with FD in
the context of McCune–Albright syndrome (MAS) (31,32). In this
and previous studies, mice single or double heterozygous for
PKA subunits were found to develop various bone tumors, in-
cluding chondromas, OMX and rarely osteosarcomas (8,11,24).
Interestingly, the same mice, in particular the Prkar1a+/−Prkaca+/−

one (11), developed FDL lesions reminiscent of humans with
MAS (31,32), seen previously only in transgenic Gnas1 mouse

Figure 3.Mineralized bonematrix deposition in vertebral lesions. (A) Bright-field images. Themineralizedmatrix appears dark. (B) Calcein fluorescence of bone deposited

at the time of two calcein injections. Rectangles mark the regions zoomed in C and D panels. (C) Calcein fluorescence images of cortical bone regions. (D) Calcein

fluorescence of bone located inside the marrow cavity occupied by fibrous tumor tissue. Distance between the calcein labels indicated by double arrows is

proportional to rate of bone matrix deposition.
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models (23). FDL lesions in PKA-defective mice filled the space of
the marrow, mostly of caudal vertebrae, where normal cortical
bone structurewas destroyed andnewly formed bonewas imma-
ture and under-mineralized. As we described previously (11), ab-
normal PKA activity recruited adult bone marrow stromal cells
(aBMSCs) to the bone lesions in Prkar1a+/− and, in particular
the Prkar1a+/−Prkaca+/− mice (11,24). These cells were unable to
undergo thenormaldifferentiationprocess, giving rise to immature
osteoblasts that produced disorganized and under-mineralized

bones (11). The increased PKA-II to PKA-I ratio in these animals
(8,11) suggested that excess PKA-II activity might be responsible
for at least part of the phenotype.

Indeed, in the present study, Prkar1a+/−Prkar2a+/− and
Prkar1a+/−Prkar2b+/− double heterozygous mice developed bone
lesions in the tails like Prkar1a+/− did. There was an overall better
new bone formed in these mice compared with Prkar1a+/− mice
partially reversing the abnormalities detected in the latter.
There were also some interesting, genotype-specific findings,

Figure 4. Expression of RUNX2 (A), osterix (B), osteocalcin (C) and DMP1 (D) at bone surfaces and within fibrous tumor tissue in vertebral lesions visualized by

immunohistochemical (IHC) staining.
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like the unusual quilted bone structure in Prkar1a+/−Prkar2a+/−

mice, which has not been described before, to the best of our
knowledge. Also, the Prkar1a+/−Prkar2b+/− mice had more tumors

than both Prkar1a+/− and Prkar1a+/−Prkar2a+/− mice at 6 months
(Fig. 1B), which may indicate that early on R2β deficiency may
be contributing more to bone tumor formation.

Figure 5. Flow cytometry analysis of the expression levels of osteoblastmarkers. (A) Histogramof cell counts versus logfluorescence. (B) Meanfluorescence intensity levels

(MFI) normalized to unstained cells as controls. Increased expression levels of osteoblastmarkerswere found in double heterozygousmice comparedwith Prkar1a+/− ones,

except for osteocalcin in Prkar1a+/−Prkar2b+/− mice.
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Increased expression of ALP, RUNX2, osterix and osteocalcin
indicated more advanced osteoblastic differentiation in both
double heterozygous animal lesions. Increased expression of
ALP, which hydrolyzes pyrophosphate to facilitate bonemineral-
ization, is normally observed at early stages of osteogenesis
(33,34). RUNX2 is an essential factor in activating downstreamos-
terix advancing osteogenesis (35–38); in a characteristic contrast
with both PKA-I defectivemice (Prkar1a+/− and Prkar1a+/−Prkarca+/−),

both RUNX2 and osteocalcin (produced by more mature osteo-
blasts) were increased in PKA-II defective double heterozygous
mice. A particularly important observation was the significant
progression of a large fraction of tumor cells located away from
bone surfaces toward osteoblasts in both Prkar1a+/−Prkar2a+/−

and Prkar1a+/−Prkar2b+/− animals. These cells appear to be re-
sponsible for themuchmore extensive initiation of newbone for-
mation and subsequent faster deposition of bonematerial inside

Figure 6. DEAE-chromatography of PKA isozymes in tail lesions: PKA-II to PKA-I ratio was calculated from the average intensities of 10 fractions within the peak. (A)

Prkar1a+/− mice, PKA-II : PKA-I ratio = 1.82. (B) Prkar1a+/−Prkaca+/− mice, PKA-II : PKA-I ratio = 3.10. (C) Prkar1a+/−Prkar2a+/− mice, PKA-II : PKA-I ratio = 1.62. (C) Prkar1a+/−

Prkar2b+/− mice, PKA-II: PKA-I ratio = 1.32.
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the FDL lesions filling the marrow cavity in these animals com-
pared with both Prkar1a+/− and Prkar1a+/−Prkarca+/− mice.

Pronounced expression and nuclear localization of DMP1 in
many of the double heterozygous FDL cells might indicate that
their differentiation is akin to that of embryonic rather than
“older” adult osteoblasts. DMP1, besides being a nuclear tran-
scription factor, is a secreted protein, which is strongly expressed
by embryonic osteoblasts and may be affecting significantly the
microenvironment of the FDL lesions (39). In adult animals,
DMP1 is expressed primarily by osteocytes and its localization
within and outside the cells changes upon progression of osteo-
blasts to osteocytes (40–42). Significant differences in both the ex-
pression level and nuclear localization of DMP1 between all three
genotypes suggested that PKA isozymes (and their switching)
have important and distinct roles in this process.

There is evidence in different systems that PKA-I and PKA-II
are responsible for regulating distinct downstream signaling
pathways and cellular functions (1,43–47). In part, this appears
to be through recruitment of different catalytic subunits. Among
the four catalytic subunits (Cα, Cβ, Cγ and PRKX), Cα, coded by
the PRKACA gene is the most frequently and highly expressed
(48); however, Cβ, coded by the PRKACB gene, is also ubiquitously
expressed, albeit at lower levels than PRKACA. Although Cβ ap-
pears to account for only 5–10% of total PKA activity in mouse
cells (49–51), its importance increases in states of dysregulated
PKA activity (49) and/or Cα deficiency (51) or under the presence
of strain-specific genetic modifiers (50). Human studies recently
pointed to different phenotypic effects of increased Cα (48,52,53)
versus Cβ (54) expression. In both Prkar1a+/−Prkar2a+/− and
Prkar1a+/−Prkar2b+/− animals, Prkacb RNA and PRKACB protein le-
vels were increased, even though the Prkaca gene was intact.
More studies are needed for better understanding of Cβ’s function
but both the data from the present investigation and the single
human patient with skeletal defects and PRKACB gene copy num-
ber gain (54) indicate a possible role for Cβ in bone development,
osteoblast differentiation and/or tumors.

In conclusion, PKA-II haploinsufficiency reversed some but
not all of the bone effects of PKA-I defects. The individual subu-
nits may confer different effects in skeletal development, as sug-
gested by small but remarkable differences between R2α and R2β
deficiency in the Prkar1a+/− background. There is now little doubt
that osteogenesis is affected by relatively modest perturbations
of the relative ratio between the two PKA isozymes, first sug-
gested by the studies of the Prkar1a+/− (8) and Prkar1a+/−Prkar-
ca+/− mice (11). Why were there any bone lesions formed in
Prkar1a+/−Prkar2a+/− and Prkar1a+/−Prkar2b+/−mice? These mice
still have unregulated Cα activity (due to R1α deficiency), as pre-
viously suggested (8–10,49); in addition, the present study shows
that the Cβ catalytic subunit may have its own effects on osteo-
genic differentiation, and bone formation, organization or struc-
ture, as suggested also by the study of the single human patient
with PRKACB amplification and skeletal defects (54). Regulation of
PKA subunits expressions may be used therapeutically for CNC
and other diseases, but we need to be aware of the toxicity effects
this may cause to other systems.

Material and Methods
Generation of Prkar1a+/−Prkar2a+/− and Prkar1a+/
−Prkar2b+/− double heterozygous mice

Prkar1a heterozygous mice (Prkar1a+/−) were previously gener-
ated in our lab by deletion of exon 2 in one allele of Prkar1a
(Prkar1aΔ2) (7). B6.129X1-Prkar2atm1Gsm/Mmmh Prkar2a knockout
mice (Prkar2a−/−) and B6.129X1-Prkar2btm1Gsm/Mmmh Prkar2b
knockout mice (Prkar2b−/−) were purchased from Mutant Mouse
Regional Resource Center (MMRRC). In Prkar2a−/− mice, a neomy-
cin resistance cassette replaces the translation and transcription
start site in exon 1 (11). In Prkar2b−/−mice, a neomycin resistance
cassette replaces the coding region in exon 1 (43). Prkar1a+/− and
Prkar2a−/− mice were interbred to generate Prkar1a+/−Prkar2a+/−

double heterozygous mice; Prkar1a+/− and Prkar2b−/− mice were

Figure 7.Quantitative real-time PCR analysis ofmRNA expression levels of PKA subunits: Cα, Cβ, R1α, R2α and R2β in different genotypes. Relative fold expression levels of

each subunit in the double heterozygous lesions to that in Prkar1a+/− are represented by 2−ΔΔCt. Prikar1a+/− was set as standard with 2−ΔΔCt equals 1. Error bars represent

means ± SEM. *, P < 0.05.
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interbred to generate Prkar1a+/−Prkar2b+/− double heterozygous
mice. All mice were maintained on a C57BL/6 129Sv/B6 hybrid
background. All animal-related studies were carried out under
animal protocol 12–033 in 10A Animal Facility, NIH, Bethesda,
MD, USA.

Genotyping analysis

Polymerase chain reaction (PCR) was used for genotyping. Three
primers (5′-AGCTAGCTTGGCTGGACGTA-3′, 5′-AAGCAGGCGAG
CTATTAGTTTAT-3′ and 5′-CATCCATCTCCTATCCCCTTT-3′) were
used for Prkar1a genotyping; the WT allele generates a 250 base
pair (bp) fragment, while the Prkar1aΔ2 null allele generates a
180 bp product. Two pairs of primers were used for genotyping
of Prkar2a; the first pair (5′-CAGCATGAGCCACATCCAGAT-3′ and
5′-GATGACGGGGACTGCGCTGGA-3′) amplifies the WT allele and
generates a 220 bp product, while the second pair (5′-AGGTGG

TCCTGTGTCACTTCA-3′ and 5′-GTGGTTTGTCCAAACTCATCAA
TGT-3′) amplifies the neo-inserted allele and generates a 330 bp
product. Genotyping of Prkar2b was also performed with two
pairs of primers; the first pair (5′-GGCGAAGTTGACACCCTTA
C-3′ and 5′-CTTCACGGTGGAGGTGCT-3′) identifies the WT allele
with a product of 330 bp, while the second pair (5′-AGGAGCTGGA
GATGCTGCCAA-3′ and 5′-GTGGTTTGTCCAAACTCATCAATGT-3′)
identifies the neo-inserted allele with a product of 194 bp.

Hematoxylin and eosin (H&E) and other immunohistochemical (IHC)
staining
Tail vertebraewith tumors were dissected frommice and fixed in
10% neutral buffered formalin for 24 h, followed by decalcifica-
tion in 10% formic acid (Decalcifier I, Surgipath Medical Indus-
tries Inc., Richmond, IL, USA) for 24 h and rinsing in running
water for 30 min. Fixed tissuewas embedded into paraffin blocks,
sectioned (5 μm) and H&E or IHC stained by Histoserv Inc.

Figure 8. Western blot analysis of the expression levels of PKA subunits Cα, Cβ Cγ and R1α in bone lesions from different genotypes. (A) Bands of target proteins and

corresponding Gapdh control after exposure. (B) Comparison of protein expression levels after normalization to Gapdh. Error bars represent means ± SEM. *, P < 0.05.
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(Germantown, MD, USA). IHC staining was performed with
mouse primary antibodies for RUNX2, osteocalcin, osterix and
DMP1 (all from Santa Cruz biotechnology, Inc., Dallas, TX, USA).

Raman microspectroscopy
Mice that were 12 to 16 months old (Prkar1a+/−, Prkar1a+/−

Prkar2a+/−, and Prkar1a+/−Prkar2b+/−) with microscopically visible
caudal vertebrae tumors were used; 15 μmmid-coronal andmid-
sagittal cryosections of affected caudal vertebrae were washed
with PBS and hydrated in sub-saturating CsCl, 10 m HEPES, pH
7.4. Sections were placed between quartz slides and examined in
a confocal Ramanmicroscope (Senterra, Bruker Optics, Inc). 10X/
0.3NA objective was used to generate bright-field and polarized
images. To analyze mineralization levels, Raman spectra were
collected from 1 × 1 μm spots within extracellular matrix away
from osteocyte lacunae (40X/0.95NA objective, 50 μm pinhole
and 532 nm/14 mWdepolarized excitation laser). Mineral/matrix
ratiowas calculated to representmineralization levels. After sub-
traction of peak baselines and water and quartz contributions,
ratio of integral intensities of spectral peaks of v1PO43− stretching
vibration of mineral phosphate (922–983 cm−1) and CH stretching
vibrations in organic molecules (2820–3020 cm−1) was calculated
for each genotype.

Calcein injection studies
1X calcein solution was made by dissolving 3 mg calcein powder
(Sigma-Aldrich, St. Louis, MO) in 1 ml 2% NaHCO3 (0.2 g of
NaHCO3 in 10 ml double distilled H2O, pH 7.4). Twelve months
old mice with visible caudal vertebrae tumors were used for in-
jection; each mouse was weighted, and 10 μg calcein was used
per gram of body weight. Two subcutaneous calcein injections
were performed, the first one on day 1 and the second one on
day 6; mice after both injections were sacrificed one day after
the second injection on day 7.

Primary tail tumor cell cultures
Bone tumors were dissected from tail vertebrae. Muscles and fi-
brous tissues were removed under a dissection microscope.
Each tumor was chopped into 1–3 mm fragments, which were in-
cubated with Collagenase I (Sigma-Aldrich, St. Louis, MO) at 37°C
for 15 min, washed twice with PBS and cultured in one-well of a
six-well plate with DMEM (Invitrogen, Carlsbad, CA, USA) con-
taining 10% FBS (Hyclone, Logan, UT) and 1% Penicillin–Strepto-
mycin (Invitrogen, Carlsbad, CA, USA) for 7 days. Cells that
migrated out of the tumor fragments were detached by 0.05%
Trypsin-EDTA (Invitrogen, Carlsbad, CA, USA), transferred into
a 75 cm2

flask and grown to confluence; media was refreshed
every 3 days. These primary cells were used for fluorescence-
activated cell sorting (FACS) analysis.

RNA and protein extraction from tumors by TRIzol
Tail tumors were dissected from vertebrae, snap frozen in liquid
nitrogen and kept at −80°C before processing. The tissue was
homogenized in 1 ml TRIzol (Invitrogen, Carlsbad, CA, USA) per
100 mg using a Polytron homogenier (Thermo Fisher Scientific
Inc., Waltham, MA, USA). RNA and proteins were isolated follow-
ing the standard TRIzol protocol (Invitrogen, Carlsbad, CA, USA)
RNA was dissolved in RNase-free water and analyzed in Nano-
Drop 2000 (Thermo Fisher Scientific Inc., Waltham, MA, USA) to
determine its concentration and quality.

DEAE-cellular chromatography
The DEAE-cellular chromatography was performed as described
(21). Briefly, DEAE column was pre-equilibrated with buffer

containing 10 m Tris/HCl, pH7.1, containing 1 m EDTA and
1 m phenylmethylsulfonyl fluoride (EMD Biosciences, La Jolla,
CA, USA). For each sample, 2.5 mg of protein was loaded to the
column; the column was washed with 30 ml buffer and eluted
with a 0–350 mM NaCl gradient at a flow rate of 15 ml/h. A total
of 2 ml fractions were collected on ice and assayed for protein
kinase activity.

Quantitative real-time PCR (qPCR)
For each sample, 1 μg of mRNA was reverse transcribed to cDNA
using High Capacity RNA-to-cDNAKit (Applied Biosystems, Foster
City, CA, USA). Quantitative real-time PCR was performed in an
Applied Biosystems 7500 real-time PCR system.mRNA expression
levels of PKA subunits were detected by Prkaca (Mm00660092_m1),
Prkacb (Mm01312555_m1), Prkar1a (Mm00660315_m1), Prkar2a
(Mm00435916_m1) and Prkar2b (Mm01293022_m1) Taqman Gene
Expression Assays (Applied Biosystems, Foster City, CA, USA).
Gene expression levels were normalized to Taqman Rodent
Gapdh control, (Applied Biosystems, Foster City, CA,USA). Gene ex-
pression in double heterozygous mice was calculated relative to
Prkar1a+/− using 2−ΔΔCt values (55).

Western blot analysis
Protein concentrations were measured by BCA protein assay
(Thermo Fisher Scientific Inc.,Waltham,MA, USA). For each sam-
ple, 30 μg protein was mixed with 2X SDS gel loading buffer,
boiled for 5 min and loaded into a 10% Tris-glycine gel. After run-
ning the gel at 100 V for 2.5 h, proteinswere transferred to a nitro-
cellulose membrane. The membrane was blocked with 5%
nonfat milk in TBS-Tween (TBST). Target proteins were detected
by the following primary antibodies: cα (Santa cruz biotech-
nology, Inc., Dallas, TX, USA), Cβ (Santa cruz biotechnology,
Inc., Dallas, TX, USA), R1α (Santa cruz biotechnology, Inc., Dallas,
TX, USA), R2α (Santa cruz biotechnology, Inc., Dallas, TX, USA)
and R2β (Santa cruz biotechnology, Inc., Dallas, TX, USA), and
peroxidase-conjugated secondary antibodies against rabbit IgG
(Jackson ImmunoResearch Laboratories, Inc. West Grove, PA,
USA). All antibodies were diluted in 5% nonfat milk in TBST. Sig-
nals were detected by Western Lightning Enhanced Luminol
Reagent (PerkinElmer, Santa Clara, CA, USA). Images of the gels
were captured in a Kodak X-OMAT 2000A processor (S&W Im-
aging, Frederick, MD, USA) and quantitatively analyzed with
Image J software (23) (NIH, Bethesda, MD, USA).

Fluorescence-activated cell sorting
Cells (1 × 106) were detached from 75 cm2

flasks using 0.05% tryp-
sin-EDTA (Invitrogen, Carlsbad, CA, USA), collected into 5 ml
polystyrene round-bottom tubes, washed twice with PBS con-
taining 2% FBS and resuspended in 100 μl PBS with 2% FBS. The
cells were permeabilized by incubating with 300 μl Cytofix/Perm
at room temperature for 20 min. Alkaline phosphatase, osterix,
osteocalcin and RUNX2 antibodies (all from Santa Cruz biotech-
nology, Inc., Dallas, TX, USA) were conjugated to Alexa Fluor
488, Alexa Fluor 594, Alexa Fluor 680 and pacific blue fluoro-
chromes respectively using the Zenon Rabbit IgG labeling Kit
(Life Technologies, Grand Island, NY, USA). Briefly, 1 μg of anti-
body was mixed with 5 μl of Zenon rabbit IgG labeling reagent
and incubated for 5 min at room temperature, followed by add-
ition of 5 μl Zenon blocking reagent and incubation at room tem-
perature for 5 min. The conjugated antibodies were applied to
samples within 30 min. Cells were then incubated with the con-
jugated antibodies at 4°C for 20 min, fixed with 300 μl 4% PFA.
Events were collected on a modified LSRII flow cytometer (BD
Immunocytometry Systems, Franklin Lakes, NJ, USA), and
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electronic compensation was performed with antibody capture
beads (BD Biosciences, Franklin lakes, NJ, USA) stained separately
with antibodies used in the test samples. Data were analyzed
using FlowJo Version 9.6 (TreeStar, Ashland, OR, USA).

Statistical analysis
All analysis was performed using two-tailed Student’s t-test. Dif-
ferences with P < 0.05 were considered statistically significant.
Mean ± SEM of triplicated experiments were calculated and
presented.
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