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Some cancers have been stratified into subclasses based on their unique involvement of specific signaling
pathways. The mapping of human cancer genomes is revealing a vast number of somatic alterations; however,
the identification of clinically relevant molecular tumor subclasses and their respective driver genes presents
challenges. This information is key to developing more targeted and personalized cancer therapies. Here,
we generate a new mouse model of genomically unstable osteosarcoma (OSA) that phenocopies the human
disease. Integrative oncogenomics pinpointed cAMP-dependent protein kinase type I, o regulatory subunit
(Prkarla) gene deletions at 11qE1 as a recurrent genetic trait for a molecularly distinct subclass of mouse
OSA featuring RANKL overexpression. Using mouse genetics, we established that Prkarla is a bone tumor
suppressor gene capable of directing subclass development and driving RANKL overexpression during OSA
tumorigenesis. Finally, we uncovered evidence for a PRKAR1A-low subset of human OSA with distinct clini-
cal behavior. Thus, tumor subclasses develop in mice and can potentially provide information toward the

molecular stratification of human cancers.

Introduction

Common mutational processes underpin the development of
diverse cancers by perturbing key regulatory networks that have
evolved to resist the emergence of neoplastic cells in normal tis-
sues. Some human cancers have been stratified into subclasses
that vary in their clinical behavior due to the unique engagement
of specific pathways (1-3). A compendium of somatic alterations
is being compiled by cancer genome mapping projects (4-7); how-
ever, identifying clinically relevant molecular tumor subtypes and
their corresponding driver genes presents challenges. Elucidating
pathways that underlie the emergence of these subclasses will yield
therapeutic targets for customized cancer treatment.

Modeling human cancers in the mouse has been accomplished
using transgenics as well as through conditional and regulatable
gene targeting; a growing body of evidence shows that mice reca-
pitulate the fundamental aspects of human cancer (8). Whether
mice also spontaneously develop molecular tumor subclasses is
less explored. Mouse models have been matched to subclasses
within human histopathological groups (9, 10) and can mimic
drug responses of patients, when bearing pathogenetically rel-
evant mutations (1). Genomic instability is a ubiquitous feature
of human tumors, and models that recapitulate this have been
exploited for cancer gene discovery (11, 12). Tumor subpopula-
tions arising in mice could similarly provide vital insights for
the stratification of cognate human tumors as well as a means to
assess the directive capacity of specific gene alterations in spon-
taneous subclass development.
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Osteosarcoma (OSA) is the second highest cause of cancer-related
death in the pediatric age group (13). Despite modern surgery and sys-
temic chemotherapy, survival rates are low, with approximately 35% of
patients dying within S years of diagnosis (14). Originating from cells
of the osteoblast lineage, OSA tumors exhibit complex, unbalanced
karyotypes, characterized by numerous recurrent DNA amplifications
and deletions as well as gross chromosomal abnormalities (15). Indi-
viduals with heterozygous germline mutations of TP53 or RBI have
a far greater propensity to develop OSA (16), and allelic loss of these
genes is found in a high proportion of sporadic OSA tumors (17). The
loss of p16™K44 and p144RF expression through INK4A deletion or
amplification of MDM2 and CDK4 at 12q13 occurs in other patients
(18,19), indicating that functionally equivalent alterations in the p53/
Rb pathways are a near obligate feature of OSA. Indeed, mice bearing
the combined conditional deletion of p53 and pRb in preosteoblasts
or p53 in committed osteoblasts develop spontaneous OSA at high
frequency (20-22). Loss of p53, but not Rb alone, was sufficient to
promote tumorigenesis, whereas the loss of both exhibited strong
synergy. Other alterations in human OSA include high expression of
MYC, MET, and FOS (23, 24); transgenic FOS expression in mice results
in bone sarcomas, some of which are osteogenic (25, 26). Overall, the
prevalence of widespread copy number alterations (CNAs) in OSA
point to the existence of many unidentified OSA genes.

Here, we apply mouse genetics and oncogenomics to a model,
which we believe is new, of genomically unstable OSA to identify
potential driver genes and their relationship with OSA heterogene-
ity. We pinpoint Prkarla as a bone tumor suppressor, the loss of
which deregulates PKA signaling and induces RANKL overexpres-
sion. Prkarla deletion defines a molecular subclass in mice, and
we subsequently uncover initial evidence for a parallel subclass in
human OSA that displays low PRKARIA expression and clinically
distinct behavior (referred to herein as PRKARIA-low).
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Results

A transgenic mouse model of human OSA. To generate tumorigenesis
in the bone we cloned SV40 T/t antigen (TAg) under control of
the murine osteocalcin promoter, which is specific for mature
osteoblasts (OG2; Figure 1A) (27). The large T antigen oncop-
rotein binds and inactivates p53 and pRb (28), while the small
t targets the tumor suppressor PP2A (29). Three Murine Osteo-
calcin TAg OSA (MOTO) transgenic lines were established from
independent FVB founders and displayed varying transgene copy
numbers (Supplemental Figure 1A; supplemental material avail-
able online with this article; doi:10.1172/JCI42391DS1). Using
FISH, transgene insertion was mapped to chromosome 12qA-B1
for the MOTO-1 line (Figure 1A and Supplemental Figure 1C).
TAg RNA showed bone-specific expression (Figure 1B); the pro-
tein was observed in 11- to 15-week-old bones (Supplemental
Figure 1B) and localized to osteoblasts (Figure 1C). MOTO mice
developed normally and formed multi-ostotic bone tumors with
complete penetrance. Mice developed tumors at a young age and
became morbid after 21 weeks of age (Figure 1D). The MOTO-3
line also displayed prostate tumors (data not shown) and was thus
excluded. MOTO-1 and MOTO-2 mice (n > 350) exhibited skeletal
tumors at all sites known to be affected in the human disease, with
a peak incidence in the long bones as is seen in human OSA (Fig-
ure 1E), although with a higher prevalence of craniofacial tumors.
Bone tumors with varying levels of calcification were clearly dis-
tinguishable by radiography and CT (Figure 1, F and G, and gross
images in Figure 2, A-D). Histology revealed a spectrum of osteo-
blastic lesions from benign osteoma to aggressive metastatic OSA,
with the majority being osteoblastic OSA, with features typical
of high-grade-type osteosarcoma (Figure 2, E-I, and detailed in
Supplemental Figure 2, A-D). Spontaneous metastases were pres-
ent in the lungs of more than 90% of mice at the time of morbidity
and appeared less frequently in the liver and occasionally in the
kidney or spleen (Figure 2,J-Q, and Supplemental Table 1). The
lung is frequently targeted by metastasis in human OSA, with
the liver being affected much more rarely. The osteoid content of
these secondary tumors demonstrated their osteoblastic origin
(Figure 2, K, M, and Q). A series of cell lines (moto1.1, moto1.2,
motol.3, and moto2.1) were derived from primary tumors, and
their expression of osteoblastic markers was consistent with that
found in human OSA cell lines (Supplemental Figure 3, A-C, and
ref. 30). TAg coimmunoprecipitated with p53 and Rb1 in moto
cell lines (Supplemental Figure 3D) and with p53 in MOTO-1
and MOTO-2 femurs (data not shown). Altogether, MOTO close-
ly approximates human OSA in pubertal onset, skeletal distribu-
tion, and radiographic and histologic features as well as in the
development of lung metastases. The MOTO model thus adds a
valuable resource for the study of this cancer.

Genomically unstable MOTO OSAs exhibit recurrent PKA subunit gene
CNAs. We examined whether MOTO OSAs develop genomic instabil-
ity. Spectral karyotype (SKY) analysis of MOTO tumors and cell lines
revealed high levels of aneuploidy. Numerical and structural chro-
mosomal aberrations were found in all samples as clonal and non-
clonal, nonrecurrent alterations (Figure 3A), and included nonrecur-
rent unbalanced translocations (Figure 3B). Two samples were found
to be near tetraploid, a state observed in human OSA (Supplemental
Figure 4). Next, we analyzed DNA copy number changes using high
resolution array comparative genomic hybridization (aCGH; 19.3
KB overall median probe spacing; 14 end-stage long and flat bone
tumors, 3 moto cell lines). Genomic imbalances were detected in all
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samples, with gains and losses ranging from segmental to focal, along
with microamplifications and deletions (<100 KB). The frequency of
CNAs along each chromosome was calculated, revealing numerous
recurrent events in MOTO OSA (Figure 3C).

Somatic CNAs that arise in cancer can mediate rate limiting
steps in tumorigenesis through the activation of oncogenes and
the loss of tumor suppressors. Within the set of high frequency
losses, a focal deletion at 11qE1 (~1.14 Mb) occurred in approxi-
mately 38% of primary tumors (Figure 3D, top, and Supplemen-
tal Figure S). This locus contains Rgs9, Gnal3, 9930022D16Rik,
X83328, Slc16a6, Arsg, Wipil, Prkarla, BC029169, Abc8b, Abc8a,
Abca9, and Abca6 (Figure 3D, middle). To search for a candidate
gene at 11qE1 that might confer selective advantage when deleted
during tumor development, sample-matched aCGH and expres-
sion profiles were integrated. RNA was prepared from 13 out of
14 tumors, 3 out of 3 cells lines, and normal bones (n = 3) for
analysis by microarray. Matching aCGH and expression profiles
showed that the 13 genes within this region were often concur-
rently underexpressed compared with normal bone (Figure 3D,
bottom). A genomic interval (chromosome 11, 109.42-109.48 Mb)
located within the peak region of deletion was identified by mini-
mal common region analysis (P < 0.001 and Supplemental Table 2)
and was found to singularly contain Prkarla. This gene was con-
sistently underexpressed in 11qE1 deleted samples and displayed
the strongest correlation between expression and copy number
among the 13 genes (r = 0.69, P < 0.01; Figure 3D, bottom). Based
on these data, we selected Prkarla as the candidate OSA driver
gene for the recurrent deletion at 11qE1.

Prkarla encodes the regulatory 1o (RIa) subunit of the PKA
holoenzyme, a heterotetramer of 2 regulatory and 2 catalytic sub-
units (RIa, Rlla, RIB, RIIB, Ca, CB, Cy), which is activated follow-
ing cAMP binding to the regulatory subunits (31).We reasoned
that deletion of other regulatory subunit or amplification of cata-
lytic subunit genes may exert similar effects on PKA signaling in
OSA (i.e., pathway deregulation). Searching for CNAs containing
these revealed 1 tumor bearing a microamplification (~70 Kb) at
8qC3 (chromosome 8, 86.81-86.88 Mb), which harbored Prkaca,
Asflb, and a segment of Lphnl (Figure 3E, middle). Prkaca RNA
was overexpressed in this tumor and its expression correlated with
copy number across the tumor cohort (r=0.74, P = 0.001; Figure
3E, bottom). Interestingly, this sample did not possess deletions
at 11qEL. Together, the group of tumors with Prkarla or Prkaca
CNAs were prospectively designated as PKA*. For subsequent stud-
ies, we chose to focus on the Prkarla gene, due to its higher preva-
lence of alteration in MOTO OSA compared with that of Prkaca.

Prkarla deletion defines a subclass of mouse OSA and mediates RANKL
overexpression. We performed a blinded histological examination
of PKA* and PKA™ tumors (6 out of 13 PKA* tumors, 7 out of 13
PKA™ tumors). Both groups ranged from relatively well-differenti-
ated osteoblastic OSA to fibroblastic poorly differentiated OSA
with scant osteoid (Figure 4A and Supplemental Figure 2, E-H),
rendering them indistinguishable at this level. PKA is ubiquitously
expressed in eukaryotes, and its ability to phosphorylate a large
number of serine/threonine targets underscores its pleiotropic
effects (31); in osteoblasts, PKA regulates bone turnover as a medi-
ator of parathyroid hormone (PTH) signaling (32). To determine
whether PKA subunit gene deletion/amplification transcription-
ally impacts pathways involved in bone biology, a gene set was
compiled encompassing regulators and effectors in cAMP/PKA
signaling and skeletal physiology (837 genes; Supplemental
Volume 120 3311
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Figure 1

Generation of a transgenic mouse model of OSA. (A) The OG2-TAg transgene construct used to generate 3 MOTO founders and FISH mapping
of the OG2-TAg construct to chromosome 12gA-B1 in the MOTO-1 line (red indicates the transgene probe; green indicates the control chromo-
some 12gF2 probe). In the schematic for the transgene construct, “pA” represents a polyadenylation sequence. (B) gPCR measurement of SV40
TAg RNA in the tissues of the MOTO-1 mouse (11 weeks old) normalized to 18S; data are represented as mean + SEM. (C) TAg immunostaining
shows osteoblast specificity in (top) MOTO-1 rib and (bottom) MOTO-2 femur tumors. Scale bars: 50 um. (D) Kaplan-Meier plot of age to morbid-
ity for MOTO-1 (n = 97) and MOTO-2 mice (n = 91). (E) Frequency of OSAs in the human skeleton (adapted with permission from refs. 64 and
65) and the percentage of MOTO-1 (black) and MOTO-2 (red) mice that have at least 1 lesion in the indicated bone. (F) Whole-body x-ray images
of a 20-week-old MOTO-2 mouse show multiple calcified radiodense tumors in humeri, scapulae, radius/ulna, ribs, femurs, and tibia (arrows).
Images on the right show tumors from humerus and both femurs at higher magnification. (G) CT images of 18-week-old mice with bone tumors
(arrows) show various levels of calcification and bone destruction. A poorly calcified femur tumor (left panel, arrow) and multiple calcified femur
and tibia tumors (right panel, arrows) are shown. The small abdominal radiodensities represent intestinal food.

Table 3). An unsupervised analysis using this gene set segregated  the tumor groups to normal bone (Supplemental Table 4; 5%
MOTO tumors into 2 distinct classes, defined by their PKA CNA  FDR), and the expression profiles of the 2 classes were found to
status (Figure 4B). Interestingly, the Prkaca-amplified tumor clus-  be enriched for the cAMP/PKA/skeletal gene set (110 genes, PKA~
tered with those containing Prkarla loss. We compared each of  tumors; 225 genes, PKA* tumors; P < 0.05). Further, 3-way overlay
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Figure 2

Characterization of OSA in MOTO mice. Gross
images of tumors in (A) femur, (B) spine, (C)
skull (arrows), and (D) ribs. (E-I) Paraffin sec-
tions of osteoblastic tumors: (E) Aggressive
skull tumor with cortical destruction (stained
with H&E), (F) humerus with parosteal tumors
(arrows) with lesions that are continuous with
cortex (open arrow) or within the medulla (open
arrowhead) (stained with H&E), (G) tumor with
cellular atypia (stained with H&E), and (H)
Masson’s trichrome—stained collagen-rich oste-
oid. (I) Alkaline phosphatase staining shows
osteoblast specificity. Spontaneous OSA
metastases: (J, K, and M) Lung metastases
are approximately 1-2 mm, disc shaped, and
superficial, (N, O, and Q) while liver metasta-
ses are up to 8 mm, spherical, and (O) embed-
ded deeper in the parenchyma (stained with
H&E). (K) Masson’s trichrome—stained colla-
gen shows the osteoblastic nature of metas-
tases. (M and Q) The prominent disorganized
collagen in the metastases can be visualized
by the second harmonic signal that it generates
(green). The red signal is autofluorescence of

analysis showed the majority of these genes (161 out of 225) to be
uniquely overexpressed or underexpressed by PKA* tumors (Figure
4C). Thus, 2 histopathologically similar but molecularly distinct
subclasses of OSA arise in this genetically defined mouse model.
Of the 161 cAMP/PKA/skeletal genes (98 upregulated and 63
downregulated; Supplemental Table 4) that showed altered expres-
sion only in MOTO PKA* tumors, RANKL (T#ufsf11) was one of the
most highly overexpressed (>17 fold). RANKL is overexpressed in
human, cat, and dog OSA (33), and its interference inhibits the
growth of rodent OSA cell lines in an orthotopic model (34, 35).
Additionally, RANKL is known to be functionally important for
metastasis to bone (36). In skeletal biology, a PTH-PKA-RANKL/
osteoprotegerin (PTH-PKA-RANKL/OPG) axis operates in osteo-
blasts, in which stimulation of PTHR1/2 by PTH/PTHrP induces
cAMP production (37), activating PKA signaling and altering the
transcription of RANKL and OPG through the transcription fac-
tor CREB (38). Using quantitative real-time PCR (qQPCR), RANKL
was found to be invariably overexpressed and OPG was found to
often be underexpressed in PKA" tumors (Figure 4D). We next
examined the functionality of this pathway in OSA cells lacking
Prkarla. At the RNA level, the moto1.2 cell line underexpressed
Prkarla; this was confirmed by Western blot, which showed an
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cellular proteins. (L) WT lung and (P) liver are
shown for comparison. Scale bars: 1 mm (E,
F, and O); 150 um (K); 50 um (G-I, K, inset,
L, M, P, and Q).

absence of Rla. protein in these cells (Figure 4E) and a comparable
level of Cat to that of 7F2-OSB cells. This loss of RIa was accom-
panied by a strong baseline elevation of phospho-CREB and high
levels of RANKL expression and low levels of OPG expression com-
pared with those of motol.1 or the osteoblastic control 7F2 cells
(Figure 4F) that expressed Rlo. Modulation of PKA activity using
small molecules showed CREB phosphorylation to be induced by
cAMP or forskolin/IBMX treatment, with the latter being reduced
when combined with the PKA inhibitor H89 in motol.2 cells.
CREB activation by cAMP stimulated RANKL transcription and
suppressed OPG (Figure 4, G and H); H89 cotreatment inhibited
RANKL induction. This confirmed the relationship between PKA
signaling and RANKL/OPG expression via CREB in OSA cells as is
seen in normal osteoblasts. Moreover, loss of RIa protein associ-
ated with a high baseline level of phospho-CREB and an abnormal
RANKL/OPG ratio in MOTO OSA cells.

Prkarla is an OSA tumor suppressor gene in mice. We sought to
decisively test the impact of Prkarla on OSA using mouse genet-
ics. Prkarla-null mice are embryonic lethal (39); to engineer con-
ditional loss of this gene during OSA tumorigenesis, we bred
MOTO-1 mice with Prkarlaf and a1(I)-collagen [Cola1(I)] pro-
moter-Cre recombinase transgenics. The Cola(I)Cre transgene
Volume 120 3313
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Expression

MOTO tumors exhibit genomic instability and PKA subunit gene CNAs. (A) Representative metaphase from SKY analysis of a MOTO tumor,
displaying near tetraploid karyotype. (B) Nonrecurrent structural chromosomal aberrations in a primary tumor (top row), cell line (moto1.1; bottom
row, left), and lung metastasis (bottom row, middle and right). (C) High-resolution aCGH on 14 MOTO OSA tumors and 3 moto cell lines. Data
plotted are the aberration frequency across the autosomal chromosomes; chromosomes X and Y are not shown. Red bars indicate copy number
gains; green bars indicate copy number losses. Each numbered segment along the x axis defines a block of data, corresponding to the indicated
autosomal chromosome. (D) Integrative DNA-RNA analysis of sample-matched OSA shows concurrent deletion/underexpression of Prkaria at
11gE1 or (E) focal amplification/overexpression of Prkaca at 8qC3. Top and middle panels contain frequency plots for CNAs and representative
aCGH probe level aberration plots for the enlarged regions in question. Bottom panels show heat maps for the expression of genes within each
region normalized to WT bone (black arrows indicate Prkar1a and Prkaca). Colored rectangles in D and E indicate the type of PKA CNA for each
sample (green indicates Prkar1a deletion; red indicates Prkaca amplification; and gray indicates no PKA subunit gene CNA).
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was mapped to chromosome 14qE2-4 (Supplemental Figure 6).
This promoter drives Cre expression in osteoblasts (40), resulting
in deletion of the floxed 2nd exon of Prkarla (AOB). Exon 2 con-
tains the initiator ATG codon and is thus required for transla-
tion. We confirmed exon 2 deletion using PCR and found it to be
bone specific (Figure 5, A and B). Strikingly, none of the MOTO
mice heterozygous for Prkarla (n = 14; Prkar1a”°%*/MOTO"*
mice) survived past 5 weeks of age due to advanced OSA (Fig-
ure 5C), often in spine, which resulted in impaired mobility and
paralysis. These mice exhibited multi-ostotic tumors in long and
flat bones, including the skull, vertebrae, ribs, and tibia (Figure
5D, middle and bottom), but did not develop metastases at this
early age. Littermates from control cohorts (Cola(I)Cre*/MOTO*
and Prkarla*©®* mice) showed no gross skeletal lesions at this
age (Figure 5, E and F). Furthermore, a temporal analysis of
early lesion formation undertaken on MOTO mice using micro-
CT revealed only minor bone aberrations at 6 weeks, marginal
increases in trabecular bone mass and microscopic preneoplastic
lesions at 12 weeks, and osteolytic tumors by 18 weeks of age (Fig-
ure 5, G-I). Overall, the failure of Prkarla*°¥+*/MOTO" mice to
survive past 5 weeks of age strongly contrasted with the control
cohorts, which did not succumb to OSA until approximately 22
weeks of age (Figure SC; P < 0.0001). Additionally, aCGH analysis
of Prkar1a*°®*/MOTO" tumors (n = 5) failed to indicate further
deletions at 11qE1, suggesting Prkarla loss of heterozygosity did
not occur during tumorigenesis (data not shown).

Histological analyses of lesions were conducted across experi-
mental and control cohorts. OSAs in 5-week-old Prkarla®©s+/
MOTO" mice were similar to those observed in MOTO mice that
were more than 20 weeks old (Figure 6A and Supplemental Fig-
ure 2, I-P) and expressed alkaline phosphatase (Supplemental
Figure 2Q). Judged using qPCR, TAg expression was comparable
among all MOTO" genotypes (Figure 6B). We next determined
whether targeted Prkarla heterozygosity drives RANKL tran-
scription during tumorigenesis. RANKL was elevated in 3- to
4-week-old bones and overexpressed in tumors of Prkarla*0%*/
MOTO" mice compared with those of MOTO" and WT con-
trols (Figure 6C). Cell lines derived from Prkar1a*°®*/MOTO*
tumors also overexpressed RANKL at a level on par with that of
moto2.1 cells (Figure 6C). Furthermore, we found that RANKL
was highly elevated in the serum of Prkar14*°%*/MOTO" mice
(Figure 6D), as has been reported in a study of human OSA
patients (41). Using Western blotting, we observed high levels of
phospho-CREB in 7 individual Prkar1a°8*/MOTO" tumor cell
lines (Figure 6E); moreover, this was seen in Prkarla*°%*/MOTO*
tumors and occasionally in tumors from control MOTO mice,
consistent with our original hypothesis of a PKA* OSA subset
in this model (Figure 6F). Phospho-CREB could be detected by
immunostaining in Prkarla’®%"* bones, and was abundant in
Prkar1a°%*/MOTO" tumors, but was absent in 3-week-old WT
and MOTO bones (Figure 6G). To directly test the effects of
Prkarla heterozygosity on PKA activity, we used adenovirus to
express Cre/GFP or GFP alone in primary osteoblasts cultured
from Prkarla* bones (Figure 6H). We found the loss of a single
Prkarla allele to be capable of inducing an increase in PKA activ-
ity, indicating haploinsufficiency in the control of PKA signaling
in osteoblasts (Figure 6I). Together, these experiments establish
Prkarla as a tumor suppressor in OSA. Deregulation of PKA sig-
nalling due to the loss of a single allele of this critical regulatory
subunit causes RANKL overexpression.
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Osteoblast-specific loss of Prkarla initiates bone tumors independent
of TAg. Prkar1a*°%* mice lacking the MOTO transgene were next
followed over a longer period. We observed tumors at locations
across the skeleton in all mice examined, showing Prkarla hetero-
zygosity to be capable of bone tumor initiation independent of
T antigen (Figure 7, A and B). Previously Pavel et al. reported osteo-
blastic neoplasia in the tails of mice bearing full-body Prkarla
heterozygosity (42). We found homozygous osteoblastic deletion
of this gene in Prkarla®°?/4%8 mice to be postnatally lethal within
24 hours (our unpublished observations). In Prkarla®°®/* mice,
tumors could be detected by 10 weeks of age, with most mice having
atumor of at least of 2-mm diameter by 40 weeks (Figure 7, B and C).
These lesions grew slowly, with 25% of mice bearing 8-mm tumors
by 50 weeks of age. Without exception, Prkarla*°* mice devel-
oped tumors located in bone and did not develop metastases. The
lesions were not typical OSAs, in that they did not appear to be
composed of malignant osteoblasts depositing osteoid. Rather,
the lesions consisted of an enlarged marrow space filled with
abundant myxoid matrix, containing small fibroblast-like cells
surrounded by trabecular-like bone, lined by plump, reactive, but
otherwise normal osteoblasts in addition to regions with abundant
osteoclasts (Figure 7D, left). Interestingly, myxomatous matrix was
also present in some regions of the marrow in Prkar1a*°%*/MOTO
mice. In Prkar1a®°®/* mice, the bone within and around the lesions
was normal in appearance and contained osteocytes but seemed to
be undergoing extensive remodeling (Figure 7D, right), perhaps in
response to the expanding myxoid matrix filling the marrow cav-
ity. Consistent with our findings of elevated phospho-CREB and
RANKL overexpression in MOTO PKA* and Prkar1a”°®*/MOTO
tumors, Prkar1a®©®* tumors also had high phospho-CREB (Fig-
ure 6, F and G) and RANKL expression (Figure 7E). Furthermore,
TRAP immunohistochemistry showed the presence of abundant
osteoclasts in tumors from all genotypes (Figure 7F). Measurement
of TRAP in the serum by ELISA indicated a significant increase
in osteoclasts in MOTO mice compared with their WT controls,
both at 12 and 18 weeks of age (Figure 7G). This was also noted in
young S-week-old tumor-bearing Prkar1a®°%*/MOTO mice as well
as aged Prkar1a*©%/* 30-week-old mice.

Loss of PKA R1oinstructs spontaneous OSA subclass development. We
tested the directive capacity of Prkarla alterations, during spon-
taneous subclass development in our mouse model, specifically
whether Prkarla loss in osteoblasts generates tumors with the
transcriptional characteristics of the PKA* subclass. An expression
signature was obtained by comparing MOTO PKA* to PKA- OSAs
(508 genes, 5% FDR; Supplemental Table 4) and used in an unsu-
pervised analysis of Prkar1a*°%*/MOTO" tumors (n = 4) profiled by
microarray. K-means clustering predicted these tumors to be PKA*.
Similarly, principal component analysis separated Prkarla*©%"/
MOTO" OSAs from PKA™ along the first principle component axis
(72.7% variance explained) and grouped them with PKA* tumors
(Figure 8A). Hierarchical clustering mirrored these results and
showed Prkar14*°8*/MOTO" tumors to display a similar recip-
rocal pattern of gene expression to that of PKA* samples (Figure
8B). Thus, the loss of Prkarla induces a broad transcriptional shift
during tumorigenesis, resulting in the formation of a molecularly
defined OSA subclass.

We next investigated whether a similar human OSA subset could
be exposed by examining the features of tumors with low levels
of PRKARIA expression, using a recently published microarray
data set (n = 34 pretreatment OSAs reported in ref. 43) and
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Figure 4

A molecularly defined mouse OSA subclass exhibiting RANKL overexpression. (A) PKA* and PKA- mouse OSAs show equivalent histological
characteristics. Shown are H&E-stained end stage tumors from MOTO mice of more than 20 weeks of age in the PKA- (top) and PKA* (bot-
tom) groups. Scale bars: 50 um. (B) Unsupervised analysis using the cAMP/PKA/skeletal gene set for 13 MOTO OSA tumors highlights distinct
subclass representing PKA CNAs (green indicates Prkar1a deletion; red indicates Prkaca amplification; and gray indicates no PKA CNA). (C)
Three-way overlap of overexpressed or underexpressed genes in the PKA*, PKA-MOTO OSA, and the cAMP/PKA/skeletal gene set. (D) gPCR of
RANKL and OPG RNA in WT bone and 13 MOTO tumors (colored rectangles are same as in B). (E) Western blots and (F) gPCR of the indicated
molecules in the 7F2-OSB and moto cell lines. (G) Western blots of total and phospho-CREB protein in cells treated with (+) or without (—) 1.5 mM
cAMP for 30 minutes, and gPCR shows the effect of 8-hour cAMP treatment on RANKL and OPG. (H) Effect of 30 minutes 25 uM Forskolin/40 uM
IBMX with or without 30 uM H89 treatment on phospho-CREB levels and on the expression of RANKL and OPG. Endogenous actin or GAPDH
serve as protein loading controls. All analyses were performed in triplicate on 3 separate occasions; the hairline divider indicates samples run on
the same blot. *P < 0.05 and **P < 0.01 indicate significance relative to 7F2-OSB or to untreated control. Data are represented as mean + SEM.
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Figure 5

Prkarila heterozygosity accel-
erates OSA development. (A)
Genomic PCR showing bone-spe-
cific Cre-mediated Prkaria exon 2
deletion (AEx2) in tissues from a
Prkar1a298/+/MOTO- mouse and
(B) in normal and tumor-bearing
mouse tissues (sample 1, no tem-
plate control [NTC]; 2, WT femur;
3, Prkar1a298+/MOTO* lung; 4,
Prkar1a208+/MOTO+* spleen; 5,
Prkar1afx+/Cola(l)Cre- femur; 6,
Prkar1aflox/+/Cola(l)Cre-/MOTO+
femur; 7-9, Prkar1a298+/MOTO*
femur, skull tumor, and tibial
tumor, respectively. S. intestine,
small intestine; Sk. muscle, skel-
etal muscle. (C) Kaplan-Meier
plot of age to morbidity for the
indicated control and experimen-
tal cohorts. Full-body skeleton
CT scans of 3- to 4-week-old
(D) Prkar1at98+/MOTO+, (E)
MOTO*, and (F) Prkar1a’0B/+
mice. Tumor-bearing bones of
Prkar1a208+/MOTO* mouse in
D are shown at higher magni-
fication in middle panels (skull,
humerus, scapula, rib, spine, and
femur/tibia), with matching maxi-
mum intensity projections shown
in bottom panels. (G) Radio-
graph of tibia of a 12-week-old
mouse with abnormal growths
(punctate densities), with corre-
sponding H&E-stained sections
(H) showing benign osteomas.
Scale bars: 1 mm (top); 150 um
(middle); 50 um (bottom). (I)
Micro-CT images of femurs in
6- to 18-week-old mice. Images
through the sagittal plane (top)
reveal anomalous thickening of
trabeculae and/or cortex (arrow-
heads) at 6 weeks of age and
progressively more radiodense
regions (arrowheads) at 12 and 18
weeks. 3D reconstructions of 18-
week-old WT and MOTO (right)
femurs show a parosteal tumor
(arrow) with destroyed underlying
cortex. Arrows indicate lesions
throughout.

additional tumors (n = 20) generated by our group. Chemothera-  to expression quartiles for PRKARIA and PRKACA (Figure 9A), and
peutic response data was available for 44 patients (responders, <2%  the response to therapy was compared among patients with PRKA-
tumor remaining after chemotherapy; nonresponders, >2% tumor  RIA-low OSA (Q1; » = 14) and others (Q2-4; n = 40). Notably, the
remaining after chemotherapy). Samples were annotated according  likelihood of responding to chemotherapy was significantly great-
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er in patients with PRKARIA-low tumors, using 2-tailed Fisher’s
exact test (P = 0.0305; odds ratio, 6.1; 95% CI, 1.340-28.07); simi-
larly, median dichotomization of patients according to PRKARIA
expression showed the likelihood of responding to chemo-
therapy to be 4.9-times higher for those with PRKARIA-low OSA
(P=0.0305;95% CI, 1.324-18.21). Conversely, tumors that respond-
ed to chemotherapy showed significantly lower PRKARIA expression
(P = 0.0106; Figure 9B). Analysis of overall patient survival and
PRKARIA expression did not indicate a correlation.

To examine whether human PRKARIA-low tumors are tran-
scriptionally distinct from other OSAs, an unsupervised analysis
was performed using orthologs for the cAMP/PKA/skeletal gene
set. This distinguished a cluster dominated by PRKARIA-low
tumors (Figure 9C) but not PRKACA-low or -high tumors. Addi-
tionally, annotation of the samples with expression quartiles for
the other 5 PKA subunit genes did not reveal further associations
(Supplemental Figure 7). We also asked whether human PRKA-
RIA-low and mouse PKA* tumors possess similar indicators of
PKA pathway alteration. Expression signatures for human PRKA-
RIA-low and mouse PKA* OSA (including Prkarla*°%*/MOTO*
mice) were generated, yielding upregulated/downregulated genes
(humans, 3,226 upregulated/2,115 downregulated genes; mice,
563 upregulated/668 downregulated genes; 5% FDR), and ana-
lyzed for enrichment in gene ontology (GO) terms within the
cAMP/PKA/skeletal gene set. Signatures in both species were
enriched for genes functioning in “positive regulation and activa-
tion of adenylate cyclases” and “G protein signaling coupled to
cAMP” (Supplemental Table 5; P < 0.05) but not negative regu-
lation of these processes. The upregulated genes for the mouse
and human subsets also displayed parallels for a broader set of
enriched functional gene sets (Supplemental Table 6), with down-
regulated genes showing more functional diversity across species
(Supplemental Table 7). In this human OSA data set, RANKL
was overexpressed in PRKARIA-low tumors, but this overexpres-
sion was not limited to samples in this quartile, unlike in MOTO
mice in which RANKL overexpression was largely restricted to the
PKA* subtype. It is possible that other mechanisms are involved in
inducing RANKL overexpression in human OSA, outside of the
PRKARI1A-low subset. Wnt and Hh (hedgehog) signaling control
RANKL expression, the latter through PTHrP (44), offering mul-
tiple avenues for RANKL induction in addition to PKA deregula-
tion; Wnt inhibitory factor 1 was recently found to be epigeneti-
cally silenced in human OSA, and its loss accelerates development
of radiation-induced OSA in mice (45). These analyses raise the
possibility that low levels of PRKARIA expression associate with
a molecularly distinct subset of human OSA. Additionally, the
clinical behavior of these tumors is suggestive of fundamental
biological differences from other OSAs.

Discussion
Here we model human OSA in a genetically engineered mouse and
use an iterative approach to identify tumor subtypes and patho-
genetically relevant genes in OSA. A subclass of OSA arises in the
MOTO model that exhibits recurrent deletions at 11qE1, target-
ing Prkarla, PKA signaling deregulation, and RANKL overexpres-
sion. Heterozygous loss of Prkarla directs subclass formation and
radically accelerates OSA development, exposing it to be a tumor
suppressor in this cancer. Guided by these findings, we uncovered
evidence for a PRKARIA-low molecular subclass of human OSA,
with distinct clinical behavior.

3318
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PKA signaling in osteoblasts is the canonical pathway for PTH
regulation of bone turnover, and of the 4 PKA regulatory subunits,
only PRKARIA is essential for development and cAMP regulation
(46). PKA regulatory subunits are differentially expressed across tis-
sues, with RIa and RIIa being ubiquitous and R1f and RIIf show-
ing a more restricted pattern (46). As a component of type I PKA,
Rlais linked to the control of cell proliferation and neoplastic trans-
formation (47). In emerging data related to catalytic PKA subunits,
combined deletion of Co. with RIow was recently shown to result in
a shift to type II PKA signalling (48). In our study we found Prkaca
amplification in one OSA, and the role of this catalytic subunit
requires further investigation. In spite of supporting evidence from
human genetics, a role for PRKARIA in bone tumorigenesis is only
beginning to be recognized. Germline PRKARIA mutations cause
the Carney Complex (49), an autosomal dominant multiple neo-
plasia syndrome that occasionally features osteochondromyxomas
(50); consistently, aged Prkarla*”~ mice develop benign osteoblastic
lesions of the tail vertebrae (42). In Prkarla®°®* mice, we observed
an expanded skeletal cumor distribution to that reported for germ-
line Prkarla*/- and compound Prkarla*/-Prkaca™- mice (42, 48);
indeed we found tumors to arise across the skeleton, including
both long and flat bones, and tumors were not restricted to the tail
asis seen in Prkarla*/- mice. During characterization of Prkar1a’/+
mice, we observed a lack of Cre-mediated Prkarla recombination
in cartilage, indicating that chondrocytes are not affected; nota-
bly, the myxomatous tumors that developed in Prkarla*°%* mice
did not show a cartilaginous component, as has been recently
reported in the osteochondromyxomas that develop in Prkarla*/-
Prkaca*/- mice. Consistent with the dramatic acceleration of OSA
development we observed in Prkar1a*°%*/MOTO mice, Almeida et
al. recently described generally increased tumorigenesis in Trp53+/-
and Rb1*/- mice when combined with Prkarla heterozygosity (51);
here, Trp53*/-Prkarla*/- mice developed significantly more OSAs.
In human OSA, the observed correlation of low levels of PRKAR1A
expression and good response to chemotherapy may suggest these
tumors to be highly proliferative. There is some evidence suggesting
that highly proliferative OSA tumors may be better targeted by the
chemotherapeutics used in this cancer (52). Though we observed
tumors in MOTO/Prkar1a*°®* mice to be fast growing, this may
be reflective of a high proliferation index, decreased cell death, or
increased bone turnover, and therefore additional work will be
required to explore this relationship. Furthermore, an important
next question is whether correlations are found between p53/Rb
status and PKA pathway activation via possible PRKARIA altera-
tions in human OSA. Interestingly, postzygotic GNASI mutations
in McCune-Albright syndrome patients lead to uncontrolled cAMP
signaling, causing polyostotic fibrous dysplasias (53), and the devel-
opment of OSAs in these patients have been noted (54, 55). Our
demonstration that loss of Prkarla drives malignant OSA tumori-
genesis unifies these observations in skeletal biology and disease.

Given the many targets of PKA signaling, we looked to bone
biology in our search for critical oncogenic effectors of PKA
deregulation during OSA development. By restricting our analy-
sis to a tissue-associated gene set, RANKL emerged as a promis-
ing candidate. Other regulators of RANKL expression in osteo-
blasts include Wnt and Hh, the latter by controlling PTH-related
peptide expression (44). In bone, RANKL signals through RANK,
a receptor expressed by osteoclasts. The RANKL/OPG/RANK
triad constitutes a system that functionally couples osteo-
blasts and osteoclasts, the 2 major bone cell types (56). RANK
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Figure 6

Deregulated PKA signaling drives RANKL overexpression during OSA development. (A) H&E staining of (left) OSA in Prkar1a2°8+/MOTO* tibia
and (right) tumor-free femur from age-matched MOTO* mouse. (B) gPCR of SV40 TAg in samples from 3- to 4-week-old mice. (C) gPCR of RANKL
RNA in bone samples of 3- to 4-week-old MOTO* and Prkar1a2°8+/MOTO* mice and tumor cell lines from Prkar1a208+/MOTO* mice (rib, 8R1 and
17R2; skull, 17S1), moto2.1, and control MC-3T3 and 7F2-OSB cells. (D) Serum RANKL analysis by ELISA in 3- to 4-week-old mice of indicated
genotypes. F, femur; R, rib; T, tibia; Tumors, rib and tibia. (B—D) Numbers identify the same individual mice across panels. (E) Western blots show-
ing total and phospho-CREB protein in cell lines derived from Prkar1a°8+/MOTO* bone tumors and MC3T3 cells and (F) tumors from the indicated
genotypes. Endogenous actin was used as protein loading control. (G) Phospho-CREB immunostaining of femurs of control mice of the indicated
genotypes (WT, Prkar1a298+ and MOTO* mice), and a skull tumor from a Prkar1a2°5+/MOTO* mouse. Arrows highlight cells with low phospho-
CREB staining; strong staining appears in the tumor. (H) Genomic PCR for CRE-mediated floxed exon 2 deletion in primary osteoblast cultures
from Prkar1a®+ mouse bones treated with recombinant adenoviral CRE-GFP or control GFP expression construct. (I) PKA activity from Adeno-
Cre/GFP- or GFP-treated primary osteoblasts cultured from Prkar1a®+ bones was measured either in the absence of exogenous cAMP (free PKA
activity) or in the presence of 25 uM cAMP (total PKA). Scale bars: 150 um (A); 50 um (A, insets, and G). Data are represented as mean + SEM.
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Figure 7

Bone tumorigenesis resulting from conditional heterozygous osteoblastic Prkara loss in mice. (A) Full-body CT scan of a 33.6-week-old
Prkar1a298+ mouse with bone tumors in the femur, spine, tail, and metatarsals (arrowheads). (B) The frequency and size of bone tumors occur-
ring at the indicated skeletal sites are plotted for 282 lesions measured from x-ray radiographic images from a group of 25 Prkar1a4%8+ mice at
11-71 weeks of age. The majority are lesions in the vertebrae of the tail and spine, with the largest occurring in the femurs and pelvis. Each dot
represents an individual bone tumor. (C) A Kaplan-Meier plot represents the percentage of mice whose largest tumor was greater than 2 mm in
diameter (black line) or 8 mm in diameter (red line). (D) H&E (left) and Masson’s trichrome (right) staining of a paraffin sections of a femur tumor
from a 49.1-week-old Prkar1a205/+ mouse. (E) gPCR of RANKL RNA in bone tumor samples from indicated skeletal sites from 58.4- and 74.6-
week-old Prkar1a298+ mice and a WT control. Data are represented as mean + SEM. (F) TRAP histochemical stains of a 22.4-week-old MOTO*
rib tumor (left), a 3.7-week-old Prkar1a98+/MOTO* tibia tumor (middle), and 49.1-week-old Pkrar1a2©5/+ femur tumor (right) show abundant
osteoclasts. (G) ELISA for osteoclast-derived TRAPC-5b in the serum of mice of indicated genotype and age. Each dot represents an individual
mouse, and horizontal lines in each column represent the median. Scale bars: 150 um (D); 50 um (D, insets, and F).

expression in the bone is normally restricted to preosteoclasts
and osteoclasts, which depend on osteoblast-derived RANKL for
their differentiation and activation (56). Indeed, RANKL is an
essential regulator of osteoclast differentiation, and Tnfsf117/-
mice are severely osteopetrotic, due to a lack of osteoclasts (57).
RANKL is highly expressed in OSA (33), and functional RANK
expression has been reported in human primary OSA and cell
lines (58). In the current study, RANKL overexpression was
found to be driven by deregulated PKA signaling in vitro and in
vivo, both in OSAs and benign myxomatous bone tumors. The

3320 The Journal of Clinical Investigation
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intermittent or continuous stimulation of osteoblasts with PTH
through the PKA pathway differentially induces an anabolic or
catabolic effect (59), and interestingly, OSA lesions are observed
to be osteolytic and osteoid depositing (60). RANKL is emerg-
ing as a promising target in bone disease, and specific agents for
this molecule are approaching the clinic (61). Our data support
its investigation as a tractable target in OSA therapeutics down-
stream of deregulated osteoblastic cAAMP/PKA signaling.

Major strides are being made to address human cancer diver-
sity. Efforts are aimed at identifying molecular subclasses using
Volume 120
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Prkar1a heterozygosity instructs a widespread transcriptional shift during spontaneous tumorigenesis. (A) Principle component analysis (PCA)
and (B) hierarchical clustering of PKA*, PKA-, and Prkar1a08+/MOTO* tumors, using a 508 gene-training signature. All Prkar1a08+/MOTO*

mice were 3.4-4.7 weeks of age.

genome-wide profiling (2, 3) as exemplified by the 5 breast
cancer subtypes, matching mouse models to subclasses with-
in human histopathological groups (9, 10), and the develop-
ment of mouse models that are predictive of chemotherapeutic
response in patients (1). On the other hand, the cancer heteroge-
neity inherent to mice is just beginning to be explored; this was
examined in mammary tumor models, suggesting a claudin-low
subtype in breast cancer (9) as well as in the Ey-myc model of
B cell lymphoma (62). We took advantage of heterogeneity
among tumors in the MOTO model, as part of an iterative
approach to expose concealed molecular phenotypes and their
respective driver genes in OSA. We show that histologically simi-
lar but molecularly distinct tumor subclasses can be identified in
mice on the basis of their association with recurrent mutations
such as gene deletion. Pinpointing Prkarla allowed us to evaluate
it as a candidate driver gene based on its capacity to potentiate
tumor formation as well as to cause a broad transcriptional shift
during spontaneous tumorigenesis toward that of tumors with
11qE1 deletion. This demonstrates that tumor subclass forma-
tion in mice can be experimentally directed through early intro-
duction of key alterations. Importantly, mouse subclasses can
potentially inform the stratification of cognate human tumors,
offering leads at the level of a single driver gene or its pathway.
We propose that tumor subsets exist within many mouse models
and may be sought for this purpose.

Methods

Construct. A 2.7-kb sequence consisting of SV40 T/t antigen and a poly-
adenylation signal (a gift of U. Riither, Heinrich Heine University, Diis-
seldorf, Germany) was cloned downstream of the 1.3-kb murine osteo-
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calcin promoter (OG2; a gift of G. Karsenty, College of Physicians and
Surgeons, Columbia University, New York, USA) by introducing Sall and
EcoRlI sites at the 5" and 3" ends using PCR. The 4-kb KpnI-EcoRI frag-
ment was microinjected into fertilized zygotes of FVB mice. PCR screen-
ing of offspring yielded 3 founders, which were used to generate the inde-
pendent lines MOTO-1, MOTO-2,and MOTO-3. The PCR primers, OG2,
5'-GCAATCACCAACCACAGCATC-3', OCN, 5'-GGAGAAGACACA-
CAAGGTCAGGTAA-3', and TAg, 5'-TTCCCCCAGGCACTCCTTTC-3/,
were used for genotyping and generating a 575-bp band for a WT osteo-
calcin sequence and a 315-bp band for the transgene. MOTO mice are
maintained in a pure FVB background.

Mouse lines and tissue. MOTO mice were monitored weekly for tumor
development and sacrificed upon signs of distress due to tumor and/or
metastatic burden, impaired motility arising from spine or skull tumors,
or feeding complications due to mandible tumors. Prkarla’/* mice (39)
and Cola1(I)Cre mice (40), both in FVB, were crossed with MOTO mice
and studied as heterozygotes for Prkarla. Survival statistics were calcu-
lated using the log-rank test. Mouse tissues were fixed in formalin or 4%
paraformaldehyde and paraffin embedded for histology. Midline longi-
tudinal 5-um sections of long bones were H&E stained and analyzed for
bone lesions. Antibodies for immunohistochemistry included alkaline
phosphatase (R&D Systems), phospho(ser133)-CREB (Cell Signaling
Technology), and SV40 TAg (BD Pharmingen).

MOTO mice and Collo(I)Cre mice are in the FVB background.
Prkarla'/'* mice obtained from L.S. Kirschner have been crossed
into the FVB background. Mice were bred by setting up the follow-
ing breeding pairs: Prkarla’/*/MOTO"/Colo(I)Cre- males were bred
with Prkarla'*/MOTO-/Cola(I)Cre* females; Prkarla'¥/»/MOTO-/
Colo(I)Cre- females were bred with Prkarla”*/MOTO*/Colo(I)Cre*
males; and occasionally Prkarla'/*/MOTO"/Cola(I)Cre" females were
Volume 120 3321
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Evidence for a molecularly distinct PRKAR1A-low subset of human OSA. (A) PRKAR1A expression in 54 human OSAs, ranked low to high,
with the lowest and highest 25% indicated. Response to chemotherapy is indicated by colored blocks. (B) The normalized expression level of
PRKAR1A was compared between responders and nonresponders. Boxes depict IQR; lines within represent the median; whiskers denote maxi-
mum and minimum values. (C) Unsupervised analysis of human OSAs using hierarchical clustering. The cAMP/PKA/skeletal gene set (human
orthologs) was used and samples were annotated according to low or high expression of PRKAR1A and PRKACA (below heat map).

bred with Prkarla¥/MOTO"/Cola(I)Cre- males. The proper Mende-
lian ratios were obtained, with Prkarla'¥'/Cola(I)Cre" mice dying 1
day postnatally. The Cre-mediated Prkarla exon 2 deletion PCR assay
and Prkarla¥"* mouse genotyping were accomplished using the fol-

lowing primers: lox2B, GCAGGCGAGCTATTAGTTTA; lox1B, CAAGC-
TAGCTTGGCTGGACGTA; and lox4, CATCCATCTCCTATCCCCTTT.
All animal experiments were approved by the Animal Care Committee
of the Ontario Cancer Institute.
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Cell culture. Primary mouse bone tumors were minced and plated in
a low volume of media to generate OSA cell lines. These were main-
tained in DMEM media. Alkaline phosphatase immunostaining was
performed using a Leukocyte Alkaline Phosphatase Kit (86C, Sigma-
Aldrich). Mouse osteoblastic cells (7F2, MC-3T3) were obtained from
ATCC (CRL-12557 and CRL-2593).

Imaging. For micro-CT imaging, formalin-fixed whole-mouse carcasses
were placed in a GE Locus Ultra Micro-CT (GE Medical Systems) and subject-
ed to a 16-second Anatomical Scan Protocol (total of 680 images) at 80 kV,
70 mA, using a 0.15-mm Cu Filter, to achieve approximately 150 micron
resolution. For micro-CT imaging, fixed mouse femurs were immobilized
in agarose. Specimens were scanned at 29 wm for 2 hours using a micro-CT
scanner (GE eXplore Locus SP, GE Healthcare). Seven hundred and twenty
views were acquired through 360-degree rotation with the x-ray source
at 80 kVp and 80 uA. 3D micro-CT data were reconstructed at 58-um
resolution using the Feldkamp algorithm.

For second harmonic generation microscopy, images were generated
for bone, lung, and liver from tumor-bearing mice using an 840-nm Cha-
meleon Titanium-Sapphire mode-locked femtosecond laser and a Zeiss
LSM 510 META NLO inverted laser scanning microscope. Bandpass fil-
ters of 430/75 (for SHG) and 525/50 (for tissue autofluorescence), in tan-
dem with a long-pass 490-nm dichroic mirror, were used to capture the
2-color images of dual SHG and multiphoton tissue autofluorescence.
Images were recorded, at identical laser intensities and photomultiplier
tube gains, as a z stack of multiple individual x-y images at differing focal
planes. These z stacks were subjected to average intensity projection and
2-channel intensity adjustment.

For x-ray imaging, live isoflurane-anesthetized mice were imaged using
a MX-20 Radiography System (Faxitron X-ray Corp.) set at 24 kV, with a
4-second exposure time. Multiple images per mouse in 2 orientations were
analyzed using Specimen DR version 3.2.2 software (Faxitron X-ray Corp.)
to generate length (/), width (w), and height (h) measurements (in mm) for
the diameter of each lesion, and tumor volume was estimated as the vol-
ume of an ellipsoid (4/37 x [ x w x b) where [, w, and b are radii. Thirty-five
x-ray images were analyzed for 25 Prkar14*°%* mice, with ages from 11 to
71 weeks of age; 282 lesions were measured. Kaplan-Meier curves were gen-
erated by assessing the age by which the largest tumor per mouse per time
point imaged achieved a volume greater than 4.2 mm? or 268.1 mm?3, cor-
responding to tumors having diameters of 2 mm and 8 mm, respectively.

qPCR analysis, Western blotting, and ELISA. Total RNA was prepared from
MOTO bones (flushed to remove bone marrow, flash frozen, and pulver-
ized) or cell lines using TRIzoL (Invitrogen). RNA purity was confirmed
using a NanoDrop Spectrophotometer (Thermo Scientific). One ug of
RNA was reversed-transcribed and subjected to qPCR (AACt), using an
ABIPRISM 7900HT Sequence Detection System (Applied Biosystems) and
TagMan gene expression assay mix containing unlabeled PCR primers and
FAM-labeled TagMan MGB probes. Primers and probes are listed in Supple-
mental Methods (Supplemental Table 8). All raw data were analyzed using
Sequence Detection System software version 2.1 (Applied Biosystems). The
threshold cycle (Cr) values were used to calculate relative RNA expression
levels. Values were normalized to endogenous 18S transcripts. Tissues and
cell lines were processed for Western blotting using standard procedures.
The antibodies used for Western blotting were as follows: mouse Prkaca,
CREB, phospho(ser133)-CREB (Cell Signaling Technology Inc.), Prkarla
(Abcam Inc.), Opg (R&D Systems), and SV40 TAg (BD Pharmingen). Blots
were reprobed with an HRP-conjugated B-actin antibody (Santa Cruz Bio-
technology Inc.) to confirm protein loading. The SuperSignal West Pico
Chemiluminescent Substrate system (Pierce Biotechnology Inc.) was used
to visualize antibody bound antigen. For studies examining PKA signal-
ing, motol.2 and 7F2-OSB cells (1.2 x 10° cells/6-well plate) were cultured
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in complete media containing 1.5 mM 8-bromo-cAMP for 30 minutes.
Motol.2 cells were serum starved and treated with H89, Forskolin, and
IBMX (Sigma-Aldrich). To determine association of SV40 TAg with p53
or Rb1 protein, agarose-conjugated monoclonal antibodies against p53 or
Rb1 (Santa Cruz Biotechnology Inc.) were used. Immunoprecipitates were
separated on PAGE gels, followed by immunoblotting for SV40 T antigen.
IP confirmation was assessed by reprobing for Rb1 and p53, respectively.
ELISA serum RANKL levels were measured using the commercial Quanti-
kine precoated mouse RANKL ELISA kit (catalog MTR00, R&D Systems).

Copy number and transcriptional analysis. Genomic DNA from mouse
tumors, cell lines, and pooled WT FVB tissue controls were extracted using
phenol chloroform, treated with RNase A (Invitrogen) for 1 hour at 37°C,
and profiled on Agilent 105K oligonucleotide CGH arrays at The Centre
for Applied Genomics. The MOTO model is maintained in the pure FVB
background, and aCGH control DNA was derived from littermate tails
to minimize natural intrastrain genomic copy number variation. Mouse
tumors, cell lines, and flushed normal bone total RNA was extracted using
TRIzoL (Invitrogen), analyzed for integrity using the Agilent Bioanalyzer
(Agilent Technologies), and profiled on Agilent Mouse Whole-Genome
4x44K arrays at the University Health Network Microarray Centre.

Cytogenetics and transgene mapping. Fluorescence probe labelling and
transgenic mapping by sequential G-banding to FISH were performed by
The Centre for Applied Genomics. G-banding was performed using stan-
dard techniques. DNA isolated from BAC clones used as control probes
was obtained from The Centre for Applied Genomics and directly labelled
with SpectrumGreen-dUTP according to kit specifications. DNA isolated
from OG2-SV40 Tag construct plasmid and Cre plasmids (a gift from Vuk
Stambolic) were used as test probes and directly labelled with Spectru-
mOrange-dUTP according to kit specifications. FISH was carried out as
previously described (63) on metaphase chromosomes using OG2-SV40
Tag and Puro-Cre test probes. For each experiment, the first FISH for
each test probe was performed to identify the transgene insertion site by
G-banding, and the second FISH for each test probe was cohybridized
with a control probe to confirm the identity of the chromosome with
transgene insertion. A minimum of 5 metaphases were examined per
experiment using a MetaSystems Axioplan2 microscope and an Applied
Spectral Imaging Olympus BX61 microscope, and images were captured
using Isis and FISHView software, respectively.

Adenoviral infection and kinase activity assay. Mouse bone-derived cells
were cultured from femurs and tibias of Prkar1a*°%* mice and treated
with recombinant CRE/GFP or GFP adenoviral particles (Vector Biolabs)
overnight at an MOI of 50. Forty-eight hours later, GFP expression was
examined using fluorescence microscopy. PKA activity in osteoblast cul-
tures was assessed using the PepTag nonradioactive cAMP-dependent
protein kinase assay (Promega), following the manufacturer’s instruc-
tions. Briefly, cells were washed twice with ice-cold PBS, and fresh protein
lysates were harvested from stably GFP- or Cre-infected Prkarla’r//os
osteoblasts, using a 25 mM Tris-HCI pH 7.4 extraction buffer contain-
ing EDTA (0.5 mM), EGTA (0.5 mM), f-mercaptoethanol (10 mM), leu-
peptin (1 ug/ml), aprotinin (1 ug/ml), and PMSF (0.5 mM). Lysates were
homogenized on ice using a Dounce homogenizer and centrifuged for 5
minutes at 14,000 gat 4°C, and the supernatant was removed and quan-
tified using a BCA protein assay kit (Pierce). Two micrograms of Pep-
Tag Al Peptide were incubated with 2 pg protein lysate in a final volume
of 25 ul for 30 minutes at room temperature alone, in the presence of
10 ug/ml PKI, 25 uM cAMP (8-(4-chlorophenylthio)adenosine 3',5'-cyclic
monophosphate sodium salt; Sigma-Aldrich), or PKI (Promega) and
cAMP. The reactions were stopped by heating to 95°C for 10 minutes.
The samples were separated on a 0.8% agarose gel at 100 V for 25 minutes.
Phosphorylated peptide migrated toward the cathode (+), while non-
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phosphorylated peptide migrated toward the anode (-). The gel was pho-
tographed on a transilluminator, and active free PKA (-cAMP), compared
with total PKA (+cAMP), was determined by analyzing phosphorylated
bands using Image] software (http://rsbweb.nih.gov/ij/).

TRACP 5b ELISA. TRACP 5b was measured in mouse serum using a solid-
phase immunofixed enzyme activity assay (MouseTRAP; Immuno Diag-
nostic Systems). Briefly, mouse blood serum, TRACP 5b standards, and
controls were incubated with a polyclonal antibody against mouse TRACP
5b bound to anti-rabbit IgG-coated microtiter wells. After washing, bound
TRACP 5b activity was determined with a chromogenic substrate, and the
absorbance of the reaction was determined using a microplate reader mea-
suring at 405 nm.

TRAP histochemical staining. Four percent paraformaldehyde or ten per-
cent formalin-fixed bone tissues were decalcified with Immunocal (Decal
Chemical Corp.), sectioned at 5 wm, and stained using the Leukocyte Acid
Phosphatase (TRAP) kit (Sigma-Aldrich).

Statistics. Details on aCGH and gene expression data analyses are pro-
vided in Supplemental Methods. Survival analysis was conducted using
the log-rank test. For relating molecular data to the clinical phenotype,
Fisher’s exact test was used. For integrative gene copy number/expression
analysis, Spearman’s rank correlation was used. Differential gene expres-
sion signatures were generated using Welsh’s ¢ test, and the Benjamini and

Hochberg approach for control of FDR was adopted for gene-wise multiple
testing adjustments. Statistical criteria for identification of differentially
expressed genes were FDR-adjusted P values of less than 0.05, and for other
tests a P value of less than 0.05 was considered significant. Gene enrich-
ment was examined using the hypergeometric test or EASE analysis.
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