
Loss of Prkar1a leads to Bcl-2 family protein induction
and cachexia in mice
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Loss of function mutations in the Prkar1a gene are the cause of most cases of Carney complex disorder. Defects in Prkar1a are
thought to cause hyper-activation of PKA signalling, which drives neoplastic transformation, and Prkar1a is therefore
considered to be a tumour suppressor. Here we show that loss of Prkar1a in genetically modified mice caused transcriptional
activation of several proapoptotic Bcl-2 family members and thereby caused cell death. Interestingly, combined loss of Bim and
Prkar1a increased colony formation of fibroblasts in culture and promoted their growth as tumours in immune-deficient mice.
Apart from inducing apoptosis, systemic deletion of Prkar1a caused cachexia with muscle loss, macrophage activation and
increased lipolysis as well as serum triglyceride levels. Loss of single allele of Prkar1a did not enhance tumour development in a
skin cancer model, but surprisingly, when combined with the loss of Bim, caused a significant delay in tumorigenesis and this
was associated with upregulation of other BH3-only proteins, PUMA and NOXA. These results show that loss of Prkar1a can only
promote tumorigenesis when Prkar1a-mediated apoptosis is somehow countered.
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Carney complex (CNC), a rare disorder with fewer than 750
affected individuals identified worldwide since 1985, is an
inheritable autosomal dominant condition characterized by
spotty skin pigmentation (lentiginosis and epithelioid blue
naevus), cardiac and other myxomas, endocrine tumours
(Cushing syndrome) and psammomatous melanotic schwan-
nomas.1 CNC patients have substantially decreased life-span
with B60% of deaths due to heart-related morbidities and the
remainder due to post-operative complications or malignant
disease.2 Carney complex disease shares similarities with the
McCune–Albright syndrome (MAS), particularly paradoxical
responses to endocrine signals; accordingly, mutations of
genes involved in cyclic nucleotide (e.g., cAMP, cGMP)
mediated signalling are implicated in both syndromes.3

Notably, two thirds of patients with Carney complex
syndrome have heterozygous mutations in the Prkar1a gene
(chromosome 17q24), which encodes the regulatory subunit
RIa (PRKAR1a) of cAMP-dependent protein kinase A (PKA).
PRKAR1a protein insufficiency leads to lack of regulation with
consequent overactivation of the PKA signalling pathway.
More than 117 mutations in the Prkar1a gene have been
found to cause Carney complex. Most of these mutations
result in premature stop codons leading to a complete loss of
the PRKAR1a protein.4 There are also descriptions of CNC
cases in which splice site mutations cause exon 6 skipping
with consequent expression of an abnormally shortened
PRKAR1a protein that can be detected in leukocytes and
tumours. These data suggest that haploinsufficiency, not only
its complete loss, can cause abnormally increased PKA

activity leading to tumorigenesis in CNC patients.5 How the
loss or deficiency in PRKAR1a causes tumour development in
CNC remains unclear. Haploinsufficiency of Prkar1a with
consequent imbalance in the ratio between PRKAR1a to
PRKARIIb (R2beta regulatory subunit of PKA) was proposed
to cause tumour development in some cases.6 Increased PKA
activity increases extracellular receptor kinase (ERK1/2)
mitogen-activated protein kinase (MAPK) pathway signal-
ling.7,8 This causes an increase in the levels of the
transcription factors c-MYC and c-FOS. Notably, PRKAR1a
deficiency also promotes activation of cyclin D1, Cdk4 and
E2F1, which all drive cell cycle progression.9,10

Although increased PKA activity was shown to enhance
cellular proliferation, there is also emerging evidence that it
can also restrain cell growth, for example, by promoting
apoptotic cell death. Findings from our laboratory and others
revealed that increased PKA activity caused transcriptional
induction as well as posttranslational stabilization of the
proapoptotic BH3-only protein BIM.11–13 Moreover, PKA
activation has been shown to promote differentiation and
block proliferation in certain cell lines.14–17 Increased PKA
activity has also been reported to cause cardiomyocyte
apoptosis, thereby leading to cardiomyopathy.18 It has been
proposed that PKA agonists may be useful agents for the
treatment of leukaemia,19 based on the notion that increased
PKA activity can trigger apoptosis. Therefore, Prkar1a
mutation driven cancers would be expected to develop
only if they sustained additional mutations or epigenetic
changes (e.g., those that cause a reduction in Bim levels)
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that inhibit apoptosis. In the present study, we tested this
hypothesis by investigating the functional interactions
between Bim and loss of Prkar1a on tumorigenesis, using
both allograft as well as orthotopic mouse models. Our data
show that loss of Prkar1a leads to apoptosis in diverse cell
types and cachexia and that this is associated with upregula-
tion of several proapoptotic BCL-2 family members. This
indicates that tumorigenesis driven by mutations in Prkar1a
require acquisition of abnormalities that block apoptosis.

Results

Prkar1a deletion resulted in increased Bim expression,
increased apoptosis and reduced clonogenic survival in
MEFs. Conventional Cre recombinase-mediated deletion of
‘floxed’ Prkar1a alleles caused widespread attenuation of the
PKA signal pathway in many tissues. This was observed with
lentivirally or retrovirally introduced CRE as well as tissue
specifically expressed Cre transgenes, such as the T cell-
specific LCK-Cre or the B cell-specific CD19-Cre trans-
genes.20 However, use of an inducible Cre recombinase

(CRE-ERT2, a fusion protein of CRE with the oestrogen
receptor) could circumvent this problem.20 This recombinase
is latent because it is sequestered in the cytoplasm by
HSP90. Addition of tamoxifen causes release of CRE-ERT2

from HSP90, allowing it to enter the nucleus where it will
recombine floxed target genes, such as Prkar1a in our study.
We intercrossed ROSA-CreERT2 (B6.129-Gt(ROSA)26-
Sortm1(cre/ERT2)Tyj/J) mice21 with Bim� /� and Prkar1afl/fl

mice to obtain MEFs of the following genotypes:
ROSA-CreERtg/tg;wt, ROSA-CreEtg/tg;Prkar1afl/fl and ROSA-
CreERtg/tg;Prkar1afl/fl;Bim� /� all bearing the ROSA-
CreERT2 transgene. Treating the ROSA-CreERT2;Prkar1afl/fl

MEFs with 2 mM 4-hydroxytamoxifen (4-OHT) led to near
complete loss of Prkar1a protein within 72 h (Figure 1a).
Quantitative PCR (qPCR) confirmed efficient deletion of the
Prkar1a ‘floxed ’ alleles (Figure 1b). The qPCR analysis also
showed that Nur77, a firmly established downstream
transcriptional target of PKA, was upregulated upon Prkar1a
deletion (Figure 1b). Recovery of cells from 4-OHT was not
necessary as seen by the p-PKA substrate levels in the
western blot (Figure 1a). There was also a marked increase

Figure 1 CRE-ERT2-mediated deletion of Prkar1a caused an increase in PKA activation and apoptosis in MEFs. (a) Western blot and (b) qPCR analyses to determine the
impact of Prkar1a deletion on PKA activation and expression of Bim. p-PKA-sub is a substrate of PKA. Nur77 is a gene that is activated by PKA. (c and d) Clonogenic survival
of MEFs after Prkar1a deletion. Error bars±S.E.M., n¼ 3, two-tailed t-tests. ***P¼ 1.2E� 4; *P¼ 0.02, #P¼ 0.0016
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in BIM protein and Bim mRNA levels (Figure 1a and
Supplementary Figure S1a), but we failed to see a significant
induction of PUMA protein or Puma mRNA in these MEFs
(Figure 1a and Supplementary Figure S1b). This was not due
to the loss of p53 function because of the expression of SV40
T-antigen that was used to immortalize these cells as primary
MEFs (with p53 function) also failed to show Puma
upregulation in response to Prkar1a deletion (data not
shown). Interestingly, inducible loss of Prkar1a in MEFs
caused a significant reduction in their clonogenic survival, but
this could be rescued completely by constitutive loss of Bim
(Figures 1c and d). Indeed in the absence of Bim, increased
PKA activity (caused by deletion of Prkar1a) augmented
colony formation of MEFs significantly above that seen for
control MEFs (i.e. no deletion of Prkar1a and no loss of Bim;
Figures 1c and d). We also observed a change in Bim
phosphorylation in Prkar1a-deleted MEFs, which could be
reversed by the PKA inhibitor H-89 (Supplementary Figure
S1c). However, the contribution of Bim protein stabilization11

to apoptosis in these MEFs is yet to be determined.
Collectively, these data show that inducible deletion of

Prkar1a triggers apoptosis and consequently reduced colony
formation in MEFs by causing an upregulation of Bim
expression.

Combined loss of Prkar1a and Bim promoted tumour
growth by MEFs in immune-deficient mice. PRKAR1a
deficiency is known to increase the expression of cyclin D1,
Cdk4 and E2F1, which all promote cell cycle progression.9

We hypothesized that this tumour-promoting activity of
Prkar1a loss is countered by its ability to also increase the
propensity of cells to undergo apoptosis (due to induction of
Bim). Since Bim� /� - Prkar1a � /� MEFs formed significantly
more colonies in culture compared with Prkar1a � /� MEFs,
we wondered whether loss of Prkar1a and loss of Bim could
cooperate to promote tumour development in vivo. We
examined this by injecting immunodeficient athymic nude
mice subcutaneously (s.c.) with Wt, Prkar1a fl/fl, Prkar1a � /� ,
Bim� /� ; Prkar1a fl/fl or Bim� /;Prkar1a � /� MEFs. Although
MEFs in which Prkar1a had been deleted failed to form
tumours in nude mice, combined loss of Prkar1a and Bim
rapidly caused readily detectable subcutaneous tumours in
100% recipients (750 mm3 in approximately four weeks when
the mice had to be culled according to ethics guidelines;
Figures 2a and b). As additional controls, none of the nude
mice injected with Wt, Prkar1afl/fl or Bim� /� MEFs developed
tumours. This demonstrates that cells must lose both
PRKAR1a and BIM to be able to grow as tumours in vivo.
Interestingly, cells from the tumours formed by
Bim� /� ; Prkar1a� /� MEFs exhibited increased H2AX
phosphorylation (g-H2AX staining) compared with the same
cells maintained in culture (Figures 2c and d). This indicates
that these cells may exhibit genomic instability in vivo, which
may drive their oncogenic transformation.22,23 Collectively,
these results demonstrate that loss of Prkar1a cooperates
with loss of Bim in tumour development, at least in MEFs.

Prkar1a deletion leads to PKA activation, increased
Bim and Puma expression and consequent apoptosis
in several mouse tissues. Next, we examined the

consequences of loss of Prkar1a in non-transformed cells
within the whole animal. Loss of Prkar1a in all cells from
conception causes embryonic lethality.24 We therefore
intercrossed Prkar1a fl/fl and Bim� /� ;Prkar1afl/fl mice with
ROSA-CreERT2 transgenic mice to generate ROSA-
CreERT2;Prkar1afl/þ , ROSA-CreERT2;Prkar1afl/fl, ROSA-
CreERT2;Bim� /� ;Prkar1afl/þ and ROSA-CreERT2;Prkar1afl/fl;
Bim� /� mice. In the ROSA-CreERT2;Prkar1afl/þand
ROSA-CreERT2;Prkar1afl/fl mice, a single intraperitoneal
(i.p.) injection of tamoxifen (40 mg/kg) was sufficient to
achieve near complete deletion of the ‘floxed ’ Prkar1a
alleles, as verified by qPCR and digital PCR analyses
(Figure 3a and Supplementary Figure S2). Deletion of either
one or both Prkar1a alleles resulted in increased PKA
activation as demonstrated by increased phospho-PKA
substrate levels in various tissues, including heart, liver, lung
and spleen (Figures 3b and c). This was accompanied by
increases in the proapoptotic BH3-only proteins BIM and
PUMA (Figures 3b and c). The largest increase in BIM levels
was observed in the liver, presumably due to the fact that this
is the site of tamoxifen metabolism and hence Prkar1afl/fl

alleles are deleted most efficiently. In the spleen, there was
only a minor increase in BIMEL levels but a marked increase
in the smaller isoforms BIML and BIMS (Figures 3b and c). In
ROSA-CreERT2;Prkar1afl/fl;Bim � /� mice, induced deletion
of Prkar1a caused a marked increase in the levels of PUMA
as seen by the western blot analysis, whereas, as expected,
BIM was not detectable (Figures 3b and c, second panel).
The reason for this increased upregulation of PUMA is not
understood but it is possible that the loss of BIM allows the
cells to cope with increased amounts of PUMA elicited by
induced Prkar1a deletion.

TUNEL staining showed significant increases in apoptosis
in several tissues from tamoxifen-injected ROSA-
CreERT2;Prkar1afl/fl mice compared with tissues from control
animals (Figures 4a and b). This cell death was significantly,
albeit not completely, reduced by loss of Bim (in tamoxifen-
injected ROSA-CreERT2; Prkar1a fl/fl;Bim � /� mice).
Although loss of Bim could almost completely abrogate
Prkar1a deletion-induced cell death in the spleen and liver,
other tissues such as kidney and heart from tamoxifen-
injected ROSA-CreERT2;Prkar1afl/fl;Bim� /� mice still con-
tained significantly more dying cells compared with control
animals (Figure 4b). This can probably be attributed to the
substantial increase in Puma levels observed in these tissues
after Prkar1a deletion (Figure 3).

Prkar1a deletion causes weight loss and cachexia in
mice. Administration of tamoxifen at 40 mg/kg body weight
for three consecutive days to ROSA-CreERT2;Prkar1afl/fl

and even ROSA-CreERT2;Prkar1afl/fl;Bim � /� mice led to
rapid weight loss and death on the fourth day. Injection of a
single dose of tamoxifen (40 mg/kg body weight) caused
mosaic loss of Prkar1a floxed alleles but not immediate
lethality (Supplementary Figure S2). Mice treated in this
manner exhibited characteristic symptoms of cachexia,
including delayed responsiveness, low physical activity,
scruffy fur, pilo-erection and darkening of dorsal hair. These
mice lost 15–20% of their body weight within a week of
tamoxifen administration (Figure 4c) and therefore had to be
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culled for ethical reasons. Macrophage activation is often
associated with the onset of cachexia.25 We examined
whether this was the case in these animals by using a
quenched activity-based probe (LE28) against legumain, a
lysosomal cysteine protease that is highly expressed in
activated macrophages.26 Tail vein injection of LE28
showed substantially increased legumain activity in Prkar1a-
deleted mice compared with control animals, suggesting
increased macrophage activation (Figure 5a). However, this
activation was not intrinsic to macrophages as a result of
Prkar1a deletion. The bone marrow-derived macrophages
from ROSA-CreERT2;Prkar1afl/fl mice treated with 4-OHT in
culture failed to secrete any pro-inflammatory cytokines
compared with the same macrophages treated with LPS
(Supplementary Figure S3c). The legumain staining seen in
the ROSA-CreERT2 control mouse (ventral view, Figure 5a)
was a consequence of the probe being cleared by the bladder.
It is noteworthy that the kidney has a high basal level of
legumain activity. These results were further corroborated by
imaging and western blot analysis of various tissues
(Supplementary Figure S3b). The cachexia in the Prkar1a-
deleted mice was also characterized by atrophy of Tibialis
anterior and depletion of subscapular and epididymal fat

deposits (Figure 5b). Consistent with increased lipolysis in
cachexia,27 we found increased phosphor-HSL (hormone-
stimulated lipase) levels in adipose tissues and increased
free triglycerides in the sera from the Prkar1a-deleted mice
(Figures 5c and d). Upon Prkar1a deletion, all mice under-
went rapid weight loss and muscle wasting. Loss of Bim did
have a protective effect in several organs of these animals.
For example, loss of Bim substantially reduced the splenic
and thymic atrophy caused by induced loss of Prkar1a
demonstrating that Bim is critical for the death of lymphoid
cells elicited by elevated PKA signalling. However, loss of
Bim did not afford substantial protection in other affected
tissues, such as the heart and kidney. This indicates that
other BH3-only proteins, probably PUMA, have a more
important role (either alone or overlapping with BIM) in these
organs (Figures 4b and c and Supplementary Figures S4a
and b). Accordingly, western blot and qPCR analyses
showed that Puma expression levels were substantially
upregulated in the liver and spleen of tamoxifen-injected
ROSA-CreERT2;PRKAR1Afl/fl mice (Supplementary Figures
S4c and d). To further understand the role of PUMA in
this apoptosis pathway, we generated bone marrow-
derived factor-dependent myeloid cells (FDMs)28 from

Figure 2 Combined deletion of Bim and Prkar1a promoted tumour growth by MEFs in immunodeficient BALB/c-nude mice with 100% penetrance. (a) Bim� /� ;
Prkar1a � /� MEF grow as tumours in immunodeficient BALB/c-nude mice. Arrowheads indicate the site where MEFs were injected. (b) Summary of tumour growth by
injected MEFs of the indicated genotypes. (c and d) Analysis of g-H2AX levels in MEF-derived tumours as determined by western blotting or FACS. Error bars±S.D., n¼ 12
for each genotype

Prkar1a deletion induces cachexia in mice
L Gangoda et al

4

Cell Death and Differentiation



ROSA-CreERT2;Prkar1afl/fl;Bim � /� mice. These cells were
infected with lentiviruses expressing either Puma-specific
shRNA or control shRNA (Supplementary Figure S5b, inset).
Treating the parental cells or cells with control shRNA with
4-OHT led to a significant induction of caspase 3 activation
and apoptosis at 72 h post treatment (Supplementary Figures
S5a, b and c). However, this effect was significantly reduced
in cells expressing Puma-specific shRNA confirming the role
of PUMA in this apoptosis process.

Loss of one allele of Prkar1a does not enhance
carcinogen-induced tumour. Patients with CNC (caused
by Prkar1a deficiency) develop skin lesions, myxomas,
collagenomas and fibromas.2,29 Therefore, we examined
whether Prkar1a deficiency could elicit benign, noninflam-
matory skin lesions. We investigated this by using a two-
stage protocol, involving a single topical application of 7,12-
dimethylbenz(a)anthracene (DMBA), which causes mutation
of the Hras oncogene in keratinocytes with high frequency.30

This was followed by repeated applications of 12-O-
tetradecanoylphorbol-13-acetate (TPA), an inducer of cell

proliferation that promotes the formation of papillomas.31

Notably, activation of the H-Ras signalling pathway has been
implicated in excessive cell proliferation caused by Prkar1a
haploinsufficiency in human patients.7,32 We used ROSA-
CreERT2;Prkar1a fl/þ for this experiment because ROSA-
CreERT2;Prkar1afl/fl injected with tamoxifen died within a
week due to cachexia. ROSA-CreERT2, ROSA-
CreERT2;Bim� /� , ROSA-CreERT2;Prkar1a fl/þ and ROSA-
CreERT2;Prkar1a fl/þ ;Bim� /� mice (n¼ 6 in each genotype)
were injected with tamoxifen (40 mg/kg for three consecutive
days) followed by a single topical application of DMBA. This
was followed by weekly topical application of TPA and the
mice were observed for a period of 30 weeks for skin lesions.
As shown in Figure 6a, there was no significant difference
between ROSA-CreERT2 (control), ROSA-CreERT2;Bim� /�

and ROSA-CreERT2;Prkar1afl/þ mice with respect to the rate
and incidence of skin tumour development. Contrary to
expectations, tumour development was significantly
(Po0.001) delayed in ROSA-CreERT2;Prkar1afl/þ ;Bim� /�

mice. ROSA-CreERT2; Prkar1afl/þ ;Bim� /� and ROSA-
CreERT2;Prkar1afl/fl;Bim� /� tissues (including heart, liver,

Figure 3 Inducible systemic deletion of Prkar1a caused an increase in Bim and Puma expression in several tissues. (a) Mice were injected subcutaneously (s.c.) with
tamoxifen and 7 days later spleen and liver samples were analysed by qPCR and (b and c) western blot analyses for the expression of BIM and PUMA in various tissues of
mice in different genotypes as indicated. Error bars±S.E.M., n¼ 3, two-tailed t-tests. ***Po0.001
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lung and spleen) had elevated levels of PUMA (Figure 3 and
Supplementary Figure S4c and d). Consistent with this,
western blot and mRNA analyses revealed that single-copy
Prkar1a deletion led to a significant increase in Puma (and
Noxa by RNA analysis) levels in skin in the absence of Bim
(Figures 6b and c). These results confirm the role of
proapoptotic proteins BIM and PUMA in Prkar1a deletion-
mediated tumorigenesis.

Discussion

Although the symptoms of CNC are highly variable, endocrine
hyperactivity and skin lesions are common and usually
associated with deregulated PKA activity. This increased
PKA activity is attributed to Prkar1a haploinsufficiency.2

Various mouse models have been developed to study CNC
disease. Constitutive homozygous deletion of Prkar1a from
conception causes embryonic lethality. Hence, most studies
on PRKAR1a function relied on Cre-based conditional
deletion of floxed Prkar1a alleles. A compounding factor in

these previous studies is the use of a constitutively active Cre
recombinase, which was found to lead to global attenuation of
PKA activity.20 Other studies, such as osteocalcin-driven
SV40 T-antigen expression in osteoclasts implicated Prkar1a
as a tumour suppressor.33 In contrast, another report
identified Prkar1a as a weak tumour promoter,9 and our
previous work revealed that increased PKA activity can elicit
apoptosis, consistent with the notion that PRKAR1a may
promote tumorigenesis.11,12,34 We therefore hypothesized
that Prkar1a loss or haploinsufficiency on its own would not be
sufficient to promote tumour development. Tumorigenesis
does not result from a single oncogenic mutation but is driven
by a series of oncogenic lesions, each conferring some growth
advantage. In the context of tumorigenesis driven by
deregulated PKA activity, overcoming apoptosis appears to
be a crucial and limiting event, as increased PKA activity
causes increased expression of proapoptotic BH3-only
proteins, such as BIM and PUMA. We examined this
hypothesis by crossing Prkar1a fl/fl mice with Bim� /� mice
and deleting the ‘floxed’ allele by using the conditional

Figure 4 Induced deletion of Prkar1a caused apoptosis in several tissues. (a) Representative TUNEL staining of histological sections of the indicated organs from mice of
the indicated genotypes 7 days after tamoxifen injection. Arrowheads indicate TUNEL-positive cells (b) Quantitation of TUNEL-positive cells in the indicated organs from the
mice of the indicated genotypes. (c) Prkar1a gene deletion led to acute weight loss and death. Body weight measurement of mice of each genotype on the indicated days after
injection with tamoxifen. Mice with 15% reduction in body weight had to be killed for ethical reasons (n¼ 6; three males and three females for each genotype). Error
bars±S.D., *P¼ 0.0039, **P¼ 0.37, ***P¼ 0.000008, ****P¼ 0.0043
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ROSA-Cre-ERT2 transgene (which, unlike several of the
conventional Cre transgenes does not impact on PKA
activity).20

Interestingly, loss of Prkar1a cooperated with loss of Bim in
the transformation of MEFs in culture (clonogenic assay) and
their ability to grow as tumours in immunodeficient mice. This
can be explained by the observation that increased PKA (due
to loss of Prkar1a) activity causes induction of several cell
cycle promoters, such as cyclin D1, Cdk4 and E2F1,9,10 but
also augments expression of proapoptotic BH3-only proteins,
most notably BIM. Thus, loss of Bim overcomes this restraint
of neoplastic transformation that is activated as a safeguard
when PKA activity is deregulated. This is reminiscent of the
processes involved in tumorigenesis driven by deregulated
c-MYC expression, whereby c-MYC enhances cellular meta-
bolism, growth and proliferation but also predisposes cells to

undergo apoptosis, particularly when growth conditions (e.g.,
availability of growth factors) are suboptimal.35 Accordingly,
deregulated c-MYC expression cooperates in tumorigenesis
potently with defects in apoptosis, such as BCL-2 over-
expression36 or, similar to the situation with deregulated PKA
activity, loss of Bim.37

Perhaps surprisingly, induced loss of Prkar1a within the
whole mouse did not cause tumour development. First,
TUNEL staining revealed that deletion of Prkar1a caused
substantial apoptosis in several tissues. Constitutive loss of
Bim could inhibit this apoptosis in the thymus and spleen. This
is consistent with our previous finding that activation of PKA by
b-AR agonists in fetal thymic organ cultures caused Bim
induction and BIM-mediated apoptosis.12 In the present
study, loss of Bim had only limited impact on the induction of
apoptosis in several non-hematopoietic tissues, including the

Figure 5 Induced systemic deletion of Prkar1a caused cachexia in mice. (a) Imaging of mice undergoing cachexia with legumain (LE28) staining. In the ventral view, the
control (ROSA-CreERT2) mouse also shows fluorescence in the bladder due to the clearance of the dye by the renal system. (b) Images of mice from the indicated genotypes
showing loss of Tibialis anterior and subscapular and epididymal fat. (c) Western blot analysis of extracts of white adipose tissue from mice of the indicated genotypes 5 days after
tamoxifen administration to determine the levels of activated hormone-induced lipase (p-HSL) and (d) serum triglyceride levels in mice measured (n¼ 7 for each genotype)
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heart, liver and kidneys. This indicates that other proapoptotic
proteins, either on their own or in combination with Bim, might
mediate this cell death. Notably, deletion of Prkar1a alone or
together with constitutive loss of Bim resulted in substantial
increases in Puma levels in these tissues. Hence, Puma might
have a critical role in the cell death induced by Prkar1a
deletion in these tissues. It is, however, also possible that
other proapoptotic BH3-only proteins, such as NOXA, might
have a role in this cell loss. The generation of mice with
inducible deletion of Prkar1a that are deficient for Puma, Bim
and Noxa may resolve some of these questions.

Interestingly, inducible deletion of Prkar1a caused acute
weight loss, cachexia and death, and this could not be
impeded by loss of Bim. Again, this might (at least in part) be
due to increased expression of Puma/Noxa, thereby causing
apoptosis of critical cell types in diverse tissues. The weight
loss could be attributed to abnormally increased lipolysis, due
to the fact that PKA activation causes phosphorylation and
consequent activation of hormone-stimulated lipase (HSL).38

This was evident from the loss of subscapular and epididymal
fat deposits, serum triglyceride levels and in the level of p-HSL

in the adipose tissues of ROSA-CreERtg/tg;Prkar1afl/fl

and ROSA-CreERtg/tg;Prkar1afl/fl;BIM� /� mice injected with
tamoxifen (Figure 5). This lipolysis could occur irrespective of
the Bim status. The increased macrophage activity revealed by
legumain staining may reflect clearance of apoptotic cells.

In the chemically induced carcinogenesis model, constitu-
tive loss of one Prkar1a allele did not accelerate the rate of
tumour development. Curiously, constitutive loss of Bim
substantially delayed the onset and severity of tumour
development. Again, this might be attributed to increased
Puma and Noxa expression as seen in the western blot and
mRNA analysis of skin samples. We had previously reported
that PKA activation leads to CREB-binding protein (CBP)-
mediated induction of Bim (Lee et al.,12). CBP is also a
transcriptional cofactor for p5339 and hence might upregulate
the expression of p53 target genes, such as Puma and Noxa.
Therefore, it is conceivable that Prkar1a deletion leads to
increased expression of Puma and Noxa in the skin tissues
and that constitutive loss of Bim enables the cells to cope with
increased levels of these proapoptotic BH3-only proteins.
Notwithstanding the unexpected result, this underscores the

Figure 6 Prkar1a deletion did not promote carcinogen-induced tumorigenesis in mice. (a) Kaplan–Meier curve for tumour-free survival after the administration of DMBA
and TPA. (b) Western blot analysis of skin tissues 5 days post administration of tamoxifen to determine the levels of BIM and PUMA. In each western blot, spleen extracts from
wild-type, Bim� /� or Puma� /� mice were used to demonstrate antibody specificity. (c) RNA copy measurement from skin samples 5 days post tamoxifen treatment by
digital droplet PCR. Error bars±S.E.M., n¼ 3
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importance of BCL-2 family proteins in Prkar1a deletion-
induced neoplasia and warrants further investigation.

The present study demonstrates unexpectedly that Prkar1a
deletion activates a tumour-suppressive process by causing
increased expression of proapoptotic BH3-only proteins. This
goes against the currently prevailing opinion in the field that
mutations in Prkar1a cause cancer. A possible explanation for
this discrepancy might be that in the human tumours, the loss
of function mutations in Prkar1a are accompanied by
presently unknown mutations or epigenetic changes that
counter the apoptosis that is driven by the excess PKA
activation. Another question is why was no apoptosis
observed in the previous studies of mouse models of Carney
complex, where precise genetic mutations were intro-
duced?40 It might be relevant that these models all relied on
the use of conventional Cre transgenic strains, which may
have resulted in the dampening of PKA activity below the
threshold needed for inducing apoptosis.

In conclusion, our studies reveal that inducible deletion of
Prkar1a causes increased activation of PKA, but this does not
promote tumorigenesis but rather triggers apoptosis in many
tissues, severe weight loss and cachexia.

Materials and Methods
Animal experiments. All animal experiments were conducted according to
guidelines of the La Trobe University Animal Ethics committee. The origins and
genotyping protocols of the Bim� /� ,41 Puma� /� ,42 and Prkar1afl/fl mice43 have
been described. ROSA-CreERT2 mice were a kind gift from Professor Tyler Jacks,
MIT. The tumorigenicity of MEF lines was determined by measuring their ability to
form tumours when injected subcutaneously into 6–8-week-old immunodeficient
athymic nude mice on a BALB/c background. Each mouse was given an injection
of 1� 106 MEFs in 100ml PBS using 25-gauge needles. Tumour size was
measured daily along the longest axis (l) and at 901 (W) using digital callipers.
Tumour volume was calculated with the formula ½(W2� l). The time for tumour
formation was defined as the time required for a tumour to reach a diameter of
5 mm. Mice had to be sacrificed for ethical reasons when the tumours had grown
to a volume of 750 mm3 or after 12 weeks of monitoring.

Antibodies and other reagents. BIM monoclonal antibodies (mAb 3C5)
have been described.44 HSP70 mAbs were a kind gift from Professor Robyn
Anderson (Peter McCallum Cancer Institute, Melbourne). Antibodies to Gamma
H2AX (Cat# ab-11174, Abcam, Cambridge, MA, USA), PRKAR1a (Cat# 610609,
BD Biosciences, North Ryde, NSW, Australia); PKA substrate (Cat# 9621,
Cell Signalling, Cambridge, MA, USA), PUMA (Cat#P4618, Sigma-Aldrich, St.
Louis, MO, USA), HSL (Cat# 4107S, Cell Signalling); anti-legumain (Cat# AF2058,
R&D Systems, Minneapolis, MN, USA) and phosphorylated HSL (Cat# 4126S,
Cell Signalling) were purchased from the indicated vendors. 7,12-dimethylben-
z[a]anthracene (DMBA) and TPA were purchased from Sigma (Castle Hill, NSW,
Australia; Cat# D3254 and P1585, respectively).

Generation of FDMs and Puma shRNA knockdown. Factor-
dependent myeloid (FDM) cells from ROSA-CreERT2, Prka1afl/fl, Bim� /� mice
were generated by immortalization with HoxB8 in the presence of high
concentrations of IL-3 as described before.28 These cells were infected with
lentiviruses encoding mouse Puma shRNA or control shRNA on pLKO.1 vector
backbone (Clone ID: TRCN0000009710, Open Biosystems, GE Healthcare,
Rydalmere, NSW, Australia). The infected cells were selected on 0.4mg/ml
puromycin.

TUNEL staining of tissue sections. Tissues were fixed in HistoChoice
tissue fixative (Cat# H2904-1L, Sigma) overnight. Fixed tissues were processed
using Leica (Leica Biosystem, Melbourne, VIC, Australia) bench top tissue
processor. After processing, the tissues were paraffin embedded and cut into 5mm
sections using Leica Microtome. Tissue sections were mounted on superfrost
microscope slides and used for hematoxylin and eosin staining (H&E stain) or

Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL). Before
staining, the paraffin sections were de-waxed and treated with 20 mg/ml
proteinase K. Endogenous peroxidase activity of tissues was blocked by
treatment with 10% H2O2 in methanol. For each section 50ml of TUNEL reaction
mix was prepared as follows: Bio dUTP (0.3 nmol/ml, Cat# 1093070, Roche,
Indianapolis, IN, USA), CoCl2 (25 mM), 5� TdT buffer (Cat# M189A, Promega,
Alexandria, NSW, Australia). TdT (25 U/ml, Cat# M187A, Promega) in a total
volume of 50ml. Sections were incubated in TUNEL reaction mix for 1 h at 37 1C
(Cat# M187A, Promega). TUNEL reaction mix without terminal deoxynucleotide
transferase (TdT from Promega, Cat# M187A) was used as a negative control for
each section. After several washes in PBS, sections were incubated with ABC
reagent (Vectastain Elite ABC Kit, Cat# PK-61000, Vector labs, Cambridgeshire,
UK) for 30 min at R.T. Following several washes in PBS, the sections
were incubated in DAB peroxidase substrate mixture for 5 min.
The sections were washed in tap water, counterstained and mounted in DPX
mounting medium (TCS Biosciences, Buckingham, UK) before observing under
the microscope.

Assessing Legumain activity in mice and tissues. Age-matched
mice were injected with LE28 (20 nmol in 20% DMSO/PBS, B2 mg/kg). An hour
later, mice were humanely killed and the skin was removed. The mice were then
imaged for Cy5 fluorescence using the IVIS Lumina system. Tissues were
harvested, imaged ex vivo, and then sonicated in hypotonic lysis buffer (50 mM
PIPES (pH 7.4), 10 mM KCl, 5 mM KCl2, 2 mM EDTA, 4 mM DTT, and 1% NP-40).
Supernatants were collected after centrifugation and total protein concentration
was determined by BCA assay. Lysates were solubilized by adding 4� sample
buffer, and 100mg protein was resolved by SDS-PAGE. The gel was then
scanned using a Typhoon (GE Healthcare) flatbed laser scanner (excitation
633 nm/emission 670 nm). Proteins were then transferred to nitrocellulose
membrane to blot for total legumain expression (R&D sheep anti-mouse legumain
AF2058) and HSP70 for loading control.

Serum triglyceride analysis. Blood from mice was collected into K2EDTA
anti-coagulant containing tubes. The tubes were centrifuged at 1000 r.p.m. for
5 min to separate the plasma. Triglyceride levels in the plasma were measured
using Triglyceride Quantification Kit (Cat# ab65336, Abcam) following manufac-
turer’s instructions.

Gene expression analysis. Total RNA was isolated using TRIZOL
(Cat#15596-026, Invitrogen, Carlsbad, CA, USA). Complementary DNA (cDNA)
was synthesized from 2.5mg of total RNA using the Superscript III RT-PCR
system (Cat# 18080-051 Invitrogen). cDNA samples were tested in triplicate either
on a Light cycler 480 Real-time PCR instrument (Roche) using Sybr Green master
mix (Cat# 4367659, Life Technologies, Melbourne, VIC, Australia) or on a QX200
Droplet Digital System using EvaGreen ddPCR Supermix (Bio-Rad, Gladesville,
NSW, Australia). Following primer pairs were used for each gene: Bim (F): 50-G
AGTTGTGACAAGTCAACACAAACC-30; Bim (R): 50-GAAGATAAAGCGTAACA
GTTGTAAGATA-30; Nur77 (F): 50-CCTGTTGCTAGAGTCTGCCTTC-30; Nur77
(R): 50-CAATCCAATCACCAAAGCCACG-30; Puma (F): 50-ATGCCTGCCTC
ACCTTCATCT-30; Puma (R): 50-AGCACAGGATTCACAGTCTGGA-30; Noxa (F):
50-ACTGTGGTTCTGGCGCAGAT-30; Noxa (R): 50-TTGAGCACACTCGTCCTTCAA-
30; Prkar1a (F): 50-ATGGCGTCTGGCAGTATGGCA-30 Prkar1a (R) 50-GATGCCGG
TTTTCTGTAGACA-30; 18s rRNA (F): 50-CCGCTCCCAAGATCCAACTA-30 and 18s
rRNA (R): 50-TTGGAGGGCAAGTCTGGTG-30.

Statistical analysis. Paired, two-tailed Student’s t-test was used to
determine the statistical significance in all experiments except for the Kaplan–
Meier survival analysis (Figure 6) where Person’s w2 test was used.
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