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Abstract

Carney Complex (CNC) is an inherited tumor predisposition associated with pituitary tumors,
including GH-producing pituitary adenomas and rare reports of prolactinomas. This disease is
caused by mutations in PRKAR1A, which encodes the type 1A regulatory subunit of the cAMP-
dependent Protein Kinase, PKA. Loss of PRKAR1A causes enhanced PKA signaling, which leads
to pituitary tumorigenesis. Mutations in the gene have not been detected in sporadic pituitary
tumors, but there is some data to suggest that non-genomic mechanisms may cause loss of protein
expression. Unlike CNC patients, mice heterozygous for Prkarla mutations do not develop
pituitary tumors, although complete knockout of the gene in the Pitl lineage of the pituitary
produces GH-secreting pituitary adenomas. These data indicate that complete loss of Prkarla/
PRKAR1A is able to cause pituitary tumors in mice and men. The pattern of tumors is likely
related to the signaling pathways employed in specific pituitary cell types.
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CARNEY COMPLEX AND PRKAR1A

Phenotype and Genetics of the Carney Complex

Carney Complex (CNC) is an autosomal dominant endocrine neoplasia syndrome
characterized by spotty skin pigmentation, myxomas, endocrine overactivity, and
schwannomas [1-2]. Skin lesions are present in the large majority of CNC patients, with
centrofacial lentiginosis being the most common manifestation, although blue nevi and other
skin findings may also be present. These findings are benign and do not require any
intervention, although the inability to differentiate them from other pigmented skin lesions
may require biopsy and/or excision to allow adequate pathologic characterization. Myxomas
are present in over 50% of CNC patients, and can be located anywhere within the body.
Cardiac myxomas are the most concerning manifestation of the disease, and require urgent
resection before catastrophic complications due to embolism are seen. Cardiac myxomas are
the most common cause of mortality in this disease, either from the tumors themselves, or
from complications of surgical removal [2]. Myxomas can also be found elsewhere in the
body where they are generally not medical issues, unless they occur in unusual places such
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as on the eyelid or in the ear canal where they cause problems from mass effect or from
diagnostic uncertainty due to confusion with other types of tumors (e.g., breast myxomas vs.
breast cancers). Endocrine overactivity in CNC is another important source of morbidity,
and is observed in anywhere from 33% of patients upward. Endocrine manifestations
include adrenal Cushing syndrome due to a specific pathology known as primary pigmented
nodular adrenocortical disease (PPNAD), pituitary tumors (discussed in detail below),
thyroid nodules/cancer, and gonadal tumors in both men and women. Pigmented
schwannomas are also seen, and may become malignant in this disease. For purposes of this
review, | will be discussing the situation as it applies only to the pituitary, although
interested readers are referred to other more comprehensive reviews for further information
[3-6].

Although significant progress towards understanding the molecular genetics of CNC has
been made, the situation remains complex. CNC may be caused by mutations in PRKAR1A,
which encodes the type 1A regulatory subunit of the cAMP-dependent protein kinase, or
Protein Kinase A (PKA) [7]. A recent analysis of over 350 patients with this condition was
able to detect mutations in PKRAR1A in 73% of patients [4]. The large majority of these
were nonsense, frameshift, or splice site mutations which fail to produce a mutant protein
due to MRNA degradation through the nonsense-mediated mMRNA decay pathway [8]. More
recently, large deletions of the gene have been detected, as have a small number of
expressed mutant proteins carrying amino acid substitutions (i.e., missense mutations) [4].
For the remaining 27% of patients, no mutations have been found in PRKAR1A, and its 17q
location has been excluded by genetic linkage in at least some families [8]. It seems likely
that the causative genetic defect lies in the 2p16 region [9], although extensive genetic
characterization of the region has yet to identify the responsible locus [10]. The situation is
made more complex by the finding that patients with bilateral adrenocortical hyperplasia
very similar to that observed in CNC patients have been found to carry mutations in the
phosphodiesterase genes PDE11A or PDES8B [11-12]. However, these patients do not have
extra-adrenal manifestations characteristic of CNC, suggesting a slightly different clinical
syndrome. These findings have suggested that a gene encoding a component of the CAMP/
PKA signaling pathway may cause CNC in the patients without mutations in PRKAR1A, but
no such genes exist in the candidate 2p interval. Thus, identity of this second gene remains
elusive.

The Pituitary Phenotype of CNC Patients

In its initial description in 1985 [13], 4/40 patients (10%) were observed to have GH-
producing pituitary adenomas, causing either acromegaly or gigantism depending on the age
of onset. In a subsequent analysis of a large cohort of patients [2], the numbers were similar
with 33/338 (10%) of patients exhibiting GH-producing tumors at the time of presentation.
However, by that time, a more thorough diagnostic approach suggested that subtle
abnormalities of the GH axis, including elevated (asymptomatic) baseline GH or IGF1 or
non-suppressible GH to a glucose challenge may be noted in a much larger fraction of
patients [14-16]. There has been some suggestion that pituitary glands from CNC patients
may also exhibit aberrant responses to TRH stimulation [17]. In the most recent analysis, the
incidence of frank pituitary abnormalities was reported slightly higher, at 12% [4].

Although GH abnormalities are most common, pituitary abnormalities in CNC also appear
to involve abnormal prolactin secretion. Although it is unique among CNC families
reported, there is at least one family whose clinical presentation included frank
prolactinomas [18]. Systematic analysis of a series of 11 CNC patients without known
pituitary pathology demonstrated elevated prolactin levels in 64% of cases, although
elevations were generally mild, being <100 ng/mL in all cases [16]. Additionally, in a study
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of 8 CNC patients with acromegaly, 2 had significant increases in prolactin, with levels of
69 and 126 ng/mL respectively [15].

At the histopathologic level, CNC-associated GH-producing pituitary adenomas may exhibit
features similar to sporadic adenomas; however, these tumors also tend to have unique
features. CNC-associated tumors can be multi-focal, and may demonstrate
somatomammotroph hyperplasia which appears to predate frank adenomas [15]. The pattern
of hormone staining is also somewhat unusual, as most tumors from CNC patients stain with
multiple hormones. As might be expected from the clinical data, almost all of the GH-
producing tumors also stain for prolactin. However, a significant number also stain for other
hormones, including the glycoprotein subunit-a, TSH-B, LH-B, and occasionally for FSH-p.
ACTH staining was not observed in pituitary adenomas from CNC patients [15,19].

At the genetic level, there has been interest in determining if loss of the normal allele is
necessary for pituitary tumorigenesis in CNC patients. Data to address this specific question
are somewhat sparse, although the available evidence suggests this may be the case. In the
initial paper describing mutations in PRKAR1A as causing CNC, loss of heterozygosity
(LOH) analysis was performed on 2 GH-producing pituitary tumors [7]. One tumor showed
clear evidence for LOH of PRKAR1A, whereas the other was uninformative. A subsequent
report from the same group describing a different GH-producing tumor demonstrated allelic
loss of PRKAR1A using FISH for the gene [19]. On the other hand, conventional
comparative genomic hybridization (CGH) of 4 CNC-associated tumors demonstrated
multiple karyotypic changes in a single large pituitary adenoma, although loss of 17q was
not observed. The other 3 tumors exhibited normal karyotypes [20]. However, this type of
analysis has low resolution, and may not be an adequate means to detect LOH at a specific
locus.

of mutations in PRKAR1A with sporadic pituitary tumors

In order to address the role of PRKARZ1A in sporadic acromegaly, multiple groups have
attempted to identify mutations in PRKARZ1A in patients with non-familial GH-producing
tumors. In multiple studies from a variety of groups, no mutations in PRKAR1A were
detected [21-24]. The same was true in a study analyzing non-functional pituitary adenomas
(NFPAS) [25], suggesting that genetic inactivation of PRKAR1A is not a significant cause of
sporadic pituitary tumors. However, Spada and co-workers extended their studies to include
analysis of mMRNA and protein levels. Interestingly, in both GH-producing tumors and
NFPAs, PRKAR1A protein levels were quite low, despite adequate mRNA. At the
functional level, a GH-producing tumor model responded to reduced PRKAR1A with
enhanced levels of the proliferation marker cyclin D1, whereas NFPAs did not [24-25].
These data suggest that PRKAR1A protein loss may occur through mechanisms other than
genetic mutation, and that these processes may be operating during pituitary tumorigenesis.
The difference between GH-producing tumors and NFPAS suggests these effects may be
specific for GH-producing cells.

MOUSE MODELS OF PRKAR1A INACTIVATION

Mouse models of generalized Prkarla KO

To date, conventional Prkarla null alleles have been produced both in my lab [26] and in
the McKnight lab [27]. Both groups have observed that mice carrying a complete knockout
of Prkarla (i.e., Prkarla~ animals) exhibit lethality early during embryogenesis. In
careful studies from the McKnight group, it was shown that the lethality was due to a failure
of mesoderm-derived structures; further, the authors showed that genetic reduction of PKA
catalytic subunits provided partial rescue of the phenotype, although Prkarla~ pups never
survived to birth [27]. Prkarla*/~ mice are born at the expected frequency, and are tumor
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prone. In our experience, mice tended to develop tumors in CAMP-responsive tissues [26],
although others have reported that sarcomas are the major tumor type [28]. In neither model
were pituitary tumors observed at a frequency above background. In a model of Prkarla
reduction caused by expression of a Prkarla anti-sense transcript, pituitary tumors were also
not observed [29].

Pituitary-specific ablation of Prkarla causes pituitary tumorigenesis

Based on the fact that at least some pituitary tumors from CNC patients exhibit tumor-
specific loss of the normal allele, we hypothesized that complete loss of Prkarla might be
necessary to cause tumor formation. In order to address this question, we decided to take
advantage of cre-lox technology [30] to generate a pituitary-specific knockout (KO) of the
gene. Although we already had our conditional null allele for Prkarla (Prkar1a'®<P) in hand
[26], it was necessary to generate a mouse line which expressed the cre recombinase in the
appropriate subset of pituitary cells. To this end, we produced a mouse line which used the
rat GHRH receptor promoter to drive cre expression. This promoter, which is normally
specific for the GH-producing pituitary cells [31], enabled expression of cre in cells of the
Pitl lineage, including somatotrophs, lactotrophs, and thyrotrophs [32]. These mice were
then crossed with Prkarla conditional null animals [26] to produce mice with a pituitary-
specific knockout of Prkarla (Prkarla-pitKO) [33].

In contrast to the studies of the Prkarla®™~ mice, the Prkarla-pitkOs developed pituitary
tumors at a frequency that was significantly higher than that observed in control littermates
(48% vs. 18%) [33]. Tumors in the KO’s were not clinically obvious (e.g., no increase in
weight or length), but were detected by histopathological analysis which was carried out at
18 months of age in knockout animals (n=21) and non-KO animals (n=28) (Figure 1). In the
control animals, almost all tumors were prolactinomas, which were observed in equal
numbers in the controls and the Prkarla-pitKO’s. Excluding the prolactinomas, pituitary
tumors were observed in 6 (29%) of Prkarla-pitKO’s mice compared to 1 (4%) of controls,
a highly significant difference. In the Prkarla-PitkKO mice, multiple tumors were sometimes
seen within the same gland, although they could be quite small. By immunostaining, most of
this latter group of tumors were multi-hormonal tumors comprised of cells showing
reactivity for GH, Prl, and TSH. As expected, the tumor cells also stained for the Pitl
transcription factor, confirming their cellular origin. Staining for ACTH, LH, or FSH was
not observed in the mouse pituitary tumors in this analysis. Staining for the glycoprotein
hormone a-subunit, which has been observed in some CNC-associated pituitary tumors
[15,19], was not performed.

At the biochemical level, analysis of serum from the mice demonstrated that Prkarla-PitKO
mice had >3 fold elevation in GH compared to controls (p < 0.01). GH levels did not
correspond to the presence of a detectable tumor or the size of observed tumors, indicating
that the biochemical abnormality pre-dated frank tumor formation. This echoes the
observations in CNC patients, where biochemical changes in GH dynamics may occur as a
result of pituitary hyperplasia and do not require the presence of an adenoma [15].
Interestingly, despite the fact that the mouse tumors stained for Prolactin and TSH, serum
levels of these hormones were not elevated.

DISCUSSION and SUMMARY

CNC as a tumor predisposition syndrome includes acromegaly as one its significant
endocrine manifestations. Although it is not completely clear, the limited data available is
consistent with the hypothesis that loss of the normal allele is required for pituitary
tumorigenesis in this condition. This notion is corroborated by the mouse data, where
pituitary tumor formation requires loss of both alleles of Prkarla to generate adenomas.
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What does this observation mean for understanding pituitary-tumorigenesis associated with
loss of PRKAR1A/Prkarla? It is clear from multiple studies in humans [7], mice [34], and in
vitro [35-36], that loss of PRKAR1A function is associated with increased signaling through
the PKA pathway [37]. In the pituitary, the GHRH receptor uses the cCAMP/PKA pathway to
stimulate synthesis and release of GH [38]. The relevance of this biochemical signaling
pathway to somatotroph tumorigenesis is corroborated in vivo by a number of mouse
models, including a line with global GHRH overexpression [39] and a line expressing
cholera toxin targeted to somatotrophs (rGH-CT mice) [40]. In humans, activation of this
pathway, both in CNC and in sporadic cases caused by activating GNAS mutations, causes
GH-secreting tumors [2,41] through the same mechanism.

Although the GHRH-overexpressing mice and the rGH-CT mice are important models for
understanding somatotroph tumorigenesis, neither is informative regarding why CNC
patients (and Prkarla-PitkKO mice) typically develop GH hypersecretion without excess of
other hormones. The explanation likely lies in the signaling pathways regulating hormone
secretion for each of these cell types. In contrast to GH, regulation of prolactin secretion and
TSH secretion occurs primary via non-PKA-mediated pathways [42—-43], providing a
rationale why levels of these hormones are not affected, even though the tumors may stain
for these hormones. Prolactin secretion is primarily controlled by the dopamine D2 receptor,
which couples to Gi to cause tonic inhibition of hormone release by reducing cAMP levels.
In contrast, the TRH receptor stimulates TSH relates via the Gg/Phospholipase C (PLC)
pathway (Figure 2a). In patients with mutations causing PKA activation, there is specific
activation of the PKA pathway, leading to GH secretion in the absence of extracellular
signals, tumor formation, and acromegaly (Figure 2b).

A recent observation whose relevance to the above discussion is not yet understood is the
report in 2006 that patients with mutations in the AIP gene have a familial predisposition to
pituitary tumorigenesis, including acromegaly [44]. In fact, approximately 50% of families
with isolated familial somatotropinomas (IFS) have mutations in this gene; conversely, of
the patients with AIP mutations and pituitary tumors, over 85% have acromegaly, with the
bulk of the remainder prolactinomas [45]. The AIP protein was initially identified as a
cofactor for the Aryl hydrocarbon receptor transcription factor (AHR), which is thought to
be important in the xenobiotic response. In the mouse, complete disruption of AIP results in
embryonic lethality, and heterozygotes are not tumor prone as far as been reported [46].
However, there is data in vitro to indicate that cCAMP signaling regulates function of the
AHR-AIP protein complex [47]. The mechanism underlying the connection between PKA
signaling and AIP mutations as it applies to acromegaly, although clearly of relevance, has
not yet been explored.

The fact that mice lacking Prkarla in the pituitary do not develop tumors until advanced age
(18 months) suggests either that as yet unidentified secondary genetic hits are required (as
suggested in [48] and more recently in [49]), or that the post-natal pituitary has a very low
proliferative rate even in the setting of mitogenic stimulus. A third possibility is that there is
active suppression of mitogenic stimuli, a role which has been attributed to somatostatin
signaling [50]. The finding that the mouse pituitary tumors require a long latency is
consistent with the observation in human patients that pituitary tumors, including GH-
secreting tumors, grow slowly and exert their clinical effects over the course of many years.

The finding that activation of the PKA pathway is a stimulus towards the growth of a subset
of pituitary tumors may have relevance for human disease given that there is a substantial
portion of human patients with acromegaly who are not surgically cured of their disease.
Inhibiting PKA signaling may have therapeutic implications, but this approach to therapy
would need to be carefully considered because of the ubiquitous usage of the PKA signaling
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pathway throughout the body. Despite this caveat, this model may have usefulness as a
means to begin to test new therapies aimed at acromegaly in human patients.
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Figure 1.

Histopathology of pituitary tumors from Prkarla-PitkKO mice. A. Hematoxylin and eosin
staining of a pituitary showing the presence of 2 microadenoms (white arrows). B. Mitotic
figures (yellow arrows) observed within a different pituitary tumor. Scale bars are indicated
for each panel.
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Figure 2.

Model for the connection between PRKAR1A mutations and acromegaly. A. The primary
signaling pathways connecting hypothalamic signaling to pituitary hormone secretion are
indicated for each cell type of the Pitl lineage. See text for references. Note that
Somatotrophs are primarily dependent on cAMP/PKA signaling for this process. B. Loss of
PRKARZ1A or activation of Gso can cause secretion of GH independent of upstream signals.
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