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Abstract

The heterotrimeric G protein a-subunit Gga links receptors to stimulation of cAMP/protein kinase
A signaling, which inhibits skin fibroblast proliferation and collagen synthesis. We now describe the
development of fibrous tumors in mice with heterozygous disruption of the Gnas gene, which encodes
Gga and other gene products. Disruption of Gnas exon 2 on either the maternal or paternal allele
(GnasE2*) results in fibromas or angiofibromas on the ears, paws and tail beginning at 4 months of
age. The tumors were composed of fibroblastic cell proliferation with collagen and elastin deposition
and calcification, and seemed to be associated with mechanical skin damage. The presence of
calcification was associated with greater amounts of matrix metalloproteinase-2, suggesting an
association between calcium deposition and extracellular matrix degradation. Osteoblast-specific
markers were absent, consistent with the calcification not being secondary to ossification. Molecular
studies showed that the tumors were not associated with deletion of the wild-type allele, making it
unlikely that these tumors resulted from homozygous loss of Gga. These findings provide in vivo
evidence that Ggo pathways inhibit fibroblast and endothelial proliferation and matrix deposition.

Introduction

Gsa is a ubiquitously expressed G protein a-subunit that couples receptors to adenylyl cyclase
and it is required for receptor-stimulated cAMP generation and protein kinase A (PKA)
activation (14,15). Gga is encoded by a complex imprinted gene (GNAS at 20g13 in humans,
Gnas on mouse chromosome 2) that produces multiple gene products through the use of
multiple alternative promoters and first exons that splice onto a common set of downstream
exons (14,15). Heterozygous Gga-inactivating mutations lead to Albright hereditary
osteodystrophy (AHO), a syndrome characterized by short stature, skeletal and
neurobehavioral defects and subcutaneous ossifications.

We previously generated mice with a mutation of Gnas exon 2 (GnasE2") (16). While the
homozygotes were embryonically lethal, the heterozygotes had distinct phenotypes associated
with poor survival, and metabolic and neurological abnormalities depending on the parental
origin of the mutation, due to the fact that Ggo is imprinted in a tissue-specific manner.
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In the present report we describe a new feature of GnasE2”* mice, namely the development of
subcutaneous fibromas and angiofibromas on the ears, paws, and tail beginning at 4 months
of age. Most of these tumors had collagen and elastin deposition with calcification, the latter
being associated with the presence of increased matrix metalloproteinase-2 (MMP-2), an
enzyme that has previously been shown to be associated with elastin degradation and vascular
calcification (3). We also show that these tumors do not result from homozygous loss of Gga
due to somatic deletion of the wild-type allele.

Materials and Methods

Mice

Histology

Mice with heterozygous insertion of a neomycin resistance cassette within Gnas exon 2
(GnasE27*) were generated and maintained with a CD1 genetic background, as previously
described (16). Animals were maintained on a 12-h light/dark cycle (6 am/6 pm) and a standard
pellet diet (NIH-07, 5% fat by weight). Animal experiments were approved by the NIDDK
Animal Care and Use Committee.

Dissected samples were fixed overnight in 4% paraformaldehyde, embedded in paraffin using
standard procedures, and stained with hematoxylin and eosin, Masson-Trichrome, Elastica von
Gieson, or von Kossa stains.

Immunohistochemistry

Analysis for

Sections were deparaffinized and rehydrated and endogenous peroxidase was blocked by
methanol. The sections were incubated with antibodies for MMP-2 (R & D System, Inc.
Minneapolis, MN, USA,; 1:500), and for osteoblastic markers of osteopontin (Cosmo Bio Co.,
Ltd., Tokyo, Japan; 1:300) and bone sialoprotein (Cosmo Bio Co., Ltd., Tokyo, Japan; 1:300)
at 4°C overnight, followed by reaction with the streptavidin-biotin complex method using the
SAB-PO kit (Nichirei, Tokyo, Japan). The sections were then reacted in a 3,3’
diaminobenzidine, peroxytrichloride substrate solution, counterstained with hematoxylin, and
then mounted.

allelic loss of Gnas

DNA was extracted from 30-um paraffin-embedded tissue sections in which the tumor
occupied more than 80% of the total section area. Paraffin was removed with xylene, and the
sample was then washed twice with 100% ethanol and subsequently dried. Genomic DNA was
then extracted using a DNA extraction kit (DNeasy Tissue Kit, Qiagen, Germantown, MD,
USA). DNA fragments (1 pl) were amplified by PCR in 25 pl reactions consisting of 2.5 pl
PCR buffer and 0.1 pul Taq polymerase (Ex Taq, Takara Bio Inc., Kyoto, Japan) with 6 pl
betaine (Sigma, St Louis, MI, USA). PCR reactions included a common upstream primer (F1:
5-CCCACGCCCTCACTTTCCTT-3'), and two downstream primers complementary to Ggo
wild type sequence (R2E2: 5'-ACCACCTGTCCTGCTCAGTG-3"and Neo sequence (R4neo:
5-GCAGGGGCCCTATAACTT CG-3'). In the presence of the F1 upstream primer, the
downstream primers R2E2 and R4neo amplify PCR products from the wild-type (142 bp) and
mutant (130 bp) alleles, respectively. The PCR cycling profile included an initial denaturation
at 94°C for 5 min, followed by 36 cycles of annealing (58°C, 30 s), extension (72°C, 1 min),
and denaturation (94°C, 30 s) and a final cycle with a 7 min extension. Products were assessed
by acrylamide gel electrophoresis and ethidium bromide staining..
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GnasEZ’* mice developed round, smooth, protuberant nodules on the ears, paws and tail (Fig.
1A, 1C). These areas are more prone to skin damage and in some cases skin damage was evident
in the vicinity of the nodules. These nodules first appeared at 4 months of age and their
frequency increased steadily over time, with the result that they were present in all mutants
that were over 400 days of age (Fig. 1D). No nodules were observed in control littermates.
These tumors were present regardless of whether the mutation was maternally or paternally
inherited. X-rays revealed that most of the tumors had calcification (Fig. 1B).

Histological evaluation showed that these tumors were confined to subcutaneous tissue with
no involvement of deeper tissues. Lesions showed proliferation of fibroblasts in fascicles with
variable amounts of collagenous matrix, features consistent with fibroma (Fig. 2A, D). In many
tumors, massive myxoid matrix was also observed (Fig. 2B). Some tumors also showed
increased blood vessel formation, consistent with angiofibroma (Fig. 2C). There were no clear
borders between the tumor and normal tissue. Tumors typically had a dense collagenous matrix
(Figs. 2D, 3A) with the presence of elastin deposition (Fig. 3B) and calcification (Fig. 3C).
Cells embedded within calcified matrix showed strong positive staining for MMP-2 (Fig. 3D).
These results suggest that fibroblasts having collagen with calcification matrix seen in E2KO
are a result of abnormal matrix remodeling. No features characteristic of bone formation were
present and immunohistochemical staining for osteopontin and bone sialoprotein was negative
(data not shown), confirming that the calcification is not the result of ossification.

The presence of tumors in mice with disruption of either the maternal or paternal Gnas allele
suggests that these tumors are probably the result of Gsa haploinsufficiency rather than total
G deficiency due to the combined effects of the mutation of one allele and the imprinting of
the other allele. To rule out the possibility that the tumors result from somatic deletion of the
wild-type allele leading to total Gsa deficiency, we performed duplex PCR on control and
tumor genomic DNA samples to determine whether the wild-type allele was lost. The PCR
reactions showed a common upstream primer located within intron 1 and two downstream
primers, one with the wild-type exon 2 sequence and the second with a sequence within the
neomycin cassette (Neo). These two downstream primers lead to amplification of a 142-bp
band from the wild-type allele and a 130-bp band from the mutant allele. Amplification of three
controls (wild-type ear tissue) resulted in a single 142-bp wild-type band (Fig. 4), while
amplification of 9 tumor samples (Fig. 4 and data not shown) showed equal amplification of
both the wild-type and mutant bands, consistent with no loss of the wild-type allele in these
tumor samples. Of course, this experiment does not rule out the presence of other small
mutations and deletions within the wild-type allele.

Discussion

GNAS-activating mutations, also known as the gsp oncogene, are associated with endocrine
tumors, skeletal muscle myxomas, and fibrous dysplasia of bone. On the other hand, GNAS-
inactivating mutations in AHO patients are not associated with neoplasms (14,15). In this study
we show that, over time, mice with Gnas-inactivating mutations develop subcutaneous fibrotic
lesions that have the histological features of fibroma or angiofibroma which is associated with
various density of collagenous matrix. These tumors only develop at the ears, paws and tail
where the skin can be injured mechanically and therefore the development of these lesions may
result from a repair reaction leading to the proliferation of fibroblasts.

Whether or not the tumors we observe are clonal or hyperplastic is not clear. Our results show
no evidence for loss of the unaffected Gnas allele in our tumor samples, indicating that these
tumors are not the result of a ‘second hit” of the normal allele as is typical of classical tumor
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suppressor genes. Since tumors were present in both types of mice with disruption of the
maternal and paternal Gnas allele, the tumors did not arise as a result of total Gso deficiency
due to mutation of one allele and imprinting of the other. This is consistent with a previous
study in humans showing that Gga is not imprinted in skin (7).

Previous studies reported that activation of the Gsa/PKA pathway leads to increased apoptosis
and differentiation and decreased proliferation of endothelial cells (5) and vascular smooth
muscle cells (4,6). Moreover, the role of PKA in normal and hypertrophic scar fibroblasts was
highlighted in a study showing that IFN-y transiently inhibited proliferation and collagen
synthesis by activating PKA (17). These findings predict that a genetic lesion leading to reduced
Gsa/PKA would result in increased skin fibroblast proliferation and collagen synthesis. The
presence of fibrotic tumors in Gnas=27* mice provides in vivo evidence that insufficient Gyo/
PKA signaling leads to abnormal proliferation of skin fibroblasts.

The tumors in GnasE27* mice are associated with increased collagen deposit. Gsa/PKA
activation leads to reduced inhibited collagen synthesis in endothelial cells (5) and fibroblasts
(17). Therefore, it is possible that excess collagen synthesis occurs at the ears, paws and tail
during the repair process as a result of decreased Gsa/PKA signaling. Increased collagen may
also be the result of reduced collagen degradation. MMPs, including MMP-2, have a
specialized role to play in the turnover of the extracellular matrix during many normal tissue
processes, such as wound healing, bone resorption and morphogenesis (9,12). One prior study
showed no effects of cAMP analogs on MMP-2 expression (18), while another study showed
that CAMP/PKA stimulates MMP-2 (13). The role of partially reduced cAMP/PKA signaling
on the rate of collagen degradation in the tumors of GnasE2- mice remains to be determined.

Ectopic calcification is an important component of disorders which contributes to clinically
significant sequelae, such as valvular disease and atherosclerosis. In these affected tissues
elastin is the predominant extracellular matrix component and it is responsible for elastic recoil
of the aorta, heart valve cusps and arterial walls (11). In these tissues elastin also plays a role
in the process of calcification. Elastin deposition and ectopic calcification were also both
observed in tumors from GnasE2/* mice, and increased MMP-2 expression was present in cells
in the vicinity of the calcifications. A correlation between MMP-mediated elastin degradation
and vascular calcification has been reported (3). MMP-2 binds to and digests insoluble elastin
(8), and has been shown to be actively involved in elastin degradation (2,10). It has been
suggested that MMP-mediated elastin degradation leads to formation of soluble elastin
peptides, which may influence cellular activity towards promoting calcium deposition (1).

Tumors reminiscent of those observed in GnasEZ”* mice are not a feature of AHO (14,15).
However AHO patients do develop subcutaneous ossifications (osteoma cutis or progressive
osseous heteroplasia). The lesions we observe in GnasE2”* mice do not resemble those seen
in AHO patients. In AHO patients, ossifications occur at a very young age while in mice the
tumors occur later in life. Moreover the lesions in AHO patients result are primarily the result
of intramembranous ossification, whereas the lesions in mice do not result from ossification.
Rather, the calcification in the mouse tumors appears to be a secondary calcification of a fibrotic
lesion. Therefore, the mechanism of calcification in AHO and that in GnasE2/* mouse tumors
appear to be very different. The GnasE2"* mouse may be a useful model for further studies on
the mechanism of skin fibroblast proliferation and calcification.
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Figure 1.
Subcutaneous nodules in GnasE2”* mice. Photographs of protuberant nodules on the (A) paw

and (B) tail of a GnasE2"* mouse. (C) Radiograph of one tumor showing calcification. (D)
Frequency of GnasE2"* mice with subcutaneous nodules as a function of age in days.
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Figute 2.

Higstology of tumors in GnasE2"* mice. (A) Section of a tumor showing fibroblast proliferation
with typical collagen matrix consistent with fibroma. (B) Tumor with myxoid matrix. (C)
Tumor with increased fibroblast proliferation and blood vessel formation, consistent with
angiofibroma. (D) Masson-Trichrome staining showing massive collagen deposition. (A-C
stained with hematoxylin and eosin).
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Figure 3.
Collagen and elastin deposition and calcification in tumors Sections of a tumor stained with

(A) hematoxylin and eosin stain, showing collagen deposition; (B) Elastica von Gieson stain,
showing elastin deposition (black); and (C) von Kossa staining, showing calcification. (D)
Immunohistochemistry with an anti-MMP-2 antibody, showing strong MMP-2 staining within
cells embedded in collagen with calcification.
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Figure 4.

Genetic analysis of tumor DNA samples for deletion of wild-type Gnas allele. Duplex PCR
analysis of genomic DNA from 3 control samples (wild-type ear, lanes 1-3) and 5 tumors (lanes
4-8) was performed to amplify bands from wild-type (142 bp) and mutant (130 bp) alleles.
Controls only amplified the 142-bp wild-type band, while all tumors amplified both wild-type
and mutant bands, consistent with the presence of both alleles.
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