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Abstract

GNAS mutations leading to constitutively active stimulatory G protein alpha-subunit (Gsa) cause
different tumors, fibrous dysplasia of bone, and McCune-Albright syndrome, which are typically
not associated with short stature. Enhanced signaling of the parathyroid hormone/parathyroid
hormone-related peptide receptor, which couples to multiple G proteins including Gsa, leads to
short bones with delayed endochondral ossification. It has remained unknown whether constitutive
Gsa activity also impairs bone growth. Here we generated mice expressing a constitutively active
Gsa mutant (Gsa-R201H) conditionally upon Cre recombinase (cGsaR201H mice). Gsa-R201H
was expressed in cultured bone marrow stromal cells from cGsaR201H mice upon adenoviral-Cre
transduction. When crossed with mice in which Cre is expressed in a tamoxifen-regulatable
fashion (CAGGCre-ER™), tamoxifen injection resulted in mosaic expression of the transgene in
double mutant offspring. We then crossed the cGsaR201H mice with Prx1-Cre mice, in which Cre
is expressed in early limb-bud mesenchyme. The double mutant offspring displayed short limbs at
birth, with narrow hypertrophic chondrocyte zones in growth plates and delayed formation of
secondary ossification center. Consistent with enhanced Gsa signaling, bone marrow stromal cells
from these mice demonstrated increased levels of c-fos mMRNA. Our findings indicate that
constitutive Gsa activity during limb development disrupts endochondral ossification and bone
growth. Given that Gsa haploinsufficiency also leads to short bones, as in patients with Albright’s
hereditary osteodystrophy, these results suggest that a tight control of Gsa activity is essential for
normal growth plate physiology.
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1. Introduction

The alpha-subunit of the stimulatory G protein (Gsa), which is essential for the actions of
many hormones, stimulates adenylyl cyclase to generate the ubiquitous intracellular second
messenger CAMP [1-5]. Heterozygous inactivating mutations in the gene encoding Gsa
(GNAS) cause multiple human disorders characterized by hormone resistance and skeletal
and developmental abnormalities (e.g. Albright’s hereditary osteodystrophy and
pseudohypoparathyroidism) [6-8]. GMAS mutations that cause constitutive activation of
Gsa., on the other hand, are found in many different benign and malignant tumors and cause
McCune-Albright syndrome (MAS), a disorder characterized by fibrous dysplasia of bone
(FD), hyperpigmented skin lesions, and hyperactivity of multiple endocrine organs [9-12].

The stimulatory G protein signaling downstream of PTH-related peptide (PTHrP, encoded
by PTHLH) is an important regulator of endochondral bone formation, acting via the cAMP/
protein kinase A (PKA) pathway [13]. Accordingly, inactivating mutations of GNAS,
PTHLH, PDE4D (encoding cCAMP phosphodiesterase type 4D), and PRKAR1A (encoding
type 1A regulatory subunit of PKA), cause disorders characterized by short stature and
brachdactyly type E [7, 8, 14-18]. Interestingly, patients who carry activating mutations of
the parathyroid/parathyroid-related peptide receptor (PTHR) (i.e. Jansen’s metaphyseal
chondrodysplasia) are also short with disproportionately short limbs [19]. Thus, it appears
that both inactivation and hyperactivation of the PTHrP/Gsa/cAMP/PKA signaling pathway
disrupts long bone growth. However, the PTHR couples to additional heterotrimeric G
proteins and G protein-independent pathways [20], some of which are known to play roles in
growth plate physiology based on mouse studies [21, 22]. It is thus conceivable that these
additional signaling pathways contribute, fully or partially, to the bone growth phenotypes
associated with increased PTHR signaling. Moreover, patients with MAS, who carry
constitutively active Gsa mutants, do not typically present with short stature or
brachdactyly. Only few cases with short stature have been reported in the literature [23, 24],
and these may reflect some of the associated hormonal abnormalities, such as precocious
puberty. In addition, patients with Carney-Complex (CNC), who have mutations in
PRKARIA that cause increased PKA activity, also lack short stature as a typical clinical
feature [25]. Although both MAS and CNC patients can sometimes have excess growth
hormone, which may mask direct effects of increased Gsa/cAMP/PKA signaling on the
growth plate, the paucity of patients with short stature may suggest that the endochondral
bone formation is preserved despite enhanced activation of this signaling pathway. It has
therefore remained uncertain whether constitutive Gsa activity directly impairs bone
growth.

In this study, we generated mice in which a constitutively active Gsa mutant (Gsa-R201H)
can be expressed upon the action of Cre recombinase (cGsaR201H mice). Activation of the

Bone. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karaca et al. Page 3

transgene expression in early limb-bud mesenchyme resulted in short limbs with growth
plate abnormalities and delayed endochondral ossification.

2. Materials and methods

2.1. Generation of the cGsaR201H mice and in vivo activation of transgene expression

The HA-tagged rat Gsa-R201H cDNA, described previously [26], was cloned into
pBSApBpACAGHtILn [27], using Sall and Sbfl restriction sites. This plasmid was then
digested with Ascl and Stul to obtain a 8637-bp fragment containing the transgene. After gel
purification, this DNA fragment was microinjected into C57BL/6x129/SvJ F1-hybrid
embryos (the Gene Modification Facility, Harvard University). The founders were identified
by PCR using a forward primer annealing to the HA-containing portion of Gsa. cDNA (5'-
GACGTGCCGGATTACGCGTC-3") and a reverse primer annealing to the native Gsa
sequence (5'-TCTCAGGGTTGGCCAGCTCC-3"). The founders were crossed with wild-
type C57BL/6 mice to generate F1 and F2 heterozygous offspring, which were used for
analysis of transgene expression. The cGsaR291H mice were crossed with either Prx1-Cre or
CAGGCre-ER™ mice to activate transgene expression in developing limb mesenchyme and
in widespread tissues, respectively. Single mutant (Cre-only or transgenic-only) and wild-
type littermates among the offspring of these crosses did not show gross differences from
one another and were used as control mice. Both males and females were used for the
analyses and comparisons were made among littermates. Prx1-Cre and CAGGCre-ER™
mice were obtained from Jackson Laboratories (Stock No: 005584 and 004682,
respectively). Control and double mutant offspring from cGsaR201H and CAGGCre-ER™
matings were injected intraperitoneally with 75 mg/kg/daily tamoxifen (Sigma-Aldridge)
from P14 through P18 for 5 consecutive days and euthanized for tissue analyses seven days
later. All the mouse studies received approval from the Massachusetts General Hospital
Institutional Animal Care and Use Committee.

2.2. BMSC isolation, gRT-PCR analysis, and Western blots

Bone marrow stromal cells (BMSCs) were isolated from femurs of 4 to 6 week-old mice and
cultured in alpha-MEM medium containing 10% fetal bovine serum, as previously described
[28]. After two-weeks of culture, cells were trypsinized and subcultured in 12- or 24-well
plates. The following day, cells were transduced with adenovirus encoding Cre recombinase,
yellow fluorescent protein (YFP), /acZ, or HA-tagged native Gsa. (Gsa-HA). Three days
after transduction, total RNA was isolated from transduced BMSCs using the RNeasy Plus
Mini Kit (QIAGEN), and cDNA was synthesized with the ProtoScript 11 First stand cDNA
synthesis kit (New England Biolabs). gRT-PCR analysis was performed with specific
primers and FastStart Universal SYBR Green Master (Roche) with B-actin as a reference
gene. Primer sequences for amplification of the HA-tagged Gsa.-R201H were the same as
those used for genotyping (see above). Primer sequences for amplifying c-fos and p-actin
transcripts have been previously described [29, 30]. In separate experiments, whole cell
lysates were prepared three days after transduction, followed by quantification of protein
concentration by using the BCA reagent (Pierce). Equal amounts of total proteins for each
cell lysate were separated by 9% SDS-PAGE, blotted on nitrocellulose filters by using a
semi-dry blotter, and immunoreacted to a mouse monoclonal anti-HA antibody (1:1000;

Bone. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karaca et al.

Page 4

Abcam). After washing and subsequent incubation with anti-mouse IgG-HRP (Santa Cruz
Biologicals), immunoreactive proteins were detected through the use of enhanced
chemiluminescence. p-actin immunoreactivity, detected by a monoclonal antibody (Santa
Cruz Biologicals), was used subsequently to verify comparable amount of protein loading
among the wells.

2.3. Skeleton staining

Skeletal preparations of cartilage and bone were stained with alcian blue/alizarin red as
described [31], but with minor modifications. Briefly, following euthanasia, the neonates
were skinned, eviscerated, and fixed in 95% ethanol overnight, and followed by incubation
in acetone for 24 hours to remove the fat. Intact skeletons were then stained overnight in
alcian blue (0.3 mg/ml alcian blue 8GX, 80% ethanol, 20% acetic acid). The next day,
skeletons were cleaned in 70% ethanol for 6-8 h and then transferred to 1% KOH for 24
hours until mostly clear. Subsequently, the skeletons were counterstained overnight in
alizarin red (alizarin red 50pug/ml, 1% KOH), followed by cleaning in 1% KOH and 20%
glycerol for 2 days or more.

2.4. X-Gal Staining and Histological analyses

Adult mice were initially perfused with intracardiac administration of 2% paraformaldehyde
in phosphate-buffered saline, and their organs were dissected and further fixed overnight at
4°C. After washing with phosphate-buffered saline several times, organs were cryoprotected
with 30% sucrose and embedded in the OCT compound (Tissue-Tek). Frozen sections were
prepared at 12 micrometers on Shandon cryostat machine. Cultured BMSCs were fixed at
room temperature for 20 min with 0.2% gluteraldehyde in phosphate-buffered saline
containing 0.02% Nonidet-P40 and subsequently washed with phosphate-buffered saline
containing 0.02% Nonidet-P40, 0.01% sodium-deoxycholate, and 2 mM MgCI2. Fixed and
washed tissue sections and cultured BMSCs were incubated at 37C overnight in the X-gal
staining solution, as described [32]. For light microscopy, femurs were removed from double
mutant and control littermates and fixed in 4% paraformaldehyde overnight at 4 °C. Femurs
of newborn and three-week-old mice were subsequently decalcified in 20% EDTA (pH 7.4)
for a week or 3 weeks, respectively. Decalcified femurs were embedded in paraffin blocks
by standard histological procedures, sectioned (5-6 pm thickness) at several different levels,
and stained with hematoxylin and eosin (Center for Skeletal Research Histology Core,
Endocrine Unit, Massachusetts General Hospital). X-gal stained BMSCs in culture dishes
were analyzed by Leica MZ16 dissecting microscope and captured by using Leica DFC420
camera and Leica Application Suite software (Houston, TX). Stained slides were analyzed
by Nikon eclipse Ni microscope (Tokyo, Japan), and images captured by using Diagnostic
Instruments SPOT RT-SE™ Digital Camera (Houston, TX) and SPOT software. The ImageJ
software [33] was employed to measure the relative lengths of hypertrophic and columnar
proliferating chondrocyte zones in distal femur growth plates.

2.5. Statistical analyses

Mean and standard errors were calculated from multiple independent qRT-PCR experiments
and growth plate measurements. Statistical significance of differences between two group
means was determined by using the two-tailed Student’s t-test.
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3.1. Generation of transgenic mice conditionally expressing a constitutively active Gsa

mutant

To investigate the role of enhanced stimulatory G protein signaling in multiple tissues, we
generated transgenic mice in which a constitutively active Gsa mutant (Gsa-R201H) is
expressed conditionally upon the action of Cre recombinase (cGsaR201H mice). The mutant
Gsa. cDNA included sequences for a HA epitope tag, inclusion of which was previously
shown to be inert with respect to Gsa function [34]. The transgene also included the /acZ
gene, which included a nuclear localization signal and was positioned downstream of the
mutant Gsa. cDNA following an internal ribosomal entry sequence (Fig. 1A). This allowed
utilization of B-galactosidase activity as a reporter for the transgene expression.

We identified five transgenic founders and investigated these in F1 and F2 generation to
determine whether the transgene expression can be induced. To that end, we isolated
BMSCs from the five founder lines and transduced these cells in culture with adenovirus
expressing Cre (ad-Cre). X-gal staining revealed positive beta-galactosidase activity in
BMSCs from lines #6 and #18, but not in the remaining three lines (Fig. 1B; only one of the
negative lines, #9, is shown). Ad-/acZtransduction was used as a positive control for
staining, and ad-YFP and non-transduced (NT) cells served as negative controls (Fig. 1B).
These results indicated that the transgene could be expressed in a Cre-dependent manner in
lines #6 and 18. Accordingly, qRT-PCR experiments using primers specific for the HA tag in
the mutant Gsa. cDNA showed that, following ad-Cre transduction, the transgene-derived
Gsa mRNA was present in BMSCs isolated from lines #6 and #18, but not from line #9
(Fig. 2A). Cells transduced with ad-Gsa.-HA were used as positive control. Moreover,
Western blots using an antibody against the HA-tag detected the transgene-derived Gsa
mutant in lysates of ad-Cre-transduced but not of ad-YFP-transduced or non-transduced
BMSCs (Fig. 2B). These results indicated that the transgene is expressed in a conditional
manner upon Cre expression.

3.2. Global, mosaic expression of the transgene in vivo

To examine whether the transgene can be expressed /n vivo, we crossed our transgenic
mouse strains to CAGGCre-ER™ mice, in which tamoxifen injection can induce the Cre
expression ubiquitously [35]. Double mutant or control offspring were injected postnatally
with tamoxifen and subsequently sacrificed for analysis. While X-gal staining failed to
detect any transgene-expressing cells in double mutant offspring from line #6 (Fig. 3A,B), it
showed positive p-galactosidase activity in some cells of the liver from line #18 double
mutants but not controls (Fig. 3C—F). Specific X-gal staining was also observed in renal
sections, both some tubular cells and glomeruli, from double mutants of line #18 (Fig.
3G,H). These results suggested that line #18, but not line #6, could be employed /n vivoto
study the role of constitutive Gsa. activity in a Cre-inducible manner.

3.3. Impaired bone growth resulting from Gsa-R201H expression in limb-bud mesenchyme

As Gsa signaling pathway regulates the actions of PTHrP during endochondral bone
formation, we crossed the cGsaR201H mice with Prx1-Cre mice, in which Cre is expressed
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in early limb-bud mesenchyme [36]. Double mutant neonates from line #18 (Prx1-Cre;TQ)
displayed markedly short limbs, as judged by the gross appearance of these mice and the
alizarin red/alcian blue staining of the skeleton showing mineralized tissue and cartilage,
respectively (Fig. 4A,B). While no marked differences in the length of the axial skeleton was
observed between double mutants and control littermates, the double mutant pups displayed
short and thin long bones in all the extremities (Fig. 4C—F). Moreover, compared to controls,
the double mutants appeared to have small heads and short snouts (Fig. 4A,B,G), consistent
with the expression pattern of Prx1-Cre [36]. Histological analyses revealed alterations in
the long bone growth plates of Prx1-Cre;Tg newborns, with a shortened hypertrophic
chondrocyte zone relative to the columnar proliferating zone (Fig. 5A-E).

The Prx1-Cre;Tg mice continued to be grossly smaller than control littermates at age three
weeks (Fig. 6A). Histological analyses also revealed differences in the epiphyseal regions of
double mutant and control littermates, with delayed formation of the secondary ossification
center in Prx1-Cre;Tg mice (Fig. 6B). A marker of enhanced Gsa/cAMP/PKA signaling in
endocrine and bone cells is elevated expression of c-fos proto-oncogene [37, 38]. In fact, the
FD lesions in patients carrying constitutively activating Gsa. mutations show dramatically
increased c-fos expression [39]. We thus cultured BMSCs isolated from double mutant and
control mice and analyzed these cells with respect to the level of c-fos mMRNA. gRT-PCR
analyses showed significantly higher c-fos mRNA levels in Prx1-Cre;Tg mice than in
control mice, consistent with the overactive Gsa signaling in these cells (Fig. 6F).

4. Discussion

We developed mice in which a constitutively active Gsa mutant is expressed in a Cre-
dependent manner. Through the use of a /acZreporter located downstream of the Gsa. cDNA
we could easily observe transgene expression in cultured cells or in tissues following Cre
expression. To examine the effect of Gsa hyperfunction in limb development we then
activated the expression of the transgene in early limb-bud mesenchyme, using the Prx1
promoter-driven Cre. The Prx1-Cre;Tg mice displayed short limbs with delayed
endochondral ossification, as well as modest craniofacial defects, consistent with the
expression profile of Prx1.

Gsa haploinsufficiency in humans causes premature closure of epiphyses, short stature, and
brachydactyly, as seen in patients with Albright’s hereditary osteodystrophy [1-5]. Studies
using different mouse models have also indicated that ablation of Gsa. in chondrocytes
causes defective epiphyseal development and growth plates, and accelerates hypertrophic
chondrocyte differentiation [40, 41]. PTHrP plays an important role in hypertrophic
chondrocyte differentiation in the growth plate by binding its G protein-coupled receptor
located primarily in the prehypertrophic chondrocytes [13]. The PTHR couples to both Gsa
and Gg/11a in this tissue, and both signaling pathways are essential for the physiological
regulation of chondrocyte differentiation [21, 22]. Both mice overexpressing PTHrP in
growth plate chondrocytes [42] and mice expressing a constitutively active PTHR mutant
found in patients with Jansen’s metaphyseal chondrodysplasia in the same tissue [43]
present with abnormal and delayed endochondral bone formation, leading to short limbs.
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Our results from the Prx1-Cre;Tg mice suggest that enhanced Gsa signaling plays a major
role in the growth plate phenotypes observed in those models.

MAS and CNC are both diseases of enhanced Gsa/PKA signaling, and accordingly, clinical
features of these disorders are broadly similar [44]. CNC is characterized by abnormalities
of skin pigmentation, myxomas, endocrine tumors/overactivity, and schwannomas. Both
MAS and CNC patients, however, typically lack short stature or short limbs. In MAS, the
patients express a constitutively active Gsa. mutant (the gsp oncogene) but are mosaic for
wild-type and mutation-bearing cells [10, 45, 46]. The mosaicism is likely to contribute to
the expressivity of short bone phenotype in those patients. It is possible that, in most cases,
the mutation-bearing cells are too few to cause an appreciable defect in endochondral
ossification. It is also likely that the increased basal cCAMP generation is counteracted by
adaptive mechanisms. For example, compensatory elevations in the levels and activity of
certain CAMP phosphodiesterases can occur, as demonstrated previously in cultured cells
expressing a constitutively active Gsa. mutant [47]. CNC patients have germline
heterozygous inactivating mutations in PRKARI1A, which encodes the type-la regulatory
subunit of PKA [25]. PRKAR1A acts as a classic tumor suppressor gene, so that the
function of this PKA regulatory subunit is abolished when a somatic “second hit” occurs on
the normal allele. Therefore, CNC patients are predicted to have increased PKA activity only
in cells in which the normal PRKAR1A allele is also mutated or entirely lost (loss of
heterozygosity). Thus, as in MAS, the number of aberrant cells may be too few to cause a
significant growth plate phenotype. In addition, at least three other PKA regulatory subunits
have been described, showing different tissue specificity [48]. It is possible that those, rather
than the type-la subunit, are expressed in the growth plate and, therefore, prevent PKA
overactivity in this tissue. A compensatory increase in the level of one or more of those
subunits may also occur, as described previously [49].

One of the unusual manifestations of CNC (~1% of the cases) is osteochondromyxomas that
can be present in craniofacial or long bones [50]. Heterozygous loss of PrkarIain mice also
leads to neoplastic fibro-osseous lesions that display characteristic features of
osteochondromyxoma [51]. These rare tumors, however, are histologically distinct from FD,
which is the most frequent abnormality in patients with MAS and can also occur as an
isolated clinical feature. The difference in the prevalence of bone involvement between CNC
and MAS may reflect the respective genetic mechanisms for these disorders (i.e. tumor
suppressor inactivation vs. proto-oncogene activation) and the existing compensatory and
redundant pathways, as suggested above for the growth plate phenotype.

Neither the double mutant offspring from cGsaR201H and CAGGCre-ER™ crosses nor the
Prx1-Cre;Tg mice exhibited any evidence of FD based on our histological analyses up to age
two years. A model of FD through the transgenic expression of Gsa-R201C, another
constitutively active Gsa mutant, has been previously described, in which the mutant cDNA
was expressed under the control of two different ubiquitously active promoters [52]. In those
mice, the complete FD phenotype was observed at age one year or older, although early
signs of FD could be detected after several months of age. On the other hand, the expression
of the same Gsa mutant under the control of 2.3-kb Collal promoter, a marker of
osteoblasts, led to a high bone mass phenotype rather than FD [53]. While we were
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completing our manuscript, another mouse model has been reported, in which R201H was
conditionally knocked into the endogenous mouse Gnas gene [54]. On the use of Prx1-Cre,
these mice displayed deformed long bones and dramatically increased trabecular bone. The
mice also displayed evidence of fibrosis in the marrow space, reminiscent of FD features. In
addition, a marked delay in endochondral bone formation was observed. This delay,
however, was more drastic than what we observed in our Prx1-Cre;Tg mice, which also
lacked deformed long bones and increased trabecular bone. Our mouse model uses the CAG
promoter to express the Gsa mutant. The mild phenotype in our mouse model could reflect
the differences between the CAG promoter and the endogenous Gsa promoter with respect
to strength and temporal and spatial regulation. While our manuscript was under peer-
review, another mouse model using Gsa-R201C was reported [55]. Upon the use of Prx1-
Cre, these mice developed dysmorphic limbs and bone lesions consistent with FD. This
study used a tetracycline-induced minimal promoter to express the constitutively active Gsa
mutant, further highlighting the importance of the promoter activation profile for the
development of FD-like lesions.

GNAS mutations leading to constitutive Gsa activity are also found in many tumors,
ranging from various adenomas and intrahepatic mucinous neoplasms to certain cancers [3].
Thus, our cGsa.R291H mice could also serve as a valuable tool for investigating, /7 vivo, the
pathogenesis of these tumors and the role of Gsa signaling in oncogenesis.
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Gsa stimulatory G protein alpha-subunit
MAS McCune-Albright Syndrome

FD fibrous dysplasia of bone

CNC Carney-Complex

PTHrP PTH-related peptide
PTHR PTH/PTHTrP receptor

BMSCs bone marrow stromal cells
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Highlights

- Transgenic mice was generated, expressing, conditionally, a constitutively active
Gsa mutant (Gsa.-R201H) found in patients with different tumors, McCune-
Albright Syndrome, and fibrous dysplasia of bone.

- The transgene was expressed in a mosaic manner /1 vivo upon crossing these
mice to another mouse model in which Cre is expressed in a tamoxifen-induced
fashion.

- Expression of Gsa-R201H in the developing limb bud mesenchyme led to short
limbs with disrupted endochondral ossification.

- The results highlight the importance of Gsa signaling endochondral bone
formation and the requirement for tight regulation of Gsa. activity for normal bone
growth.

- This mouse model provides a valuable tool for studying Gsa signaling in
physiology and disease.
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Figure 1. Generation and validation of transgenic mice conditionally expressing a constitutively
active Gsa. mutant

(A) Schematic diagram of the construct used for generation of cGsaR291H transgenic mice.
The Gsa-R201H cDNA, as well as the /acZ gene, is expressed upon Cre recombinase
activity. (B) Detection of p-galactosidase activity in BMSCs upon adenovirus transduction.
Four to six-week-old F1 or F2 generation mice from each of the five founder lines were used
for validation. Results are shown for lines #6, #9, and #18 only. Ad-LacZwas used as
positive control for the staining. NT, non-transduced. Ad-YFP was used as negative control.
Note that lines #6 and #18, but not line #9, were able to express the transgene upon Cre
recombinase activity.
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Figure 2. qRT-PCR and Western blot analysis of Gsa-R201H expression in BMSCs
(A) qRT-PCR analysis of Gsa-R201H mRNA level in BMSCs upon adenovirus

transduction. BMSCs were isolated from 4-6-week-old F1 or F2 generation of 3 founder
lines. Primers were designed to detect the transgene-derived mutant Gsa. transcript by taking
advantage of the sequences of the HA tag. mRNA levels were normalized against the
samples transduced with adenovirus-Gsa-HA. Data represent mean + SEM of two-to-three
independent experiments; **, p<0.01. (B) Western blot analysis of protein lysates from
BMSCs upon adenovirus transduction. BMSCs were isolated from 4-6-week-old F1 or F2
generation cGsaR201H Jine #6 or control littermates. The Gsa-R201H protein was detected
using an antibody against the HA tag; note the immunoreactivity above the non-specific
(NS) band in the sixth lane from left. Cells transduced with ad-Gsa.-HA were used as
positive control. Ad-YFP was used as negative control. NT, non-transduced. p-actin
immunoreactivity was used to ensure comparable gel loading.
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Figure 3. Tamoxifen induced-lacZ expression in offspring of crosses between cGsa and

CAGGCre-ER™ mice
Cre-only and double mutant littermates from #6 and #18 lines were injected with Tamoxifen

from postnatal day 14 to 18 for five consecutive days and liver and kidney were harvested at
postnatal day 25. Following X-gal staining, the sections were counter-stained with Nuclear
Fast Red. Liver sections were captured at 10X and kidney sections at 20X magnification.
(A,B) Double mutants from line #6; (C,E,G) single mutants (CAGGCre) from line #18;
(D,F,H) double mutants from line #18. Note the /acZ positive cells in liver (D,F) and kidney
(H) of line #18 double mutants.
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Figure 4. Abnormal limb development in neonatal Prx1-Cre;Tg mice
(A) Gross appearance of Prx1-Cre;Tg and littermate control at birth. (B) Whole-mount

alizarin red/alcian blue staining of Prx1-Cre;Tg neonate and littermate control. Note the
shortened long bones and the relatively normal length of the axial skeleton in Prx1-Cre;Tg.
(C) Alizarin red/alcian blue staining of forelimbs and (D) hind limbs of Prx1-Cre;Tg neonate
and littermate control. (E,F,G) Alizarin red/alcian blue staining of radius, ulna and forefeet
(E), hind feet (F), and skull (G) of Prx1-Cre;Tg neonate and littermate control. Note the
markedly shorter and thinner long bones and the shorter snout in Prx1-Cre;Tg mice. Images
are representative of at least three different pups of the Prx1-Cre;Tg and control genotype
from two independent litters.
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Figure 5. Hypertrophic to columnar proliferating chondrocyte zone length is reduced in Prx1-

Cre;Tg compared to control littermates

(A-D) Hematoxylin and eosin staining of control and Prx1-Cre;Tg growth plates at birth.
Tibia (A,B) and distal femur (C,D) captured at 10x magnification. Lines indicate the
columnar proliferative (cp) and hypertrophic (h) chondrocyte zones. (E) Ratio of the length
of hypertrophic to columnar proliferating zones in control versus Prx1-Cre;Tg neonates.
Data represent mean £ SEM (n=5-6); *, p<0.05 vs control (two-tailed Student’s t-test).
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Figure 6. Prx1-Cre;Tg mice continues to be smaller than control littermates at postnatal day 21,
with delayed endochondral ossification and increased c-fos mRNA levels in BMSCs

(A) Gross phenotypes of 3-week old control (on the left) and Prx1-Cre; Tg (on the right)
littermates. (B-E) Hematoxylin and eosin stained femur sections of control (B,D) and Prx1-
Cre;Tg mice (C,E). Images were captured at 2x (B,C) or 10x (D,E) magnification. Note the
absence of secondary ossification center in Prx1-Cre;Tg samples (Panels C and E). (F)
Elevated levels of c-fos mMRNA in BMSCs from Prx1-Cre; Tg compared to control
littermates, measured by using gRT-PCR and B-actin mRNA as a reference control. Data
represent mean = SEM (n=7); *, p<0.05 vs control (two-tailed Student’s t-test).
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