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Abstract
P63, a member of the P53 tumor suppressor family, is known to play important functions in cancer
and development. Interestingly, previous studies have shown that p63 null mice are absent or have
truncated limbs, while mutations in human P63 cause several skeletal syndromes that also show
limb and digit abnormalities, suggesting its essential role in long bone development. Indeed, we
detected increased level of p63 transcript in hypertrophic MCT cells (an established cell model of
chondrocyte maturation) than in proliferative MCT cells. To investigate the in vivo role of P63
upon endochondral bone formation, we have established transgenic mouse lines in which HA- and
Flag-tagged TAP63α (the longest P63 isoform) is driven by the hypertrophic chondrocyte-specific
Col10a1 regulatory elements. Skeletal staining of Col10a1-TAP63α transgenic mice at either
embryonic day 17.5 (E17.5) or postnatal day 1 (P1) observed accelerated ossification in long bone,
digit and tail bones compared to their wild-type littermates, suggesting a putative function of P63
during skeletal development. We also detected decreased level of Sox9 and Bcl-2 transcripts, while
Alp and Ank are slightly upregulated in Col10a1-TAP63α transgenic mouse limbs. Further
immunohistochemical analysis confirmed the decreased Sox9 expression in the proliferative and
hypertrophic zone of these mice. Von Kossa staining suggests increased mineralization in
hypertrophic zone of transgenic mice compared to littermate controls. Together, our results
suggest a role of TAP63α upon skeletal development. TAP63a may promote endochondral
ossification through interaction with genes relevant to matrix mineralization and chondrocyte
maturation or apoptosis

Keywords
Col10a1; P63; Hypertrophic chondrocytes; Transgenic mice; Endochondral bone formation

© 2012 Elsevier B.V. All rights reserved.
*Correspondence to: Qiping Zheng, MD., PhD, Department of Anatomy and Cell Biology, Rush University Medical Center, 600 South
Paulina Street, Chicago, IL 60612, Phone: 312-942-5514, Fax: 312-942-5744, Qiping_Zheng@rush.edu.
Disclosures: All the authors state that they have no conflicts of interest.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Gene. Author manuscript; available in PMC 2013 March 10.

Published in final edited form as:
Gene. 2012 March 10; 495(2): 95–103. doi:10.1016/j.gene.2011.12.057.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
The p53 family of transcription factors consists of three members: p53, p63 and p73 (Mills
et al., 2006). These family members differentially regulate target gene transcription and
programmed cell death and therefore play pivotal roles during multiple tumor formation and
development (Dietz et al., 2002; Wu et al., 2003; Wu et al., 2005). P63 shows high structural
similarity to its mouse homologue, the p53 tumor suppressor. Due to its different promoter
usage and alternative splicing, P63 is divided into two subtypes (TAP63 and ΔNP63) and
each consists of three isoforms (−α, −β or −γ). The TAP63 isoforms act as transcription
factors. The ΔNP63 isoforms lack the main transcription activation domain and act as
dominant-negative inhibitors of transactivation (TA) isoforms (Petitjean et al., 2007).
Although these P63 isoforms are known to play distinct functions in cancer and
development, P63 is generally recognized as a critical transcription factor for epithelial
development and maintenance of tumorigenesis since its discovery more than a decade ago
(Perez CA, Pietenpol. JA., 2007). Interestingly, P63 has also been suggested to play putative
roles in skeletal, especially, limb development. It was previously reported that, besides the
severe defects of epithelial development, mice lacking P63 are either absent or have
truncated limbs (Mills et al., 1999; Yang et al., 1999). Meanwhile, mutations in human P63
have clearly been associated with EEC (ectrodactyly, ectodermal dysplasia, and cleft lip/
palate) syndrome, LMS (limb-mammary) syndrome, and isolated SHSF (Split Hand–Split
Foot) malformation (van Bokhoven et al., 2007). Despite the craniofacial involvement in
these syndromes, the severe limb defects in p63 null mice and the limb and digit
abnormalities in P63 associated diseases strongly suggest a putative role of P63 during
endochondral bone formation.

Endochondral bone formation or ossification is a major skeletal developmental process that
gives rise to long bones including appendicular skeleton, facial bones, vertebrae, and the
lateral medial clavicles (Ornitz DM., Marie PJ., 2002). Formation of these bones requires a
cartilage intermediate, in which mesenchymal cells condense and form chondrocytes.
Chondrocytes then undergo differentiation, proliferation, hypertrophy, and apoptosis, and
eventually replaced by bone. This is a well-coordinated process and is regulated by multiple
transcription factors and signaling pathways (de Crombrugghe et al., 2001). The obvious
skeletal abnormalities in P63 related mouse models and human syndromes suggest that P63
might be a candidate that plays a pivotal role during skeletal development and the
progression of skeletal diseases. However, currently, there is not much data that has been
reported regarding the effects of P63 upon bone formation. The putative function of P63
isoforms during different skeletal developmental stages, especially, during endochondral
bone formation is, therefore, largely unknown.

In this manuscript, we report investigation of the putative role of P63 upon endochondral
bone formation. We have detected an increased level of p63 transcript in hypertrophic MCT
cells, a cell model known to express hypertrophic chondrocyte-specific type X collagen gene
(Col10a1) abundantly upon growth arrest (Lefebvre et al., 1995; Zheng et al., 2003). We
have also performed transgenic studies using the cell-specific Col10a1 control elements to
selectively target TAP63α expression in hypertrophic chondrocytes. Skeletal phenotypic
analysis revealed accelerated ossification in long bone, digit and tail bones of Col10a1-
TAP63α transgenic mice at both E17.5 and the P1 stages, suggesting a putative function of
TAP63α, the longest P63 isoform, upon late embryonic skeletal development.
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2. Materials and Methods
2.1. Cell Culture, total RNA extraction, RT-PCR and qRT-PCR

Previously established mouse chondrocytes (MCT cells) were grown until sub-confluence at
32°C in standard DMEM with 8% FBS (Gibco BRL) and 8% CO2 as per published protocol
(Lefebvre et al., 1995; Zheng et al., 2003). These MCT cells were further cultured at either
32°C or 37°C for additional 1–3 days before harvest. Total RNAs from MCT cells were
isolated and reversely transcribed using Trizol reagent and Superscript III reverse
transcriptase (Invitrogen, Carlsbad, CA) to synthesize the first strand cDNA. The RT
product was subjected to regular or real-time polymerase chain reaction (RT-PCR or qRT-
PCR) to examine the mRNA level of relevant genes. These genes include p53 family
members: p53, p63 and p73, as well as the type X collagen gene (Col10a1) and the
endogenous control glyceraldehyde 3-phosphate dehydrogenase (Gapdh) for normalization.
The primer sequence and the amplicon size are listed in Table 1. Regular RT-PCR was
performed using standard protocol to amplify the cDNA templates from proliferative (32°C)
and hypertrophic (37°C) MCT cells with designated primes. Following 30 cycles of
amplification, the PCR products were subjected to ethidium bromide (EB) staining and
agarose gel running. For qRT-PCR, same amount of cDNA templates were amplified with
the designated primers using the Bio-Rad iQ™ SYBR Green supermix and the MyiQ Real-
Time PCR Detection System (Bio-Rad Hercules, CA). Relative gene-transcript levels were
analyzed by the manufacturer provided MyiQ Optical System Software. The mean CT
(threshold cycle number) values of target genes were normalized to endogenous Gapdh
using 2−ΔΔ Ct and student t-test (Zheng et al., 2003, Livak KJ, Schmittgen TD, 2001; Pfaffl
MW, 2001). Data is collected from multiple runs of real-time PCR with duplicate templates.
P<0.05 indicate significant fold-changes of mRNA level of genes of interest in different
population of MCT cells.

2.2. Generation of Col10a1-TAP63α transgenic mice
Transgenic mice were generated in which HA and Flag-tagged human TAP63α cDNA was
driven by the hypertrophic chondrocyte-specific Col10a1 regulatory elements (Fig. 2A, 2B)
that we recently described (Zheng et al., 2009). Specifically, the Col10a1 regulatory
elements contain four copies of the 288-bp Col10a1 distal promoter (4296 to −4209 bp)
followed by a Col10a1 basal promoter (−220 to +45 bp) as illustrated (Fig. 2B). These
combined Col10a1 promoter elements were released from plasmid pBluescript II by BamHI
and SalI (blunted) digestion and cloned into the BamHI and Asp718 (blunted) sites of the
pcDNA3.1(−) vector (Invitrogen). The full length human TAP63α cDNA in-frame with a 5′-
HA- and a 3′-flag fragment was released from pcDNA 3.1(−) by BamHI (blunted) and XhoI
(blunted) digestion and cloned into the HindIII (blunted) site of the pcDNA3.1 (−)
downstream of the Col10a1 regulatory elements. After sequence confirmation, a 3.4 kb
Bsrb1 fragment containing the whole transgenic cassette, which includes the cell-specific
Col10a1 promoter elements, the HA- and flag-tagged TAP63α cDNA, and the bovine
growth hormone polyadenylation signal sequence, was released and purified for DNA
microinjection. Generation of transgenic mice was conducted at the University of Illinois at
Chicago (UIC) Transgenic Production Service core facility. Purified DNA construct was
injected into pronuclei of FVBN/J mouse zygotes and transplanted into pseudopregnant ICR
mice. Transgenic founders were identified by PCR genotyping using following primer pairs:
HA-Forward: 5′-GTA CCT GAC TAT GCA TAT CCG-3′ and human P63-Reverse: 5′-
CAG TGG AAT ACG TCC AGG TG-3′; or human P63-Forward: 5′-TCC TGC GGA CCC
CAA GCA GT-3′ and Flag-Reverse: 5′-AGA AGG CAC AGT CGA GGC TGA -3′. The
animal studies were approved by the animal care and oversight committees at University of
Illinois at Chicago and Rush University Medical Center.
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2.3 Skeletal phenotypic analysis
Mouse skeletons from transgenic (TG) or wild-type (WT) littermates at embryonic day 15.5
(E15.5), 17.5 (E17.5), and postnatal day 1 (P1) stages were prepared and stained with Alcian
blue and Alizarin red staining according to published protocol with modification
(Ovchinnikov D, 2009). Briefly, both embryonic and P1 mice were eviscerated and fixed in
95% ethanol for at least 24 hours. These mouse skeletons were then transferred to staining
solution consisting of 0.03% Alcian blue 8GX (Sigma, St. Louis, MO) in 80% ethanol and
20% acetic acid. After 24 hours, the skeleton samples were rinsed with 95% ethanol and
95% ethanol/2% KOH (v/v=1:1) and counterstained overnight with 0.03% Alizarin Red S
(Sigma, St. Louis, MO) in 1% KOH and water. Clearing of the samples was conducted by
placing them in 1% KOH/20% glycerol for at least two days before transferring into
glycerol/95% ethanol (v/v=1:1). Samples were then treated with 80% glycerol and finally
stored at 100% glycerol. To analyze the skeletal phenotypes, mouse offspring from both
Col10a1-TAP63α transgenic mouse lines were genotyped and confirmed by transgene
expression analysis. The occurrence and signal intensity of the alizarin red staining
indicating ossification status were analyzed for limbs, digits and mouse tail bones (ossified
caudal vertebrate numbers) and compared between TG and WT controls. At least three lines
from Col10a1-TAP63α TG mice or WT littermates were stained and analyzed.

2.4. Transgene and marker gene expression
Total RNAs from limb tissues of mice at the E17.5 and p1 stages from three Col10a1-
TAP63α transgenic mouse lines were prepared. After reverse transcription, the RT products
were used for expression profiling of transgene (Flag-tag or P63) and following apoptotic
(Bax, Bcl-2 ), bone/cartilage-specific (Col10a1, Runx2, and Sox9) and mineralization related
marker genes (Alp, Ank, Enpp1, and Phospho1) using qRT-PCR as mentioned above. The
primer sequence and amplicon size were as listed (Table 1).

2.5. Hematoxylin/Eosin and von Kossa staining
Mouse hind limbs from Col10a1-TAP63α mouse offspring were used. Specifically, mouse
limbs at E17.5 or P1 stages were collected and fixed in 10% formalin and stored in 70%
ethanol. These mouse limbs were then subjected to dehydration, paraffin embedding and
sectioning without decalcification. H & E staining was performed using standard protocols.
von Kossa staining was performed on the paraffin embedded sections based on previous
protocol with modifications (Bonewald et al., 2003). Briefly, xylene and ethanol treated
slides were incubated with 5% silver nitrate and exposed to an ultraviolet light for 30–60
minutes. After rinse with distilled water, slides were treated with 5% sodium thiosulfate for
2–3 minutes and counterstained with 0.1% nuclear fast red. At least 30 longitudinal (sagittal)
sections (5-μm-thick) of the limb growth plate from both TG and WT littermates were
collected and analyzed with the microscope (Nikon Eclipse 80i, Nikon Instruments Inc.,
Melville, NY USA) and the Qcapture Suite software (version, 2.95.0, Quantitative Imaging
Corp., USA).

2.6. Immunohistochemical analysis
Relevant mouse limb sections were subjected to immunohistochemical analysis using
following primary antibodies: anti-p63 (H-129, sc-8344, Santa Cruz) which recognizes the
p63α isoforms (Romano et al., 2006), anti-Sox9 (H-90, sc-20095, Santa Cruz), and anti-Flag
(#2368, Cell Signaling). The procedures were based on manufacture suggested protocol with
modifications. Briefly, after de-paraffin and rehydration, the selected TG or WT limb
sections underwent a series of pretreatments before incubation with the primary antibodies
(4°C, overnight). The pretreatments include hot citrate buffer incubation (0.01 M, pH 6.0,
95°C, 10 min) to retrieve antigen, hydrogen peroxide treatment (3% H2O2 in 100% ethanol,
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5 min) to quench the endogenous peroxidase, and blocking with 30% normal horse serum
(30 min). The concentrations used for the primary antibodies were at 1:300 (anti-P63),
1:3000 (anti-Sox9) and 1:500 (anti-Flag) dilutions respectively. Non-immune mouse IgG
was used as a negative control. After washing with the 1xTBST (Tris Buffered Saline with
0.1% Tween-20), tissue sections were further incubated with biotinylated secondary
antibody (anti-rabbit IgG, Santa Cruz). Detection was using the reagents, and protocol as
instructed in the ABC kit (Elite PK-6200 Universal, VECTOR laboratories). Slides were
counterstained with hematoxylin before microscopic analysis as described above.

2.7. Statistical Analysis
One-way ANOVA and student t-tests were used to assess the significance across
experimental groups (TG vs WT). Values (ossified caudal vertebrate numbers) are presented
as means ± SEM (standard error of mean). Real-time RT-PCR data was analyzed using 2−ΔΔ
Ct values of each sample (Livak KJ, Schmittgen TD, 2001). p< 0.05 was considered to be
statistically significant.

3. Results
3.1. mRNA transcripts of p53 family members in MCT cells

To investigate the putative role of p53 family members during chondrogenesis, we examined
the mRNA level of p53, p63, and p73 in MCT cells, a cell model of chondrocyte
differentiation and maturation that has been described previously (Lefebvre et al., 1995). As
expected, the mRNA transcript of type X collagen gene (Col10a1 or ColX) is much more
abundant in hypertrophic MCT cells (37°C) by semi-quantitative RT-PCR analysis (30
cycles). We also observed more abundant levels of p53 and p63 mRNA transcripts in
hypertrophic MCT cells (37°C) compared to cells grown in permissive temperature (32°C).
No p73 mRNA transcript was detected in either proliferative or hypertrophic MCT cells
with designated primers (Table 1 and Fig. 1A). Meanwhile, qRT-PCR confirmed the
significantly upregulated mRNA level (more than 20-fold) of Col10a1, while both p53 and
p63 were 2–3 fold upregulated in hypertrophic MCT cells compared to that in proliferative
MCT cells as normalized to Gapdh (Fig. 1B). These results together suggest a potential
function of p53 family members, especially p53 and p63, during chondrocyte differentiation
and maturation in vitro.

3.2. Establishment of Col10a1-TAP63α transgenic mouse lines
We have previously reported Col10a1 promoter analysis by transgenic studies that used four
copies of the 300 bp Col10a1 distal promoter (−4296 to −4009) and its basal promoter
(−220 to +110) to drive the LacZ gene (Fig. 2A, top, Tg-4x300-LacZ) (Zheng et al., 2003).
These Col10a1 promoter elements were able to direct exclusive reporter expression (X-gal
blue staining) throughout the hypertrophic zone of the growth plate (distal scapula) in
transgenic mice at both E15.5 and P1 stages (Fig. 2A, bottom). To study the in vivo role of
P63 during skeletal development, we have performed P63 gain-of- function studies by
generating a transgenic construct in which HA- and flag-tagged TAP63α cDNA was driven
by the same hypertrophic chondrocyte-specific Col10a1 distal promoter and a shorter basal
promoter as illustrated (Fig. 2B, Tg-4x300-P63). The shorter basal promoter which ends at
exon I was used so as to avoid the requirement of additional splicing acceptor site. PCR
genotyping using HA fragment and human P63 specific primers (Table 1) showed that we
have successfully generated four Col10a1-TA63α transgenic founders (Fig. 2C, left, lanes
33, 52, 54, and 72). All these transgenic founders except founder 54 undergo germline
transmission after PCR genotyping of the offspring of each of these four founders (data not
shown). We also examined the transgene (HA- and Flag-tagged human TAP63α) expression
in these lines at both E17.5 and P1 stages after genotyping (data not shown). Here we show
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the representative results of transgene expression in offspring of Col10α1-TAP63α
transgenic mouse line 72. As illustrated, transgene expression was confirmed in transgenic
pups by RT-PCR analysis of total RNAs prepared from limb tissues using the HA- and
human P63-specific primers (Fig. 2C, right, lanes 2, 3, 5, and 6).

3.3. Transgene expression in Col10a1-TAP63α transgenic mice
As described above, transgene expression was confirmed by RT-PCR analysis using mouse
limb tissues of three Col10a1-T AP63α transgenic mouse lines that were established from
founders 33, 52 and 72. To examine the targeting efficiency of transgene gene driven by the
cell-specific Col10a1 control elements, we have performed immunohistochemical staining
using anti-Flag antibody on sagittal sections of distal femur of TG mice at the P1 stage.
While no staining was detected in the growth plate when control serum was used (Fig. 3A,
left), specific brown staining showing transgene expression was primarily restricted to pre-
hypertrophic and hypertrophic chondrocytes (Fig. 3A, right, red squares)whenanti-Flag
antibody was used. Meanwhile, immunohistochemistry using anti-P63 antibody was also
performed on sagittal sections of distal femur of both TG and WT littermates at the P1 stage.
While endogenous p63 was shown in the proliferative and (pre-) hypertrophic zone of WT
mice (Fig. 3B, left), more intense brown staining indicating increased P63 expression was
detected in the prehypertrophic and hypertrophic zone of TG mice (Fig. 3B, right, red
squares). These results together suggest that the cell-specific Col10a1 control elements
(Zheng et al., 2009) direct target transgene (Flag-tagged TAP63α) expression primarily in
the (pre-)hypertrophic region.

3.4. Accelerated ossification in Col10α1-TAP63α transgenic mice
Skeletal phenotypes of Col10α1-TAP63α TG mice were analyzed using Alcian blue and
Alizarin red staining and compared to the WT controls. Mouse embryos at E15.5, E17.5 and
mice at P1 stage from each of the Col10α1-TAP63α transgenic mouse lines 33, 52, and 72
were analyzed. No obvious skeletal difference was observed between TG and WT littermates
at E15.5 based on results of whole skeletal staining from all three Col10α1-TAP63α
transgenic mouse lines (data not shown). The skeletal consequences from line 72 and the
comparison between TG and WT littermates at both E17.5 and P1 stages were as illustrated
(Fig. 4). At E17.5, the TG mouse embryos are slightly larger in size than the WT controls
(Fig. 4, A1), slightly accelerated ossification was also observed as indicated by more intense
alizarin red staining in the fore limb phalange and digits (Fig. 4, A2), hind limb metatarsal
and digits (Fig. 4, A3), and the ossified caudal vertebrates in tail bones (Fig. 4, A4). For
mice at the P1 stage, TG mice are much larger in size as shown by whole skeleton
preparation (Fig. 4, B1). Enhanced ossification signs (alizarin red staining) were also
observed in fore limb (phalanges and digits, Fig. 4, B2), hind limb (calceneus, metatarsal
and digits, Fig. 4, B3), and tail bones (caudal vertebrates, Fig. 4, B4). We observed similar
enhanced ossification in TG embryos (E17.5) and P1 mice as well in line 52 compared to
WT littermates (data not shown), while no skeletal phenotypic difference was shown
between TG and WT controls in line 33 at both E17.5 and P1 stages (data not shown). We
also calculated the ossified caudal vertebrates of P1 mice for these Col10α1-TAP63α
transgenic mouse lines. While no difference was observed between TG and WT littermates
of line 33 (p>0.05), TG mice in both line 52 and line 72 have more ossified caudal
vertebrates than that of WT littermates (p<0.05, Fig. 4, B5), suggesting the putative function
of TAP63α during endochondral bone formation.

3.5. Increased matrix mineralization in Col10α1-TAP63α transgenic mice
To determine the status of matrix mineralization in TG mouse lines 52 and 72 that show
accelerated ossification, we have performed von Kossa staining on limb sections of these
mice at both E17.5 and P1 stages. Figure 5A shows von Kossa staining of sagittal sections
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of proximal humerus of both TG and WT littermates at E17.5 stage from transgenic mouse
line 52. The results showed that matrix mineralization starts in the terminal hypertrophic
chondrocytes of WT littermates (Fig. 5A, left, black squares), while increased von Kossa
staining was observed in the upper hypertrophic zone of TG mice (Fig. 5A, right, red
squares). Von Kossa staining was also performed in sagittal sections of proximal tibia of
both TG and WT littermates at P1 stage from transgenic mouse line 72. The results also
suggest an earlier mineralization process in the middle hypertrophic zone of TG mice (Fig.
5B, right, red squares) compared to the WT littermate controls (Fig. 5B, left, black squares).

3.6. Expression profiling of relevant marker genes in Col10α1-TAP63α transgenic mice
To investigate the putative mechanisms of the accelerated mineralization/ossification
observed in Col10α1-TAP63α TG mice, we examined the relative expression of several
apoptotic and chondrogenic related marker genes (such as Bax, Bc-2, Col10a1, Runx2 and
Sox9) in all three Col10α1-TAP63α transgenic mouse lines. The representative marker gene
expression in line 72 at the P1 stage was as illustrated. While no obvious fold-change of the
mRNA transcripts was shown between TG and WT controls for Bax, Col10a1 and Runx2
genes, we detected significant reduction of Bcl-2 and Sox9 mRNA transcripts in TG mice
compared to the WT littermates by qRT-PCR analysis (p < 0.05, Fig. 6A). Reduction of
Bcl-2 and Sox9 mRNA transcripts was also observed in TG mice of line 52, but not in line
33 (data not shown). Some bone mineralization related marker genes (such as Alp, Ank,
Enpp1 and Phospho1) were also examined by qRT-PCR analysis. While no notable
difference was observed between TG and WT mice for genes Enpp1 and Phospho1, Alp and
Ank mRNA transcripts did show 20–30% increase in lines 52 and 72 (Fig. 6A). We have
also performed immunohistochemical staining using anti-Sox9 antibody and mouse limb
sections from line 72 at the P1 stage. Decreased Sox9 expression was observed in the
proliferative and hypertrophic zone of TG mice (Fig. 6B, bottom panels) compared to WT
controls (Fig. 6B, top panels). Sox9 downregulation was also detected in the growth plate
region of TG mice from line 52 by immunohistochemical analysis (data not shown).

4. Discussion
As a p53 family member, P63 was originally thought to be another tumor suppressor.
However, unlike P53, few mutations in P63 gene have been identified and associated with
human cancers (van Bokhoven et al., 2001; Finlan LE, Hupp TR, 2007). Instead, P63 has
been widely recognized as a critical transcription factor for proper epithelial development
and maintenance (Perez CA, Pietenpol. JA., 2007). It was not until more than a decade ago,
when p63 was shown to be important for limb development, as mice lack p63 are either
absent or have severely truncated limbs. This severe limb defect is most likely caused by
abnormal ectodermal-mesenchymal signaling, suggesting a role of P63 during apical
ectodermal ridge (AER) induction (which develops as early as embryonic day 9.5) and
maturation that are essential for early limb development (Fernandez-Tern M, Ros MA.,
2008). Interestingly, the limb defect may also be attributed to abnormal maturation and
apoptosis of cartilage as indicated previously (Trink et al., 2007). This makes P63 a possible
candidate for chondrocyte apoptosis, a known process essential for endochondral bone
formation. However, how P63 plays a role upon endochondral bone formation during early
skeletal development, has not been elucidated.

We have examined the mRNA levels of p53 family members in an established cell model of
mouse chondrocytes, the MCT cells (Lefebvre et al., 1995). It was previously demonstrated
that MCT cells proliferate well in permissive temperature (32°C) of SV40 large T antigen.
These cells undergo hypertrophy or maturation which is characterized by significant up-
regulation of Col10a1 expression upon growth arrest (grown in 37°C). Indeed, Col10a1
mRNA transcript is much more abundant (more than 20-fold) in hypertrophic MCT cells
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than in proliferative MCT cells (Fig. 1A, 1B). Surprisingly, both p53 and p63 mRNA
transcripts were (2–3 fold) upregulated in hypertrophic MCT cells compared to that in
proliferative MCT cells (Fig. 1A, 1B). P63 has been well demonstrated to be a regulatory
protein that regulates target gene expression and cellular processes (Perez CA, Pietenpol.
JA., 2007). The upregulated p63 expression may contribute to the enhanced Col10a1
expression and the terminal differentiation of hypertrophic MCT cells, and therefore, play a
role in the endochondral pathway.

To investigate the potential in vivo function of P63 upon late embryonic skeletal
development, we have performed P63 gain of function studies using the transgenic
approach. We selectively target TAP63α in hypertrophic chondrocytes using the cell-specific
Col10a1 control elements that we previously described (Zheng et al., 2009). The α-isoform
is the longest isoform of P63 subtypes. TAP63 has previously been shown to transactivate or
repress target gene expression to cause cellular responses. In our Col10a1-TAP63α
transgenic studies, while no notable difference of skeletal phenotypic consequence was
observed between TG and WT controls in line 33, the TG mice from lines 52 and 72 did
show accelerated ossification in long bone, digit and tail bones at both E17.5 and P1 stages
compared to their WT littermates (Fig. 5). Earlier mineralization was also observed in the
growth plate of Col10a1-TAP63α TG mice compared to their littermate controls (Fig. 5).
These results suggest a putative function of TAP63α upon endochondral bone formation.

We have performed expression analysis of some chondrogenic and apoptotic related marker
genes (Bax, Bcl-2, Col10a1, Runx2 and Sox9) in our transgenic mice. No notable difference
was detected between TG and WT littermates of line 33 of Col10α1-TAP63α mice (data not
shown). Interestingly, qRT-PCR analysis detected significant reduction of Bcl-2 and Sox9
transcripts in TG mice of lines 52 and 72 at both E17.5 and P1 stages (Fig. 6A and data not
shown). Meanwhile, Alp and Ank mRNA transcripts increased by 20–30% in lines 52 and 72
(Fig. 6A), though not statistically significant. However, immunohistochemical analysis
confirmed the decreased Sox9 expression in the proliferative and hypertrophic zone of lines
52 and 72 of Col10α1-TAP63α TG mice (Fig. 6B). These results together may suggest a
potential mechanism of chondrocyte maturation/apoptosis or matrix mineralization that
contributes to the accelerated ossification in two of the Col10α1-TAP63α mouse lines (Fig.
4).

Chondrocyte hypertrophy and apoptosis are essential steps of endochondral bone formation.
Apoptosis in hypertrophic chondrocytes may be linked to mineralization of the extracellular
matrix (Mello et al., 2002; Shapiro et al., 2005). Multiple apoptotic marker genes such as
Bax and Bcl-2 have been shown to play a role in chondrocyte cell death by maintaining the
ratio of Bcl-2 to Bax to determine cell fate (Mello et al., 2002; Cheung et al., 2003; Oshima
et al., 2008). Bax overexpression causes accelerated cell death while Bcl-2 null mice have
accelerated endochondral ossification (Boot-Handford et al., 1998; Mello et al., 2002). In
our Col10a1-TAP63α mouse lines 52 and 72, while Bax did not show a difference,
significant reduction of Bcl-2 mRNA transcripts was detected in TG mice compared to WT
controls. This will cause the ratio change of Bcl-2 over Bax and possibly leading to the
phenotypic consequence.

In the mean time, we also detected decreased level of Sox9 mRNA transcripts and protein in
TG mice of these two lines by qRT-PCR and immunohistochemical analysis. Sox9
inactivation has recently been associated with chondrocyte apoptosis, suggesting its anti-
apoptotic function (Ikegami et al., 2011). Downregulation of Bcl-2 and Sox9 expression may
promote apoptosis of hypertrophic chondrocytes that are essential for subsequent matrix
mineralization and osteoprogenitor cell deposition during endochondral ossification. Indeed,
we detected increased level of Alp (30%), and Ank (20%) transcripts in TG mouse limb
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tissues of lines 52 and 72. Alp (alkaline phosphatase), a known early osteogenic marker, has
previously been implicated to play a crucial role in promoting mineralization of the
extracellular matrix (Yadav et al., 2011), whereas Ank (progressive ankylosis protein) has
been demonstrated to be a positive regulator of bone formation and remodeling (Kim et al.,
2010). Although the increase is not statistically significant, possibly due to the fact that the
total RNAs were prepared from whole hind limbs, not from hypertrophic chondrocytes
enriched limb tissue, we did observe earlier matrix mineralization as demonstrated by von
Kossa staining in the hypertrophic zone of Col10a1-TAP63α TG mice compared to their
littermate controls. In addition, SOX9 has been shown to inhibit the transactivation of
RUNX2 (Cheng et al., 2010), a master transcription factor both for osteoblast differentiation
and chondrocyte maturation (Otto et al., 1997; Kim et al., 1999; Inada et al., 1999; de
Crombrugghe et al., 2001; Takeda et al., 2001; Hinoi et al., 2006; Komori et al., 2010).
SOX9 is dominant over RUNX2 function during endochondral ossification (Zhou et al.,
2005). Therefore, the accelerated ossification in our Col10a1-TAP63α mice could be
partially attributed to Sox9 downregulation which will release the inhibition of Runx2
function to promote chondrocyte maturation and bone formation.

In conclusion, we have, for the first time, investigated the potential function of TAP63α, the
longest P63 isoform, during early skeletal development in vivo by selectively target TAP63α
expression in hypertrophic chondrocytes. Our results support that TAP63a play a positive
role upon endochondral ossification, possibly through interaction with genes (such as Alp,
Ank, Bcl-2, Sox9, etc.) relevant to matrix mineralization, chondrocyte maturation or
apoptosis. Further elucidating the role of p63 isoforms and the underlying mechanisms upon
different skeletal developmental stages will help to identify potential therapeutic targets for
P63 related skeletal diseases.
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Abbreviations

RT-PCR Reverse transcription polymerase chain reaction

q-(RT-)PCR quantitative or real-time (RT-) polymerase chain reaction

Gapdh glyceraldehydes-3-phosphate dehydrogenase

Col10α1 type X collagen, alpha 1

mTrp53/63/73 murine transformation related protein 53/63/73

Bax BCL-2-associated X protein

Bcl-2 B-cell leukemia (lymphoma) 2

Runx2 runt-related transcription factor 2

Sox9 SRY-box containing gene 9

Alp Alkaline phosphatase

Ank progressive ankylosis gene

Enpp1 ectonucleotide pyrophosphatase/phosphodiesterase 1
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Phospho1 phosphatase, orphan 1

H & E staining Hematoxylin/Eosin

MCT cells Mouse chondrocytes immortalized with SV40 large T antigen

XBP Col10a1 basal promoter

WT Wild-type

TG Transgenic

E17.5 Embryonic day 17.5

P1 Postnatal day one

TBST Tris Buffered Saline

ANOVA Analysis of variance between groups
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Highlights

P63 is upregulated in hypertrophic MCT cells compared to proliferative MCT cells.

We have generated transgenic mice overexpressing TAP63α in hypertrophic
chondrocytes.

Enhanced ossification was observed in these transgenic mice at E17.5 and P1 stages.

The result suggests a positive role of TAP63α in late embryonic skeletal
development.
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Fig 1. mRNA levels of Col10a1 and p53 family members in MCT cells
(A). Total RNAs were prepared from both proliferative (32 °C) and hypertrophic (37 °C)
MCT cells using the TRIzol reagent. Reverse transcribed cDNA were subjected to RT-PCR
analysis and the results showed that Col10a1, p53 and p63 transcripts were much more
abundant in hypertrophic MCT cells than in proliferative MCT cells. No p73 amplicon was
detected using the designated pair of PCR primers. (B). Real-time RT-PCR analysis showed
that Col10a1 mRNA transcript is more than 20-fold upregulated in hypertrophic MCT cells
than in proliferative MCT cells as normalized to Gapdh. Meanwhile, both p53 and p63
showed 2–3 fold upregulation in hypertrophic MCT cells compared to proliferative MCT
cells. *: p<0.05; **: p<0.01. M: Marker.
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Fig 2. Generation of Col10α1-TAP63α transgenic mice
(A). Transgenic construct using the 300-bp (−4296 to −4009 bp) Col10a1 distal promoter
and the 330-bp (−220 to +110 bp) Col10a1 basal promoter to drive the LacZ gene was as
illustrated (top). Paraffin embedded sections of distal scapula from X-gal-stained Tg-4x300
transgenic mice at E15.5 (embryonic) and P1 (postnatal) stages were counterstained with
nuclear fast red. Blue staining indicating β-galactosidase activity is exclusively throughout
the hypertrophic zone (bottom) as previously described (Zheng et al., 2009). XBP: Col10a1
basal promoter. (B). Same Col10a1 distal promoter and a shorter Col10a1 basal promoter
(−220 to +45 bp) elements were used to generate P63-expressing transgenic construct. A
HA- and a Flag-tag at either 5′- or 3′-end were cloned in-frame with human TAP63α cDNA.
Shorter basal promoter (with the 3′-sequence ending at exon I) was used to allow transgene
expression with the endogenous splicing acceptor site. ShXBP: shorter Col10a1 basal
promoter. (C). PCR genotyping using human P63 and HA- or Flag fragment specific
primers indicated that we have successfully generated four Col10a1-TA63α transgenic
founders (left, lanes 33, 52, 54, and 72). Transgene expression in offspring of Col10α1-
TAP63α transgenic mouse line 72 was confirmed by RT-PCR analysis of total RNAs
prepared from limb tissues using the HA- and human P63-specific primers (right, lanes 2, 3,
5, and 6).
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Fig 3. Transgene expression in Col10α1-TAP63α transgenic mice
(A). Sagittal sections of distal femur from transgenic mouse limbs at the P1 stage were
subjected to immuno-histochemical staining using anti-Flag antibody. Transgene expression
was primarily observed in the pre-hypertrophic and hypertrophic region (red squares, right
panel). Left panel shows no antibody control. TG: transgenic. (B). Sagittal sections of distal
femur from both TG and WT mouse limbs at the P1 stage were subjected to immuno-
histochemistry analysis using anti-P63 antibody. P63 was overexpressed in the pre-
hypertrophic and hypertrophic region of TG mice (red squares, right panel) compared to WT
littermates (black squares, left panel).

Li et al. Page 16

Gene. Author manuscript; available in PMC 2013 March 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 4. Accelerated ossification in Col10α1-TAP63α transgenic mice
(A). Alcian blue and Alizarin red staining of mouse embryos at E17.5 stage. A1: Whole
skeletal staining showed slightly oversize of TG over WT littermate controls. A2: Fore limb,
faint alizarin red staining can be seen in the last phalange of TG mouse embryo (red arrow),
but not in the WT mouse (black arrow). A3: Hind limb, the metatarsal bones show more
intense ossification signs in TG vs WT embryos. A4: Tails, ossification signs were clearly
shown in the second caudal vertebrate of TG mouse embryo (red arrow) compared to the
first caudal vertebrate of WT mouse embryo (black arrow). (B). Skeletal staining of
Col10α1-TAP63α TG and WT mice at P1 stage. B1: Whole skeletal staining, Col10α1-
TAP63α TG mice are generally larger than its WT littermates. B2: Fore limbs, more intense
alizarin red staining was observed in the terminal digits and phalange bones of the TG mice
(red arrows) compared to WT littermates (black arrows). B3: Hind limbs, more obvious
ossification signs were observed in the calceneus (1), the metatarsal bones (2) and terminal
digits (3) of the TG mice (red arrows) compared to WT littermates (black arrows). B4: Tail
bones, alizarin red staining showed ossifications signs up to 11th caudal vertebrate in WT
mouse tail (black arrow), compared to the clear alizarin red staining in the 13th caudal
vertebrae of TG mouse tail (red arrow). B5: Ossified caudal vertebrates were calculated and
subjected to statistical analysis for three Col10α1-TAP63α transgenic mouse lines. TG mice
of line 52 [10.8±0.50 (WT) and 13.2±0.44( TG), p<0.001], and line 72 [11.7±1.50 (WT) and
13.4±0.54 (TG), p<0.05] showed more ossified caudal vertebrates than that of WT
littermates, while no difference was observed between TG and WT littermates of line 33
[9.1±0.38 (WT) and 9.6±1.81 (TG)] (p>0.05).
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Fig 5. Increased mineralization in C ol10α1-TAP63α transgenic mice
(A). Sagittal sections of proximal humerus from both TG and WT mouse embryos of line 52
at the E15.5 stage were subjected to von Kossa staining. More von Kossa staining (black and
silver dots as well as dark brown staining) suggesting increased mineralization was shown in
the hypertrophic zone of TG mice (right red squares) compared to WT littermate controls
(left, black squares). (B). Von Kossa staining was also performed in sagittal sections of
proximal tibia of both TG and WT littermates at P1 stage from transgenic mouse line 72. The
results also suggest an earlier mineralization process in the middle hypertrophic zone of TG
mice (right, red squares) compared to the WT littermate controls (left, black squares). H-
zone: hypertrophic zone.
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Fig 6. Relevant marker gene expression in Col10α1-TAP63α transgenic mice
(A). Total RNAs from mouse hind limbs of both line 52 and line 72 were prepared and
reverse transcribed for expression analysis using qRT-PCR approach. Illustrated is the
relative mRNA level from representative line 72. Bax, Col10a1 and Runx2 in TG mice is
similar to that of WT controls. Meanwhile, significant reduction of Bcl-2 (WT vs. TG: 1.00 ±
0.12 vs. 0.62 ± 0.20, n = 7, p < 0.05) and Sox9 (WT vs. TG: 1.00 ± 0.09 vs. 0.42 ± 0.11, n =
7, p < 0.05) transcripts were detected in TG mice compared to the WT littermates. Data
ColX: Col10a1. (B). Sagittal sections of proximal femur from both TG and WT mouse limbs
at the P1 stage were subjected to immunohistochemistry analysis using anti-Sox9 antibody.
Decreased Sox9 expression was observed in the proliferative and hypertrophic zone in TG
mice (bottom, left) compared to WT controls (top, left, 4x magnifications). Higher (20x)
magnifications of the same panels of images clearly showed less brown staining and signal
intensity indicating decreased Sox9 expression in cells of prehypertrophic and hypertrophic
zone (bottom, right, red squares) of the TG mice compared to the littermate controls (top,
right, black squares). PZ: proliferative zone; HZ: hypertrophic zone.
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Table 1

Primers designed for real-time PCR

Name RefSeqID Sense Primer (5′-3′) Antisense Primer (5′-3′) Amplicon (bp)

Gapdh NM_008084 ACCCAGAAGACTGTGGATGG CACATTGGGGGTAGGAACAC 171

Col10α1 NM_009925 AAAGCTTACCCAGCAGTAGG ACGTACTCAGAGGAGTAGAG 331

mTrp53 NM_001127233 TGGAAGACTCCAGTGGGAAC CTGTAGCATGGGCATCCTTT 319

mTrp63 NM_001127259 GTCAGCCACCTGGACGTATT CTCATTGAACTCACGGCTCA 222

mTrp73 NM_0011276331 CAAAGTGTCCACACCACCAC CATACGGCACAACCACACTC 233

Bax NM_0007527 TGCAGAGGATGATTGCTGAC GATCAGCTCGGGCACTTTAG 173

Bcl-2 NM_009741 CTGGCATCTTCTCCTTCCAG GACGGTAGCGACGAGAGAAG 183

Runx2 NM_001145920 ACCCAGC CACCTTTACCTAC TATGGAGTGCTGCTGGTCTG 150

Sox9 NM_011448 TTCATGAAGATGACCGACGA ATGCACACGGGGAACTTATC 200

Alp NM_007431.2 AGTGAGCGCAGCCACAGAGC GTGTGGCGTGGTTCACCCGA 134

Ank NM_020332.4 CCTGGCCACGCAGCGAATCA GACCCACGGGGTAGGTGGCT 119

Enpp1 NM_008813.3 CTCATGCCCCTCTGGGCGTC CGGTGGCGTGAGGAACCCAT 168

Phospho1 NM_153104.3 GCTCTGGCTCCCCGGCATTTA AGCCCCGAGGGACTGTGGATG 105

Gapdh: glyceraldehydes-3-phosphate dehydrogenase; Col10α1: type X collagen, alpha 1; mTrp53/63/73: murine transformation related protein
53/63/73; Bax: BCL-2-associated X protein; Bcl-2: B-cell leukemia (lymphoma) 2; Runx2: runt-related transcription factor 2; Sox9: SRY-box
containing gene 9; Alp: Alkaline phosphatase; Ank: progressive ankylosis gene; Enpp1: ectonucleotide pyrophosphatase/phosphodiesterase 1;
Phospho1: phosphatase, orphan 1
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