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Abstract: Although, the role of tumor suppressor protein, p53 is well accepted in differentiation, it is not clear
how p53 enhances differentiation in some cell lineages and inhibits others. C2C12 myoblasts permanently
withdraw from cell cycle and terminally differentiate into multinucleated myotubes. BC3H1 myogenic cells
however differentiate but reversibly withdraw from cell cycle and do not fuse into myotubes. We examined the
levels of p53 in both cytoplasm and nucleus of C2C12 and BC3H1 myogenic cells undergoing differentiation.
We found quite a good amount of full-length p53 in the cytoplasm and extensive degradation in the nucleus of
control and differentiated C2C12 myoblasts. In addition, in the nucleus we detected very low level of full-length
p53 during early differentiation and quite a significant amount during late differentiation when C2C12
myoblasts were fusing into myotubes. On the other hand, we found quite a good amount of p53 in control and
early differentiated BC3H1 myogenic cells both in the cytoplasm and nucleus. However, its level gradually
decreased in both locations while these cells were differentiating. Although, p53 is extensively degraded in the
nucleus in these differentiated cells, this degradation pattern is quite different from C2C12 myoblasts, p53
mutant-expressing C33A cells, and testicular somatic (Leydig and Sertoli) cells. Altogether, our data indicate
that the lack of differentiation of BC3H1 cells in multinucleated myotubes is possibly due to the extensive
degradation of p53 in the nucleus.

Abbreviations used: p53, a tumor suppressor protein; 8-Br-cAMP, 8-bromo-cyclic adenosine
monophosphate; h, hour; and kDa, kilo-Dalton

Keywords: C2C12 myoblasts, BC3H1 myogenic cells, C33A cells, 10T1/2 mouse fibroblasts, tumor suppressor
p53, cytoplasmic and nuclear distributions of p53, degradation of p53, and differentiation

1. INTRODUCTION

The tumor suppressor protein, p53 regulates cellular stress, cell cycle, and differentiation (1). In
response to cellular stress, p53 is stabilized and activated via post-translational modifications such as
phosphorylation and acetylation (2). During cellular stress conditions, p53 regulates the expression
and activity of several cellular regulators, recruits them at the site of stress, and finally relieves the
stress (3). If the stress is too extensive and not removable, p53 activates the apoptotic pathway to
eliminate cells, which are under stress and possibly defective due to mutations and may have lethal
effects to the organism (4). Due to its protective roles in cellular system, p53 is known as the guardian
of the genome (5). In non-stress conditions, its level is maintained by proteosomal degradation via
activation of MDM2 (1). p53 modulates cell cycle by regulating the expression and activity of
retinoblastoma protein, pRb, which binds to transcription factor, E2F and inhibits cell cycle
progression (6-7). In certain cells it also induces the expression of cell cycle inhibitor, p21°P"* that
binds to cyclin/cyclin dependent kinase (CDK) complexes in all phases of the cell cycle and inhibits
their activity (8). Activities of different cyclin/CDK complexes are required for transition of one
phase to another during cell cycle progression (9). Although, p53’s role in differentiation is well
accepted, it is however not clear whether p53 facilitates or inhibits differentiation of myogenic cells
(10-16). For example, in C2C12 skeletal muscle differentiation wild type p53 upregulates the
expression and activity of MyoD, which is one of the master regulators of differentiation - myogenin,
Myf5, and MRF4 the others (14, 17, 19) and thus facilitates C2C12 myoblasts differentiation. In
contrast, there are several other cell lineages, whose differentiation is negatively regulated by p53 (12-
13, 17). p53 knockout mice show an increased incidence of tumor formation in addition to a spectrum
of developmental defects such as extencephaly, defective spermatogenesis, and skeletal abnormalities
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in a small percentage of animals (10, 18). Testicular somatic cells, Leydig and Sertoli cells carry out
spermatogenesis (22-23). Several reports from past many years also showed diverse physiological
functions of p53. Regulation of metabolic pathways such as glycolysis, oxidative phosphorylation,
and fatty acid oxidation are among these functions of p53 (24-25).

Differentiation in culture of mouse C2C12 myaoblasts, which are originated from leg thigh muscles, is
an excellent model to study molecular details of myogenesis during early differentiation and late
terminal differentiation (26). While BC3H1 myogenic cells derived from brain tumor undergo
myogenesis but do not permanently withdraw from cell cycle and show terminal differentiation (27-
29). We therefore examined the cytoplasmic and nuclear levels of p53 in these two cell lines
undergoing differentiation. We detected more full-length p53 in the cytoplasm of C2C12 cells at their
early stages of differentiation and slightly less full-length p53 during later stages of differentiation
when myaoblasts are fusing into myotubes. In contrast, during early stages of C2C12 differentiation,
extensive degradation of p53 was noticeable in the nucleus and a sharp increase of full-length p53
level during their fusion (72h to 96h) into myotubes. On the other hand, the level of p53 decreases
gradually both in the cytoplasm and nucleus of BC3H1 cells undergoing myogenesis in differentiation
medium and this decrease was more prominent in the cytoplasm as compared to the nucleus. In
addition, two slightly faster migrating proteins possibly the degraded products of full-length p53 were
detected in growing cells (Oh) and during very early stage (24h) of differentiation. Their levels
however decreased gradually during later stages of differentiation. We also noticed extensive
degradation of p53 in human cervical carcinoma cell line C33A and no degradation in mouse 10T1/2
embryo fibroblasts. In testicular somatic cells like Leydig cells, full-length p53 and its possible
degraded polypeptide running around 33 kDa were detected, whereas, Sertoli cells showed no full-
length p53, instead its degraded product 33 kDa polypeptide was the only protein present in this cell
type. The distribution of p53 and its degraded product, 33 kDa polypeptide in these testicular somatic
cells did change when they were treated with 8-Br-cAMP, an inducer of PKA. Altogether, our data
showed excellent correlation between the levels of full-length p53 and terminal versus non-terminal
stages of myogenic cell differentiation.

2. MATERIALS AND METHODS

All chemicals used in this study were obtained from Sigma Chemicals (St. Louis, MO), ICN
Biomedicals, Inc. (Aurora, Ohio), Fisher Chemicals (New Jersey), and Merck (Darmstadt, Germany).
Cell culture media, fetal bovine serum, horse serum, antibiotics-antimycotics, and insulin were from
GIBCO-BRL (Rockville, MD).

2.1.Cell Lines

C2C12 murine thigh muscle myoblasts (ATCC-1172-CRL), C3H10T1/2 cloned murine embryo
fibroblasts (ATCC-226-CCL) indicated as 10T1/2, human cervical carcinoma cell line C33A (ATCC,
HTB-31), mouse testicular Sertoli cells (ATCC-1714 CRL) and Leydig cell (ATCC-1715 CRL), and
BC3H1 mouse smooth muscle like brain tumor cells (ATCC-1443 CRL) were used in this study.

2.2.Cell Growth and Differentiation

Mouse C2C12 myoblasts, 10T1/2 fibroblasts, and BC3H1 smooth muscle cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 20% fetal bovine serum (growth
medium) under 5% CO,-95% air at 37 °C. C33A cells were grown in DMEM supplemented with 10%
fetal bovine serum. Mouse Leydig and Sertoli cells were cultured in DMEM plus HAM’s F-12
medium (1:1) containing 2.5% fetal bovine serum and 5% horse serum in an incubator containing 5%
C0,-95% air at 37 °C. For differentiation, confluent cultures of C2C12 or BC3H1 cells were shifted
from growth medium to differentiation medium containing 2% horse serum and 12 pg/mL of insulin,
and allowed to differentiate for 96h. AIll cell culture media contained antibiotic-antimycotic
containing 100 units/mL of penicillin, 100 pug/mL of streptomycin, and 0.25 pg/mL of amphotericin
B.

2.3. Preparation of Cell Lysates, Determination of Protein Concentration, and Western Blotting

For whole cell lysate preparation, cells were washed with phosphate buffer saline (PBS from
GIBCO/BRL), harvested by scrapping, washed again with PBS, and RIPA buffer supplemented with
a cocktail of protease inhibitors (10 mg/mL each of leupeptin and aprotonin, 1 mM sodium
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benzamidine, and 1 mM PMSF) was added before freezing at -80 °C. For the preparation of
cytoplasmic and nuclear fractions, cells were lysed by repeated vortexing in buffer A (50 mM Hepes,
pH 7.6, 150 mM NacCl, and 0.5% NP-40) containing the above cocktail of protease inhibitors and
microfused at high speed (12, 000 rpm) at 4 °C for 5 min. Supernatants were stored as cytoplasmic
fractions and to the pellets, RIPA buffer containing the cocktail of protease inhibitors was added,
vortexed few times, and then microfuged at high speed (15,000 rpm) at 4 °C for 15-20 minutes to
remove the cell debris. The supernatants saved as nuclear fractions. Protein concentrations were
measured by Bio-Rad assays following the protocol supplied by the manufacturer (Bio-Rad). Equal
amounts of total protein samples were loaded on 15% SDS-PAGE followed by Western blot analysis
using standard procedures.

2.4. Antibodies

A mouse monoclonal antibody (Ab-3), which recognizes the amino acid segment 212-217 of mutant
and wild type p53 in Western blots, was from Oncogene Science. Anti-mouse secondary antibody
against whole IgG conjugated with horseradish peroxidase was purchased from Amersham Corp. or
Pierce. The blots were developed by the enhanced chemiluminescent (ECL) reagents came with the
ECL kit from Pierce.

3. RESULTS AND DISCUSSION

To examine the status of tumor suppressor protein, p53, during differentiation of C2C12 myaoblasts
into myotubes, we prepared both cytoplasmic and nuclear total proteins at different times of
differentiation. These proteins were then analyzed for the levels of p53 on Western blots (Fig. 1). In
the cytoplasm, p53 showed some degradation at Oh of differentiation generating a shorter peptide
running around 33 kDa region on SDS-PAGE (Fig.1A, lane 1). This degradation was not noticeable
during 24h and 48h of differentiation (Fig. 1A, lanes 2-3) and therefore protein level increased
slightly as compared to Oh. The level of p53 however declined about 50-60% after 48h of
differentiation (Fig. 1A, lanes 4-5). In the nucleus, very low level of full-length p53 was detected at
Oh and 24h, not detectable at 48h, and significant amounts was found during 72h and 96h of
differentiation of C2C12 myoblasts (Fig. 1B, lanes 1-2, 3, and 4-5 respectively). In contrast, at least
three slightly faster migrating peptides running around 40-48 kDa regions on SDS-PAGE were
detected throughout the time of differentiation (Fig. 1B, lanes 1-5). In addition, extremely low level of
33 kDa peptide was detected in the nucleus during the indicated time of differentiation of C2C12
myoblasts as well. The nature of this group of peptides running slightly faster than the full-length p53
in the nucleus is not known. It is more likely that these peptides are the degraded products of p53 and
possibly non-functional. The full-length p53 is intact in the cytoplasm and possibly functional while
C2C12 myoblasts are fusing into myotubes. During differentiation, C2C12 myoblasts usually start
fusing into mytubes around 72h to 96h in differentiation medium and coincidently p53 level is very
high in the nucleus (Fig. 1B, lanes 4-5) and low in the cytoplasm (Fig. 1A, lanes 4-5) during this time
frame of differentiation. These results therefore indicate some role(s) of p53 during the fusion of
C2C12 myoblasts possibly to check the genomic integrity and/or preventing apoptosis of the
multinucleated myotubes. It is however not known what role(s) it is playing in the cytoplasm during
differentiation of C2C12 myoblasts.

Four myogenic regulatory factors (MyoD, myogenin, Myf5, and MRF4) and MEF2 play a central role
during conversion of myoblasts into myotubes (14, 17, 19, 30) and constitutive expression of any of
these factors in fibroblasts turns on the myogenic cascade pathway (14, 17, 19, 30). However, a non-
fusing cell line BC3H1 (smooth muscle like brain tumor), which exhibits properties of smooth and
skeletal muscles, contains functionally inactive MyoD but undergoes differentiation (28). To examine
whether the expression of p53 is MyoD dependent while BC3H1 cells were undergoing
differentiation, these cells were cultured and allowed to differentiate in differentiation medium. Both
cytoplasmic and nuclear extracts were prepared at different time intervals during the course of
differentiation. Levels of p53 were measured by Western blots (Fig. 2). The results revealed that in
the cytoplasm, p53 is quite abundant in control BC3H1 cells growing in growth medium (Fig. 1A, Oh,
lane 1) and its level gradually decreased during differentiation (Fig. 2A, lanes 1-5). The faster
migrating ~33 kDa peptide was detected only during Oh and 24h of differentiation (Fig. 2A, lanes 1-
2). In the nucleus however, plenty of p53 protein was present in control cells and cells at 24h of
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differentiation (Fig. 2B, lanes 1-2). Its level started declining from 48h until 96h of differentiation
(Fig. 2B, lanes 3-5). Two p53 like proteins appearing as a doublet running around 50 kDa and 48 kDa
were also detected in a good amount in control and 24h differentiated BC3HL1 cells (Fig. 2B, lanes 1-
2). Their levels however started declining similar to the level of full-length p53 during 48h to 96h of
differentiation (Fig. 2B, lanes 3-5). Surprisingly, the 33 kDa peptide was not detected in the nucleus
of these un-differentiated or differentiated BC3H1 cells. It is not clear whether 50 kDa, 48 kDa, and
33 kDa proteins are the degraded products of p53 or some modified forms or splice variants of p53.
Nonetheless, these results are quite different from the results we obtained from control and
differentiated C2C12 myoblasts (Fig. 1). Altogether, it is however clear that p53 may have inhibitory
roles both in the cytoplasm and nucleus during differentiation of BC3H1 cells.
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Figl. Degradation of p53 in C2C12 myoblasts. C2C12 myoblasts were grown to confluence in growth medium
then allowed to differentiate into myotubes in differentiation medium. At different time intervals cells were lysed,
cytoplasmic fractions (A) and nuclear fractions (B) were prepared, 40 pg of protein samples from different time
points of differentiation were analyzed on a 15% SDS-PAGE followed by immuno-blotting with a monoclonal
antibody specific to p53. p53 band is marked by an arrow. The sizes (in kDa) of protein markers are shown in
the middle.
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Fig2. Degradation of p53 in BC3H1 cells. BC3H1 cells were grown in growth medium and allowed to
differentiate into differentiation medium. At different times of differentiation cells were lysed, both cytoplasmic
(A) and nuclear fractions (B) were prepared, and 40 ug of protein samples from different time points were
analyzed on Western blots using a monoclonal antibody specific to p53. An arrow marks p53 band. The sizes (in
kDa) of protein markers are shown in the middle.
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To further explore the existence of the faster migrating p53 like polypeptides in different cell types,
human cervical carcinoma C33A cells and mouse embryonic 10T1/2 cells were cultured, cell lysates
were prepared, and the level of p53 was analyzed on a Western blot (Fig. 3). In C33A cells, which
express mutant p53 (31-32), there are several slower and faster migrating polypeptides, which could
be detected by the same p53 monoclonal antibody. In these cells, the level of full-length p53 is very
low and two faster migrating polypeptides running around 46 kDa and 33 kDa were expressed. The
later polypeptide is most abundant as compared to the other (Fig. 3, lane 1). In contrast, none of these
polypeptides except full-length p53 was detected 10T1/2 cells (Fig. 3, lane 2). The presence of the
polypeptides, 46 kDa and 33 kDa in C33A cells is somehow in agreement with the detection of
similar polypeptides in the nucleus of C2C12 myaoblasts either growing in growth medium or fusing
into myotubes (Fig. 1). It is however not clear at present whether these polypeptides are the
proteolytic products of p53 or they have originated from p53 transcript by using alternative
translational initiation sites or p53 slice variants.
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Fig3. Levels of p53 in C33A and 10T1/2 cells. These cells were grown, harvested and lysed. 40 xg of whole cell
extracts were analyzed on immuno-blot for the levels of p53 using a monoclonal antibody specific to p53. An
arrow marks p53 band. The sizes (in kDa) of protein markers are shown in the left.

To examine more details about the polypeptides, which were detected by the same p53 monoclonal
antibody that can detect both mutant and wild type p53, we examined the p53 level in testicular
somatic cells (Leydig and Sertoli). Apparently, these cells do not undergo frequent somatic mutations
and therefore will have very little chance to have p53 mutant. Mammalian testis is divided into two
compartments — the avascular seminiferous tubules consisting of Sertoli cells and germ cells, and the
vascularized interstitial area, which contains Leydig cells (22-23). Leydig cells, under the control of
luteinizing hormone (LH), produce androgens whereas, Sertoli cells, under the control of serum
follicle-stimulating hormone (FSH) and locally produced testosterone provide the structural and
functional environment for the initiation and maintenance of spermatogenesis (22-23). In response to
LH, Leydig cells produce testosterone through a cAMP-signaling pathway (33-34). Testosterone is
required for completion of meiosis and for differentiation of spermatids. We tested the levels of p53 in
these testicular somatic cells (Leydig and Sertoli cells) untreated and treated with 8-Br-cAMP (Fig.
4), which activates protein kinase A (PKA). Activated PKA phosphorylates several regulatory
proteins that are involved in cell cycle regulation (34). We found Leydig cells contain quite a good
amount of p53 and its level decreased slightly when these cells were treated with 8-Br-cAMP (Fig. 4,
compare lanes 2-4 with lane 1, panel “Leydig cells”). In contrast, Sertoli cells did not show any
detectable level of full-length p53 whether they are untreated or treated with 8-Br-cAMP (Fig. 4, lanes
1-4, panel “Sertoli cells”). Surprisingly however, both these cell lines contain a 33 kDa polypeptide
almost in constant level whether cells were untreated or treated with 8-Br-cAMP. In Sertoli cells, this
33 kDa polypeptide, which was detected by the same p53 monoclonal antibody, does not seem to be
the proteolytic product of p53 rather an isoform originated from p53 transcript’s slice variant or by
using its different translational initiation site.
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8-Br-cAMP Treatment
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Fig4. Levels of p53 in Leydig cells and Sertoli cells treated with 8-Br-cAMP. Both mouse Leydig cells and
Sertoli cells were grown to 40-50% confluence, then treated with 1 mM 8-Br-cAMP for indicated times. Cell
lysates were made at different time intervals of treatment and 40 g of proteins were analyzed on a Western blot
using a monoclonal antibody specific to p53. An arrow marks p53 band.

During myogenesis C2C12 myoblasts withdraw permanently from cell cycle and fuse into myotubes.
On the other hand, BC3H1 myogenic cells, which reversibly withdraw from cell cycle and
differentiate into non-fusing cells. In these cells, there is no functional MyoD, although, they express
Myf5, myogenin, MRF4, MEF2, and several other muscle-specific genes (28). p53’s roles in
differentiation are very puzzling. It enhances differentiation of some cells while inhibits
differentiation of others. In differentiation of C2C12 myoblasts, p53 has been shown to upregulate the
expression and activity of MyoD, one of the master regulators of myogenesis. The activity of MyoD
is essential during early stages of differentiation to program cells for myogenic lineage and its activity
declines at the later stages of differentiation, namely during the fusion of myoblasts into myotubes,
where myogenin seems to be more active and absolutely required for terminal differentiation (18).
p53 is also involved in physiological processes like glycolysis, oxidative phosphorylation, and fatty
acid oxidation (24). In this study, we found p53 in cytoplasm of both C2C12 myoblasts and BC3H1
myogenic cells (Figs. 1 & 2). It is possible that this cytoplasmic population of p53, especially in
C2C12 myoblasts, may be involved in the regulation of their metabolic processes. In BC3H1 tumor
cells however, this may not be true, especially during the later stages of the differentiation. In C2C12
myoblasts or myotubes, p53 is extensively degraded in the nucleus during all stages of differentiation.
Its full-length is only detected in a high level at the later stages of differentiation (72h to 96h), namely
during the fusion of myoblasts into myotubes, indicating its possible roles to enhance the expression
and activity of myogenin, which is required for myoblasts fusion and terminal differentiation. In
BC3H1 myogenic cells undergoing differentiation, although full-length p53 is present during early
stages of myogenesis, its level gradually declines at later stages of differentiation. This is possibly
affecting the expression and activity of MyoD and that’s why these cells do not terminally
differentiate into myotubes. In addition, differentiated BC3H1 cells express low levels of p21°"* the
cell cycle inhibitor, GADDA45, and tsp-I, all of whose expressions are p53-dependent (35) and this is
possibly due to the lack of p53 (Fig. 2). Constitutive overexpression of p53 in BC3H1 myogenic cells
will increase the expression and activity of these proteins along with MyoD that will program these
cells for terminal differentiation.
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