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Fig. 1. Differential impacts of p53 on Ppargcla expression in myoblasts and preadipocytes. (A, B) C2C12 myoblasts (A) and 3T3-L1 preadipocytes (B) were treated with 0, 1, 5,
or 25 uM of Nutlin3a for 24 h. Protein levels of p53 were analyzed by Western blotting (left panels). Open triangles indicate the signals from p53. a-Tubulin (for C2C12 cells) ~
or B-actin (3T3-L1 cells) was used as a loading control. Ppargcla and p21 expression levels were analyzed by RT-PCR (right panels). Thp (for C2C12 cells) or Actb (for 3T3-L1
cells) was used as a loading control. (C, D) C2C12 myoblasts (C) and 3T3-L1 preadipocytes (D) were transfected with mouse p53 expression (exo-p53) or empty vector (mock).
The cells were harvested after 20 h of transfection. Protein levels of p53 were analyzed by Western blotting (left panels). a-Tubulin (C; for C2C12 cells) or B-actin (D; for 3T3-
L1 cells) was used as a loading control. (E, F) C2C12 myoblasts (E) and 3T3-L1 preadipocytes (F) were stably transfected with either p53 (shp53) or GFP (shGFP) shRNA
expression vectors. p53 and Ppargcla expression levels were analyzed by quantitative real-time PCR. Thp (E; for C2C12 cells) or Rps18 (F; for 3T3-L1 cells) was used as a

loading control. The quantitative data are represented as means = SD (n=3) (*p < 0.01).
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Fig. 2. Effects of p53 downregulation on Ppargcla expression and mtDNA content in myotubes differentiated from C2C12 myoblasts. p53-knockdown (shp53) and control
(shGFP) C2C12 myoblasts were differentiated into myotubes (Day 5) and the pictures were taken using a phase contrast microscope (magnification; x200) (A). Ppargcla
expression (B) and mtDNA content (C) in myoblasts (Day 5) were analyzed by quantitative real-time PCR. Thp was used as a reference control. All data reported (means + SD)

were not statistically significant (n=3).

markers appeared to be moderately higher in p53KO MEFs than in
p53 WT MEFs. These results were consistent with previously re-
ported findings [12,13]. Next, we examined the effects of p53 on
Ppargcla expression and mtDNA content in adipocytes from MEFs
using this adipogenesis system. Both the contents of mtDNA and
Ppargcla expression in adipocytes at Day16 after differentiation

induction increased in p53 KO adipocytes compared with p53
WT adipocytes (Fig. 3F and G). Next, we investigated quantity of
proteins that constitute mitochondrion. As shown in Fig. 3H,
COX4, a subunit of mitochondrial cytochrome oxidase complex,
and TOM20, a subunit of mitochondrial import receptor, increased
in p53-knockdown adipocytes compared with control adipocytes.
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Fig. 3. Effects of p53 downregulation on Ppargcla expression and mtDNA content in adipocytes derived from 3T3-L1 preadipocytes and MEFs. (A) shRNA-mediated p53-
knockdown (shp53) and control (shGFP) 3T3-L1 preadipocytes were differentiated into adipocytes (Day 12) and stained with Oil Red O to observe intracellular triglyceride
accumulation. (B) Ppargcla expression in adipocytes (Day 12) was analyzed by quantitative real-time PCR. Rps18 was used as a reference control. (C) Mitochondrial DNAs
purified from differentiated adipocytes were analyzed by quantitative real-time PCR. (D) Extracted proteins from each day were subjected to Western blotting with the
indicated antibodies. Representative images and the quantitative data (n=3) were shown. CBB staining was used as a loading control. (E) p53 WT and p53 KO MEFs were
differentiated to adipocytes (Day 16), and stained with Oil Red O to observe intracellular triglyceride accumulation (n =4). (F, G) Ppargcla expression (F) and mtDNA content
(G) in adipocytes (Day 16) were analyzed by quantitative real-time PCR (n = 3). Gusb was used as a reference control. (H) Extracted proteins from each day were subjected to
Western blotting with the indicated antibodies. Representative images and the quantitative data (n=3) were shown. The quantitative data are represented as means + SD

(n=3-5) (*p<0.05; *p<0.01).

These results suggest that p53 affects on mitochondrial content
during adipogenesis.

3.4. Effects of p53 downregulation on mitochondrial metabolic
function during adipogenesis

Since Fig. 3 showed that p53 downregulation increases mito-
chondrial content during adipogenesis, we investigated whether
the mitochondrial activity increases consistent with the observa-
tion. For this purpose, we selected two enzyme activities involved
in metabolic pathway existed in mitochondria. As shown in Fig. 4,

both CS, a member of TCA cycle, and Complex IV, a member of elec-
tron transport chain, activity in p53-knockdown adipocytes signif-
icantly increased compared with those in mock cells.

4. Discussion

In the present study, on the ground of increases in mtDNA con-
tent and mitochondrial protein accompanying mitochondrial met-
abolic activity, we demonstrated that p53 is a negative regulator of
mitochondrial biogenesis in adipocytes, which is one of peripheral
tissues important in energy metabolism. On the other hand, we
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have also considered mitochondrial elimination systems during
adipogenesis. Autophagy is one of the most important systems
for mitochondrial turn-over [29]. Recently our group has reported
that autophagosomes accumulate in a p53-independent manner
during adipogenesis [18] and anticipate that this phenomenon
would result in impairment of autophagy during adipogenesis.
Hence, our observation in this study, that p53 possesses an inhib-
itory effect on mitochondrial content in adipocyte lineage, is unli-
kely to be related to autophagy-mediated mitochondrial
elimination.

By using C2C12 myoblasts, which are derived from skeletal leg
muscle of a C3H mouse [30], we also confirmed the contribution of
p53 to mitochondrial biogenesis. However, our results showed that
p53 did not dramatically affect Ppargcla expression and mtDNA
content in C2C12 myoblasts and myotubes (Figs. 1 and 2). In the
past, the relationship between p53 and mitochondrial regulation
in skeletal muscle has been examined and characterized. Ppargcla
expression and mtDNA content of the skeletal muscle of p53 null
mice are reduced in comparison with those of WT mice [6,24]. Fur-
thermore, the effects of p53 on mitochondrial biogenesis were
greater for slow twitch fiber-rich muscles versus fast twitch fi-
ber-rich muscles [24]. Taken together with the past findings, this
finding may imply that C2C12 cells possess features of fast twitch
fiber-rich muscle.

What is the molecular mechanism of p53-mediated mitochon-
drial regulation in adipocyte lineage? This important question
may be able to explain by PGCl1a-orchestrated mitochondrial bio-
genesis. The past findings have indicated about two sides of
p53-mediated PGC1o regulation [6-9]. Our present study demon-
strated that, at least in adipocyte lineage (preadipocyte and mature
adipocyte), p53 functions as a negative regulator of Ppargcla.
Although it is important to confirm the changes of the protein lev-
els of PGC1a, we were not able to detect endogenous PGCla pro-
tein under any experimental conditions performed in this study.
Generally the protein level of PGCla is very low in white adipose
tissue and, even in brown adipose tissue, in which the protein level
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Fig. 4. Effects of p53 downregulation on mitochondrial metabolic function during

adipogenesis. CS (A) and Complex IV (B) activities were analyzed as described in

Section 2. The quantitative data are represented as means =SD (n=3) (*p <0.05;

*p<0.01),

of PGCla, is relatively high, stimuli such as cold shock is required
for the specific detection of PGCla protein by Western blotting
[31,32]. Nevertheless, the study of adipose tissue-specific Pparg-
cla-disrupted mice revealed evidence that, in the absence of such
stimuli, Ppargcla is involved in fatty acid oxidation and tricarbox-
ylic acid cycle in white adipose tissue [32]. This fact implies that
the basal expression of Ppargcla can contribute to physiological
functions in adipocytes.

In this study, we showed that in muscle cells p53 promotes dif-
ferentiation of C2C12 myoblasts into myotubes, but does not influ-
ence mitochondrial biogenesis, whereas in adipocytes p53 inhibits
adipogenesis and plays a negative regulatory role in mitochondrial
regulation. Recent in vivo studies demonstrated the negative ef-
fects of p53 on whole body metabolism via adipose tissue, and that
adipose tissue-specific p53 depletion suppressed aging and inflam-
mation, and improved insulin sensitivity [33]. Furthermore, mito-
chondrial content or quality is closely involved in insulin
sensitivity [34]. Thus, our in vitro study in regard to adipocytes pro-
vides evidence of these in vivo results.
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