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p53 is required for brown adipogenic differentiation
and has a protective role against diet-induced obesity

A Molchadsky'?, O Ezra'®, PG Amendola', D Krantz', | Kogan-Sakin', Y Buganim', N Rivlin', N Goldfinger', V Folgiero?,
R Falcioni?, R Sarig' and V Rotter*"

Proper regulation of white and brown adipogenic differentiation is important for maintaining an organism’s metabolic profile in a
homeostatic state. The recent observations showing that the p53 tumor suppressor plays a role in metabolism raise the question
of whether it is involved in the regulation of white and brown adipocyte differentiation. By using several in vitro models,
representing various stages of white adipocyte differentiation, we found that p53 exerts a suppressive effect on white adipocyte
differentiation in both mouse and human cells. Moreover, our in vivo analysis indicated that p53 is implicated in protection
against diet-induced obesity. In striking contrast, our data shows that p53 exerts a positive regulatory effect on brown adipocyte
differentiation. Abrogation of p53 function in skeletal muscle committed cells reduced their capacity to differentiate into brown
adipocytes and histological analysis of brown adipose tissue revealed an impaired morphology in both embryonic and adult
p53-null mice. Thus, depending on the specific adipogenic differentiation program, p53 may exert a positive or a negative effect.
This cell type dependent regulation reflects an additional modality of p53 in maintaining a homeostatic state, not only in the cell,

but also in the organism at large.
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The adipose tissue of mammals consists of two functional
types: white adipose tissue (WAT) and brown adipose tissue
(BAT). WAT primarily contributes to energy storage and the
regulation of energy balance at large."™® BAT'’s principal
function is to generate heat by fat burning.* Disruption of
normal metabolic homeostasis in obesity leads to the
development of several pathological conditions such as
insulin resistance, type 2 diabetes and increased risk of
development of a variety of cancers.?° Results from several
studies indicated that there is an inverse correlation between
BAT activity and obesity.”™ Thus, increasing brown adipose
tissue mass or activity could be a useful approach to limit
obesity and its associated disease states.

The two main factors that orchestrate the adipogenic
network are Peroxisome Proliferator-Activated-Receptor-y
(PPARy) and CCAAT-Enhancer-Binding-Protein-« (CEBPu).
Being both necessary and sufficient for white and brown
adipocyte formation, PPARy is considered to be the master
regulator of adipogenesis.’® The brown adipocyte shares a
common progenitor cell with the skeletal muscle lineage. The
transcription factor Positive-Regulatory-Domain-Containing-
16 (PRDM16) has been identified as the key molecular switch

committing skeletal muscle progenitors into the development
of brown adipocytes.'®'"  Adipocyte-Fatty-Acid-Binding
Protein (AP-2) and Adiponectin (AdipoQ) are crucial for the
differentiation of both WAT and BAT and serve as general
terminal adipogenic differentiation markers. The formation of
the mature brown adipocytes is achieved upon the expression
of the specific markers for brown fat cells including Uncou-
pling-Protein-1 (UCP-1), PPARy Coactivator-1o. (PGC-1a),
Elongation of Very Long chain fatty acids gene 3 (ElovI3) and
Cell Death-Inducing DNA Fragmentation Factor-like Effector
A (Cidea).™

p53, the well known tumor suppressor, that is central for the
regulation of cell proliferation and apoptosis was also found to
be involved in numerous other process.''” Notably, p53 has
been demonstrated as an important regulator of development
and differentiation programs, either via its control of cell
proliferation or by regulating the expression of specific genes
involved in these specific programs.'® This multitask protein
may either induce or suppress key differentiation factors
depending on the specific cellular fate.'®

Although increasing evidence from in vitro and in vivo
studies suggest that p53 exerts a negative effect on white
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adipogenic differentiation,'®2%2" its role in brown fat differ-

entiation has not been determined.

The proposed inhibitory effect of p53 on white adipogenesis
prompted us to further investigate the involvement of p53
along the adipocyte differentiation program and its effect on
adipose tissues following diet-induced obesity. Additionally,
we aimed to elucidate the putative role of p53 in brown
adipogenic differentiation. Here, we report that p53 has an
inhibitory role on white adipogenesis. This effect was
observed both in mouse and human models representing
various stages of white adipogenic differentiation. Moreover,
the results of our in vivo analysis indicated that p53 protects
against diet-induced obesity. Our data also present for the first
time a role of p53 in the regulation of brown adipogenic
differentiation program. In contrast to the suppressive effect of
p53 on white fat differentiation, results from both in vitro and
in vivo models revealed that p53 promotes proper BAT
differentiation, during embryonic development and in adults.

These data position p53 as a new regulatory factor that
maintains proper adipogenic differentiation, to prevent the
development of obesity, its associated metabolic disorders
and cancer formation.

p53 inhibits white and promotes brown adipogenesis
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Results

p53 inhibits the white adipogenic differentiation pro-
gram. Our previous study demonstrated a negative regula-
tory role of p53 in white adipogenic differentiation of mouse
embryonic fibroblasts (MEFs)."® To corroborate the negative
effect that p53 exerts on white adipogenic differentiation, we
used additional mouse and human cell lines that represent
various stages of adipogenic differentiation.

First, we used the multipotent C3H10T1/2 cell line.?? These
cells represent a model for investigation of early events in
adipogenesis such as commitment of stem cells to adipocyte
lineage.?® To investigate the effect of p53 on adipogenic
differentiation of C3H10T1/2 cells, we knocked down p53 in
these cells (C3H10T1/2-sh-p53) and compared their differ-
entiation capacity with control cells (C3H10T1/2-sh-con). p53
expression was downregulated and followed by reduction of
its target gene p21 in the C3H10T1/2-sh-p53 cells (Figure 1a).
To test whether p53 knockdown affected adipogenic differ-
entiation capacity of C3H10T1/2 cells, we analyzed the
expression levels of adipogenic differentiation markers at
several time points throughout the differentiation process.
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Figure 1 p53 knockdown enhances white adipogenic differentiation of C3H10T1/2 cells. (a) C3H10T1/2 cells were infected with retroviruses encoding for either p53-
directed sh-RNA (sh-p53) or control sh-RNA (sh-con). Relative expression levels of p53 (left panel) and p21 (middle panel) were determined by QRT-PCR or by western blot
analysis (right panel). GAPDH serves as a loading control. (b and ¢) Confluent cultures of C3H10T1/2 sh-con and C3H10T1/2 sh-p53 cells were subjected to induction of
adipogenic differentiation. Total RNA was isolated before the induction of differentiation (0d), as well as 2 and 7 days later. Relative expression of PPARy, CEBPx, Ap2 and
AdipoQ were determined by QRT-PCR analysis. The results indicate the mean + S.D. of two duplicate runs. (b) Adipogenic differentiation was assessed using Oil Red O
staining for lipid droplets (c)
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C3H10T1/2-sh-p53 exhibited a substantially higher expres-
sion of adipogenic markers than in their control counterparts.
(Figure 1b). The Oil Red O staining indicated extensive
adipocyte differentiation with numerous large lipid droplets of
the induced sh-p53 cells compared with the sh-con cells
(Figure 1c). These data further validate the notion that p53
exerts an inhibitory effect on white adipogenic in MEFs as
suggested before."®

The 3T3-L1 pre-adipocyte cell line serves as a genuine
model for differentiation of committed white pre-adipocytes
into adipocytes.?® Indeed these pre-adipocytes that carry
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wild-type (wt) p53 have been extensively used to explore the
molecular regulation of terminal adipogenic differentiation.’
Thus, to investigate the role of p53 at advanced steps of
adipogenic differentiation, we downregulated p53 expression
in this cell line as well (Figure 2a). In agreement with others,’
our 3T3-L1-sh-con cells displayed extensive adipogenic
differentiation following induction. As judged by Oil Red O
staining, knockdown of p53 in the 3T3-L1 cells did not result in
significant enhancement of their differentiation capacity
(Figure 2b). This raised a possibility that p53 that is usually
kept at very low levels in cells needs to be activated in order to

PPARy

[H control
3.5 mnutin

Relative Expression
= [t
— n B n
1 L L 1

0.5+

AdipoQ

1600001 msh-con
1 msh-ps3
1200004
1000001
80000 1
60000
40000
200001

.
L=
=3
P=}
=

control induced

Figure 2 Activation of p53 in the 3T3-L1 cells leads to attenuation of their differentiation capacity. (a) 3T3-L1 cells were infected with retroviruses encoding for either p53-
directed sh-RNA (sh-p53) or control sh-RNA (sh-con). The subsequent downregulation of p53 expression levels was estimated by western blot analysis. GAPDH serves as a
loading control. (b) 3T3-L1-sh-con and 3T3-L1-sh-p53 cells were subjected to the induction of adipogenic differentiation that was assessed using Oil Red O staining for lipid
droplets. (c and d) 3T3-L1-sh-con and 3T3-L1-sh-p53 cells were either treated with Nutlin-3 at a final concentration of 25 1M, for 48 h (Nutlin) or maintained in control medium
(Control). Western blot analysis was performed for p53 and p21. GAPDH serves as a loading control (c). Relative expression of PPARy was determined by QRT-PCR.
Normalized expression levels in control samples were set to 100%. The results are presented as the mean + S.D. of two duplicate runs (d). (e and f) 3T3-L1-sh-con and
3T3-L1-sh-p53 cells were pretreated with Nutlin-3 at a final concentration of 25 uM for 48 h and then subjected to induction of adipogenic differentiation. Adipogenic
differentiation was assessed using Oil Red O staining for lipid droplets (e). Total RNA was isolated before the induction of differentiation (Control) as well as 7 days later
(Induced). Relative expression of Ap2 and AdipoQ were determined by QRT-PCR analysis. The results indicate the mean + S.D. of two duplicate runs (f)
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affect adipogenic differentiation in these cells. Therefore, to
further characterize the role of p53 in the adipogenic
differentiation of the 3T3-L1, we treated the cells with Nutlin-
3 that induces stabilization and activation of p53.2* As
expected, treatment with Nutlin-3 led to an increase in p53
and p21 protein levels (Figure 2c). Accordingly, we speculated
that if activated p53 would inhibit adipogenesis, it should be
reflected by reduced levels of PPARy, which is critical for
adipogenesis and is required for maintenance of the
differentiation state. Indeed, Nutlin-3 treatment resulted
in a considerable reduction in PPARy basal levels in a
p53-dependent manner (Figure 2d). Moreover, elevation of
p53 activity by Nutlin-3 prior to differentiation induction, led to
repression of terminal adipogenic differentiation of the
3T3-L1-sh-con cells, as manifested by a marked reduction
in the formation of cytoplasmic lipid droplets, and lower
expression of terminal adipogenic differentiation markers
compared with the sh-p53 cells (Figures 2e and f). Hence,
although basal p53 activity did not restrict the differentiation
potential of the 3T3-L1 cells, p53-dependent suppressive
effect could be observed upon elevation of p53 activity.
Next, we examined whether p53-dependent repression of
white adipogenesis is also applicable in cells from human
origin. Human adipose-derived stem cells (hASCs) were

p53 inhibits white and promotes brown adipogenesis
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knocked down for p53 and exhibited significant reduction in
p53 and p21 mRNA and p53 protein levels (Figure 3a). sh-p53
hASCs displayed enhanced lipid droplet formation and
elevated expression of adipogenic markers both at basal
conditions and following differentiation induction (Figures 3b
and c). These data suggest that the negative effect of p53 on
white adipogenic differentiation is a general phenomenon that
is present both in mouse and human cell lines.

p53 protects against diet-induced obesity. Our in vitro
studies have prompted us to examine whether the suppres-
sive effect of p53 is retained in WAT development, in vivo.
First, we collected epididymal fat from wt and p53 knockout
(KO) mice and measured the basal levels of PPARy mRNA
expression in it. Figure 4a shows that p53 KO mice exhibited
a statistically significant elevation of this key adipogenic
transcription factor, compared with the wt mice.

In order to elucidate the physiological role of p53 in
adipogenesis in vivo, we decided to compare wt and p53
KO mice in the context of diet-induced obesity. To this end, wt
and p53 KO mice were maintained, either on a normal chow
diet (ND) or fed with high-fat high sucrose diet (HFD) for 4
weeks during which their body weight and fat mass was
measured. Both wt and p53 KO mice kept on a ND maintained
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p53 knockdown enhances adipogenic differentiation of human ASCs. (a) ASCs were infected with retroviruses encoding for either p53 directed sh-RNA (sh-p53)

or control sh-RNA (sh-con). Relative expression levels of p53 (left panel) and p21 (right panel) were determined by QRT-PCR, or by western blot analysis (middle panel).
GAPDH serves as a loading control. (b and ¢) Confluent cultures of ASCs-sh-con and ASCs-sh-p53 cells were maintained in either adipogenic differentiation medium
(Induced) or in control medium (Control) for 3 weeks. Adipogenic differentiation was assessed using Oil Red O staining for lipid droplets (b). Relative expression of PPARy2,
Ap2 and AdipoQ were determined by QRT-PCR analysis. The results indicate a mean + S.D. of two duplicate runs (c)
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p53 KO mice exhibit a higher increase in body fat percentage. (a) Total RNA was isolated from epididymal fat from wt and p53 KO mice. The relative expression

level of PPARy mRNA was determined with QRT-PCR. Each rhombus represents the expression level of one mouse from the indicated group. (b and ¢) p53 wt and KO male
mice, 7 weeks of age, were fed for 4 weeks with either a high-fat high sucrose diet (HFD) or a normal diet (ND). The p53 KO and wt groups contained 11 mice that were kept on
the HFD and 5 mice that were kept on a ND. Total body weight and body fat percentage were measured weekly. All data is presented as mean + S.D. (b) Curves represent the
gain of body fat percentage. Asterisks indicate a P-value <0.05, generated from ttest analysis. (c) Curves represent the gain of weight percentage of the mice along the

experiment

their initial proportion of body fat throughout the experiment
(Figure 4b),demonstrating that at normal conditions, there is
no difference between the fat mass of p53 KO and wt mice. As
for the results obtained following a HFD, the increase of body
fat percentage was higher in the p53 KO mice compared with
the wt mice throughout the experiment. Comparing the gain of
body weight of the mice, there was no statistically significant
difference between p53 wt and KO mice kept on either of the
two diets. However, p53 KO HFD mice exhibited a trend of
higher weight gain, suggesting a tendency of these mice to be
more prone to obesity (Figure 4c). This suggests that these
mice are more prone to obesity, implying the regulatory role of
p53 as an inhibitor in the process of white fat accumulation
in vivo. Obesity may be induced by increased energy intake
or/and decreased energy expenditure. To examine these
possibilities, we monitored daily food intake and locomotor
activity in wt and p53 KO mice. We found that both these
parameters were comparable in wt and p53 KO mice
(Supplementary Figure S1).

Collectively, our results demonstrate that the negative
effect of p53 on white adipogenesis observed in our in vitro
experiments, is retained in vivo, strongly suggesting that
these observations represent an authentic inhibitory role of
p53 on white adipogenic differentiation.

p53 is essential for brown adipocyte differentiation
in vitro. The role of p53 in brown fat differentiation is still
unknown. To investigate whether p53 might be involved in
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brown fat differentiation program, we adopted the skeletal
muscle myogenic cell-line, C2, as a model system, as the
brown adipocyte shares a common progenitor cell with the
skeletal muscle lineage. The induction of these cells into the
brown fat lineage requires the expression of the transcription
factor PRDM16, which, upon stable expression, commits
these cells towards the differentiation into brown adipo-
cytes.?® To this end, C2 cells were infected with either a
retroviral vector encoding for PRDM16 or a control vector
(Figures 5a and b). Upon induction of differentiation, the
PRDM16 expressing C2 cells underwent efficient brown fat
differentiation (Figure 5c). To evaluate a possible role of p53
in brown adipocyte differentiation, we altered the p53 status
in the PRDM16 expressing C2 cells, by either knockdown
with sh-RNA, or overexpression of a dominant negative
mutant form of p53, p537'72" (mutp53). mutp53 acts as a
dominant negative through heterooligomerization, with wt-
p53 preventing its activity,?® and thus mirrors wt-p53 knock-
down. The impaired wt p53 function was reflected by the low
protein levels of the p53 target p21 (Figure 5d). Gene-
expression analysis showed that wt p53 abrogation, by
knockdown or mutation, substantially diminished the induced
expression of both the general adipocyte differentiation
marker Ap-2 and the selective genes for brown adipocytes,
such as Cidea and ElovI3 (Figure 5e). Consistently, the
Oil Red O staining displayed that the p53 abrogated cultures
exhibited decreased capacity of lipid droplets formation,
reflecting impaired differentiation (Figure 5f).
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Taken together, these results suggest that in contrast to the
negative effect that p53 exerts on white adipocytes differ-
entiation, p53 is required for proper differentiation of brown
adipocytes.

p53 deficiency leads to abnormalities in BAT develop-
ment. The above results demonstrated that p53 is essential
for brown adipocyte differentiation in vitro. In order to
investigate whether p53 has a role during BAT development,
we measured PRDM16 mRNA levels in p53 KO and p53
knockdown MEFs compared with wt controls. Figure 6a
demonstrates that PRDM16 expression was markedly
reduced in MEFs with abrogated p53 status suggesting that
p53 might be involved in the development of BAT.
Additionally, we examined the effect of p53 reduction in
primary brown adipocytes. In concordance with the observa-
tion in MEFs, p53 knockdown in primary BAT cells also led to
downregulation of PRDM16 expression (Supplementary
Figures S2a and b). The induction of key brown fat
thermogenic genes, such as Cidea and PGC-1u following
cAMP treatment was abrogated by the p53 knockdown
(Supplementary Figure S2c). While in mice, BAT emerges
during fetal development, reaching maximum size close to

birth, WAT development starts only after birth.2 Therefore, in
consistent with our data obtained from primary cells,
QRT-PCR analysis of BAT from 18.5 dpc wt and p53 KO
sibling embryos indicated that the expression of PRDM16
was significantly lower in the p53 KO embryos compared with
their wt counterparts (Figure 6b). In order to test whether the
p53-mediated upregulation of PRDM16 mRNA results from
binding of p53 to its promoter, we performed chromatin
immunoprecipitaion (ChlIP) analysis in BAT obtained from
18.5dpc wt embryos. Chromatin was precipitated using
antibodies against p53 or a non-specific antibody. The DNA
region containing the PRDM16 promoter was significantly
enriched in p53-precipitated samples compared with control-
precipitated sample (Figure 6c). Histological analysis of
brown fat sections obtained from wt and p53-null embryos
showed that wt embryos exhibited a more condensed brown
fat tissue than the corresponding p53 KO embryos
(Figure 6d). Another interesting marker exclusively
expressed in BAT is the proton transporter UCP1 that
uncouples electron transport from ATP production, allowing
the energy to dissipate as heat.?” Examination of UCP1
protein expression by immunohistochemistry and western
blot demonstrated lower levels in BAT of p53 KO embryos
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Figure 6 Abnormalities in BAT isolated from p53 KO mice. (a) Total RNA was isolated from MEFs-sh-con, MEFs-sh-p53 and p53 KO MEFs. The relative expression level
of PRDM16 mRNA was determined by QRT-PCR. The results indicate the mean £ S.D. of two duplicate runs. (b) Total RNA was isolated from brown fat tissues of 8wt and 8
p53 KO 18.5 dpc embryos and mRNA levels were determined using QRT-PCR. Each rhombus represents an individual embryo. The statistical significance was determined by
Student’s t-test, P=0.012. (c) Protein~-DNA complexes from BAT of wt 18.5 dpc embryos were immunoprecipitated with antibodies against p53 (monoclonal anti-p53 PAb
421 and anti-p53 polyclonal PAb) or a nonspecific antibody (anti-large T antigen). The amount of precipitated DNA was measured by QRT-PCR with specific primers directed
against PRDM16 promoter and normalized to the 1% input. The results indicate the mean + S.D. of two duplicate runs. (d) Representative transverse sections obtained from
18.5 dpc sibling mouse embryos stained with H&E. High magnification images are indicated to the right of each section. (e) Representative transverse sections of similar
anatomical levels obtained from 18.5 dpc sibling mouse embryos stained with «-UCP1 Ab (Red, 20 x magnification). (f) Western blot analysis of brown fat tissue, obtained
from 18.5 dpc embryos, using anti-UCP1 antibody. f-tubulin was used as a loading control. (g) Quantification of the immunoblot from (f) using imageJ. Each dot represents an
individual embryo; asterisks indicate a P-value < 0.05, generated from t-test analysis. (h) Total RNA was isolated from interscapular BAT obtained from 5 wt and 5 p53 KO
mice. The relative expression level of genes expressed selectively in brown adipocytes (PRDM16, PGC-1c and CEBPf3) was determined by QRT-PCR. Each rhombus
represents the expression level of one mouse from the indicated group. Asterisks indicate a P-value < 0.05, generated from t-test analysis. (i) Representative images of H&E
stained sections of interscapular BAT from p53 wt and p53 KO mice. High magnification images are indicated to the right of each section
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compared with the wt embryos (Figures 6e—g). Thus, these
in vivo data imply that p53 is required for proper brown fat
development and function.

To evaluate the effect of p53 on BAT of adult mice, we
performed gene expression analysis of BATs isolated from
the interscapular region of wt and p53 KO adult mice. Owing to
their central role in the maintenance of a brown adipocyte
phenotype, PRDM16, PGC-10. and C/EBPf can advanta-
geously be used as selective markers of brown fat cells.2%:28
QRT-PCR analysis showed that expression levels of all the
three markers were significantly reduced in the KO mice
compared with their wt counterpart (Figure 6h). Histological
analysis of these BATSs revealed that p53 KO mice exhibited
an atrophied BAT with smaller cells and vacuoles compared
with the normal BAT characteristics of their wt counterparts
(Figure 6i).

These findings suggest that p53 KO mice display an
impaired phenotype of BAT both at embryonic and adult
stage, further supporting the notion that intact p53 function is
required for maintaining normal characteristics of brown
adipocytes and the integrity of BAT morphology.

Discussion

Balancing between white and brown adipogenic differentia-
tion has an important role in maintaining an organism’s normal
metabolic homeostasis. A deeper understanding of the
pathways and intermediates between the mesenchymal stem
cells and the two types of mature adipocytes may yield
therapeutic interventions to prevent obesity and its associated
disorders. In this study, we set out to examine the involvement
of p53 in differentiation of both white and brown adipocytes.
By using several mouse and human in vitro models, we
demonstrate that p53 inhibits white adipogenesis, and
suggest for the first time that p53 may antagonize diet
induced obesity. In contrast to the suppressive effect p53
seem to exert on white adipocyte differentiation, we report that
p53 is required for proper brown adipocyte differentiation
program both in vitro and in vivo.

As most studies use cell lines that have a restrictive
potential to differentiate into other cell types, the molecular
mechanism regulating terminal adipogenic differentiation
stages was extensively studied and thus is well characterized
compared with the early determination events." Here, we
provide evidence that p53-dependent repression of white
adipogenesis is a general phenomenon that is present in cells
representing various differentiation stages from both mouse
and human origin. It should be noted that although the anti-
adipogenic effect of p53 observed in 3T3-L1 cell line is at least
partially due to its ability to block cell division,?® the
mechanism for suppression of adipogenesis in the
C3H10T1/2 multipotent stem cells and hASCs that do not
undergo mitotic clonal expansion is probably different and
independent of p53 primarily function as an inducer of growth
arrest.

Although previous examination of p53 expression levels in
proliferating ASCs and terminally differentiated adipocytes did
not reveal any differences,® we show that knockdown of p53
in hASCs resulted in a significant increase in their adipogenic
differentiation capacity, supporting the restrictive effect of p53
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on white adipogenic differentiation as demonstrated in other
cellular systems. Recent reports show that ASCs may
represent a cell population linking obesity and cancer.®!%2
However, the biological mechanisms that link obesity to
cancer and the role of p53 in this pathway still need further
extensive research.

In normal physiology, it is conceivable that the increased
accumulation of intracellular lipids that occurs both during
differentiation and upon excess energy intake will induce a
stress signal to large adipocytes, leading to p53 activation. In
this situation, p53 might be required for the maintenance of a
homeostatic condition in the hypertrophied adipocytes. This
potential of p53 might be mediated through its repression of
the key adipogenic transcription factor PPARy. Our in vitro
study demonstrated that p53 serves as a potent transcrip-
tional repressor of PPARy (Figure 2d). Our finding that the
basal level of PPARy expression was increased in p53 KO
mice (Figure 4a), further supports this hypothesis as a
mechanistic basis for how p53 exerts its inhibitory effect on
adipogenesis.

Following these observations, we examined the role of p53
in adipogenesis in the context of diet-induced obesity. The
results showed a significant increase in the gain of body fat
percentage in p53 KO mice fed with HFD compared with wt
mice fed with the same diet. In agreement with our findings
regarding body fat percentage, we observed that p53 KO mice
have a tendency to gain more body weight compared with wt
mice, suggesting that these mice are more prone to obesity.

Results from several studies have implicated a role of BAT
in the protection against a surplus energy intake.>® Thus,
increasing BAT mass or activity could be a useful approach to
limit obesity and its associated disease states. In contrast to
white adipogenic differentiation, factors and mechanisms
governing brown adipogenic differentiation and BAT deve-
lopment have not been extensively investigated. Here, we
show for the first time that p53 is essential brown fat
differentiation program and is implicated in proper BAT
development and function.

Our in vitro data demonstrates that abrogation of p53
function results in impaired differentiation and reduction in
mRNA expression levels of BAT-specific markers in C2 cells
(Figure 5). These findings imply a tight p53-dependent
regulation of this cellular program. Hence, although p53
suppresses white adipogenic differentiation, it seems to be
required for brown adipogenic differentiation.

In consistency with the in vitro results, our in vivo data
demonstrated that p53 is implicated in the integrity of BAT both
during embryonic development and in adults. The significant
reduction in the levels of the brown adipocyte markers
observed in p53 KO mice, illustrates this broad impact. ChIP
analysis of BAT indicated that PRDM16 promoter is bound by
wild-type p53 in vivo (Figure 6c). These data provide a
mechanistic link between p53 function in brown adipogenic
differentiation and PRDM16 transcriptional induction.These
results imply that brown fat cells in p53 KO mice are incapable
of expressing a complete brown-adipocyte phenotype.

Interestingly, it was recently reported that p53 was identified
during proteomic analysis of immunopurified differentiation
competent PRDM16 complexes.?® This analysis was per-
formed in immortalized brown fat cells in which PRDM16 was
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introduced via overexpression. This suggests a possible
protein—protein interaction between p53 and PRDM16.
Together with our data, the data provided in the manuscript
by Kajimura S et al.?® may indicate that p53 affects brown
adipogenesis by both the transcriptional induction of PRDM16
and protein—protein interaction with PRDM16.

As for the histological analysis of p53 null mice, we
observed that BAT from p53 KO mice displayed abnormal
morphology. The above described reduction in expression
levels of key genes for brown adipocyte function, is likely to
account for a substantial portion of this altered morphology.
This effect, suggests that p53 might be involved not only in
brown fat differentiation and development, but also in
maintaining the full integrity of a brown fat phenotype.
Together, these findings suggest the requirement of p53
function in sustaining a brown adipocyte phenotype.

In summary, we found that although p53 inhibits WAT
accumulation, which is associated with obesity and several
pathological conditions, it is implicated in proper BAT
differentiation, which seemingly is protective against obesity.
It is plausible that this direct regulation of cell differentiation
constitutes an additional modality, in which p53 operates to
maintain a homeostatic state, not only in single cells, butin the
organism at large. Epidemiological studies link obesity with
several types of cancers.®3* However, the biological mechan-
isms underlying the link between obesity and cancer and the
possible role of p53 in this pathway are still poorly understood.
Abrogation of p53 function, by its deficiency or mutation,
apparently results in aberrant differentiation, which may give
rise to transformed cells. Additional oncogenic events, can
result in their malignant transformation and tumor formation.
Our findings demonstrate that p53 deficiency results in altered
differentiation, as well as increased WAT accumulation and
may provide a link between obesity, impaired metabolism and
cancer.

Materials and Methods

Cell culture and differentiation induction. The multipotent C3H10T1/2
cells, pre-adipocyte cell line 3T3-L1 and the amphotropic and ecotropic Phoenix
retrovirus-producing cells were obtained from the American Type Culture Collection
(ATCC) (Rockville, MD, USA). MEFs were derived from p53 wt, p53 KO 13.5 dpc
embryos. All were maintained with DMEM supplemented with 10% FCS and
antibiotics. The skeletal muscle-committed cell-line C2 cells were cultured in DMEM
supplemented with 20% FCS and antibiotics. ASCs were isolated as described in
Folgiero et al™® Cells were maintained in DMEM F12 with 10% FCS and antibiotics.
Primary brown adipocytes were derived and from newborn wt mice and maintained
as described in Klein et al® For cAMP treatment, cells were incubated with 10 ;M
forskolin (Sigma, St Louis, MO, USA) for 4 h.

For white adipogenic differentiation, induction confluent C3H10T1/2 cells were
treated with growth medium supplemented with 20 nM insulin, 0.5 mM IBMX, 5 mM
dexamethasone, 1nM T3 and 0.125 mM indomethacin (Sigma). Following 48 h,
cells were maintained in medium with 20 nM insulin and 1 nM T3 for an additional
period of 5-7 days, with medium replacement every other day. 3T3-L1 cells were
plated at a high density to reach confluence. At 2 days post confluence, cells were
induced to differentiate with growth medium supplemented with 5 pg/ml insulin,
0.5mM IBMX, 1 uM dexamethasone, (all from Sigma). After 48 h, the media were
replaced with DMEM supplemented with 10% FCS and 5 p:g/ml insulin for additional
period of 5-7 days with medium renewal every other day. For Nutlin-3 treatment,
cell cultures were treated with Nutlin-3 (Alexis Corporation, San Diego, CA, USA) at
a final concentration of 25 M for 24 h. Stock solution was prepared as 10mM in
DMSO. Confluent ASCs were treated with 10 ug/ml insulin, 0.5mM IBMX, 1 uM
dexamethasone and 0.1 mM indomethacin for 14 days with medium renewal every
other day. Adipogenesis was detected by Oil Red O staining.
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Brown adipocyte differentiation in C2 cells was induced by treating confluent cells
with DMEM containing 10% FCS, 850nM insulin, 0.5mM [BMX, 125nM
indomethacin, 1mM dexamethasone, 1nM T3 (all from Sigma) and 1uM
rosiglitazone (Enzo Life Sciences, Farmingdale, NY, USA). After 48 h, cells were
switched to the maintenance medium containing 10% FCS, 850 nM insulin, 1 nM T3
and 1 uM rosiglitazone (all from Sigma) for an additional period of 5-7 days.

Mice. C57BL/6 p53-wt and p53-KO mice were maintained inside a barrier facility,
and experiments were performed in accordance with Weizmann Institute of Science
regulations for animal care and handling. For diet-induced obesity, 6-8 weeks-old
male wt and p53 KO mice were fed either a normal chow diet or on a high-fat high
sucrose diet (Research Diets, product # D12451, New Brunswick, NJ, USA) for
5 weeks. Food and water were available ad libitum. Body mass and body fat
percentage were weekly measured using a regular scale and an EchoMRI-100
instrument (Echo Medical Systems LLC, Houston, TX, USA), respectively. For
measurement of food intake and detection of locomotor activity, mice were single
housed. Food intake was measured by subtracting uneaten food from the initially
premeasured food following 24 h. General locomotor activity was assessed using
automated system with infrared detector (TSE Inframot-Activity System, TSE, Bad
Homburg, Germany).

For histological analysis, adipose tissues were fixed in 4% paraformaldehyde,
and embedded in paraffin blocks. Sections were stained with H&E.

Retroviral constructs and infections. For mouse p53 knockdown, the
p53 short hairpin RNA (shRNA) vector and its human Rb shRNA control vector
were kindly provided by Dr. SW Lowe (Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY, USA). For mutant p53 overexpression, pBABE-R172Hp53 was
obtained following site-directed mutagenesis on pBABE-wt p53 construct.

For human p53 knockdown, the p53 short hairpin RNA (shRNA) vector, pWZL-
shp53-blast and its mouse NOXA shRNA control vector, pWZL-shNOXA-blast were
obtained by subcloning the p53 and NOXA fragments from pBabe-shp53-puro
and pBabe-shNOXA-puro, correspondingly, which were kindly provided by
Dr. D Ginsburg (Bar-llan University, Ramat Gan, Israel). For PRDM16 over-
expression, MSCV-PRDM16-flag-puro was purchased from Addgene (Cambridge,
MA, USA) and subcloned into pWZL-blast construct. The MSCV-puro empty
vector was used as control for the infection. Retroviral infection procedures were
done using Phoenix-producing cells as previously described in Milyavsky et al®®

RNA preparation and quantative real time PCR. Total RNA was
isolated from cultured cells using a NucleoSpin Il kit (Macherey-Nagel, Bethlehem,
PA, USA). Total RNA from animal tissues was isolated following mechanical
homogenization using TRI reagent (Molecular Research Center). A 2-ug aliquot of
the total RNA was reverse transcribed using Moloney murine leukemia virus
reverse transcriptase (MMLV-RT; Bio-RT) and random hexamer primers.
Quantitative real-time PCR (QRT-PCR) was performed using SYBR green PCR
Master Mix (Applied BioSystems, Carlsbad, CA, USA) on an ABI 7300 instrument.
Human and mouse mRNA levels were normalized to the level of GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) and HPRT (hypoxanthine phos-
phoribosyltransferase), respectively. PCRs were performed in duplicates, and error
bars in charts represent the corresponding standard deviations. Primers designed
for QRT-PCR are listed in Supplementary Table S1.

ChIP analysis. ChIP was performed as described by MacGill et al>" Briefly,

sonicated chromatin prepared from interscapular BAT tissues of 18.5dpc wt
mouse embryos was immunoprecipitated using the anti-p53 PAb421, anti-p53
polyclonal Ab and anti-SV40 PAb419 antibody. The enrichment of specific DNA
sequences was measured by QRT-PCR.

Immunohistochemistry of adipose sections. Paraffin-embedded
sections of 18.5 dpc embryos were deparafinizied, rehydrated and subjected to
Tris—EDTA antigen retrieval buffer. Permeabilization was done in 0.2% Triton
X-100 in PBS for 5 min, followed by incubating the sections in a blocking solution
of 0.1% Triton and 3% BSA in PBS for 1h, at room temperature. For
immunostaining, sections were incubated overnight at room temperature
(maintained in a humid chamber) with goat polyclonal anti-UCP1 (1:500, SANTA
CRUZ). For fluorescent detection of UCP1, sections were incubated with donkey
anti-goat antibody labeled with Cy3 flour (Jackson Immunoresearch Laboratories,
West Grove, PA, USA), 1:5000 for 10 min and mounted with Elvanol.
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Western blot analysis. For western blotting, total cell extracts were
prepared; 50 ug protein of each sample was fractionated by gel electrophoresis,
and transferred to nitrocellulose membranes. The following primary antibodies
were used: rabbit polyclonal anti-p53 (1: 1000, produced in our laboratory), rabbit
polyclonal anti-p21 (1:1000, C-19; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), rabbit polyclonal anti-UCP1 (1:200, Millipore, Billerica, MA, USA), mouse
monoclonal anti-FLAG M2 (1:500, Sigma), mouse monoclonal anti-f-tubulin
(1:2000, Sigma) and mouse monoclonal anti-GAPDH (1:1000, MAB374;
Chemicon International, Chandlers Ford, UK). Horseradish peroxidase anti-mouse
and anti-rabbit (Sigma) were used as secondary antibodies. The signal was
detected by the super-signal-enhanced chemiluminescence system (Pierce,
Rockford, IL, USA).

Statistical analysis. Statistical significance was evaluated using a either by
one-tailed Wilcoxon signed rank test or one-tailed unpaired Student’s t-test, and
asterisks in figures represent P values <0.05.
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