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ABSTRACT 

p53 transcriptional activity has been proposed to regulate both homeostasis and sarcopenia of skeletal muscle 
during aging. However, the exact molecular function of p53 remains to be clearly defined. We demonstrated a 
requirement of nuclear p53 S‐nitrosylation in inducing a nitric oxide/PGC‐1α‐mediated antioxidant pathway in 
skeletal muscle.  Importantly, mutant  form  of  p53‐DNA  binding  domain  (C124S)  did  not  undergo  nuclear  S‐ 
nitrosylation and  failed  in  inducing  the expression of antioxidant genes  (i.e. SOD2 and GCLC). Moreover, we 
found that during aging the nuclear S‐nitrosylation of p53 significantly declines in gastrocnemius/soleus leading 
to  an  impairment  of  redox  homeostasis  of  skeletal muscle. We  suggested  that  decreased  level  of  nuclear 
neuronal  nitric  oxide  synthase  (nNOS)/Syntrophin  complex,  which  we  observed  during  aging,  could  be 
responsible for impaired nuclear S‐nitrosylation. Taken together, our data indicate that altered S‐nitrosylation 
of  p53  during  aging  could  be  a  contributing  factor  of  sarcopenia  condition  and  of  other  skeletal  muscle 
pathologies associated with oxidative/nitrosative stress. 

 
 
 
 

INTRODUCTION 
 

Sarcopenia is defined as the degenerative loss of 
skeletal muscle size and function that occurs during 
aging. This condition may be exacerbated by a decrease 
in physical activity, metabolic changes and oxidative 
stress [1, 2]. In fact, at the molecular level, increase of 
oxidative/nitrosative stress has been implicated in 
muscle wasting of aged skeletal muscle [3, 4]. 

 
Next to this, it is known in literature that p53 
(transformation related protein 53, Trp53) transcription 
factor plays important roles during both myogenesis and 
sarcopenia of skeletal muscle [5-7]. Under unstressed 
conditions p53 cooperates with the myogenic regulatory 
factor MyoD (myogenic differentiation 1) to promote 
myogenesis by binding p53-response elements (p53- 
RE) on retinoblastoma (pRb) gene promoter, indicating 
that this transcriptional control may play an important 
role during  myogenesis [6, 8, 9].  On  the  contrary,  p53 

 
has also been shown to induce atrophy/sarcopenia. In 
particular, upon genotoxic stress p53 binds to a highly 
conserved p53-RE on the Myogenin gene and 
transcriptionally represses its transcription, favoring 
muscle degeneration [10]. Despite such evidence, the 
molecular mechanisms responsible for the induction of 
p53 in myogenesis or muscle atrophy/sarcopenia remain 
to be clearly determined. 

 
We previously highlighted a key role of p53 in 
regulating an antioxidant response essential for skeletal 
muscle homeostasis. Hence, under mild oxidative stress, 
p53 binds to the peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (PGC-1α) 
promoter, inducing the activation of a nitric oxide (NO)-
dependent antioxidant signaling pathway [11]. Through 
this axis, p53 was able to buffer oxidative/nitrosative 
stress that otherwise would lead to premature sarcopenia 
and skeletal muscle atrophy. Moreover, we have     
recently demonstrated an  impairment  in  the  NO/PGC- 
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1α-mediated signaling process in skeletal muscle of old 
mice, which resulted in increased oxidative/nitrosative 
stress [12]. 

 
In this work, we questioned whether the decline of the 
antioxidant response could be due to an alteration of  
p53 transcriptional activity on the ppargc1a promoter, 
resulting in increased oxidative/nitrosative stress and 
premature aging of skeletal muscle. We demonstrated 
that p53 S-nitrosylation at a specific cysteine residue 
(C124) is essential to assure efficient p53-mediated 
antioxidant response. Moreover, an altered shuttle of 
neuronal nitric oxide synthase (nNOS) to nuclear 
membrane during muscle aging is responsible for a 
decrement in nuclear S-nitrosylated p53. These findings 
clarify the role of NO in signaling transduction and 
provide evidence of its function in assuring a beneficial 
antioxidant signaling pathway in muscle tissue upon 
mild oxidative stress. 

 
RESULTS 

 
C124S mutation in p53-DBD causes inhibition of 
NO/PGC-1α-mediated antioxidant response 

 
We have previously demonstrated that p53 was able to 
orchestrate a PGC-1α-mediated antioxidant response 
upon mild oxidative stress. Moreover, the inhibition of 
this signaling pathway results in increased levels of 
atrophy-related molecular factors in C2C12 myoblasts 
[11, 13]. Here, we deeply dissect the mechanism(s) 
through which p53 imposes pro-survival or pro-death 
pathway upon NO-mediated post-translational 
modifications of its DBD. 

 
First, we transfected C2C12 myoblasts with either wild 
type p53 (Wt-p53) or single point mutation of DBD 
Cys277, 275 and 124 to Ser (p53C277S, p53C275S and 
p53C124S) (Fig.1A). As shown in Fig.1B an increase of 
PGC-1α protein level and its downstream antioxidant 
genes was observed in Wt-p53, p53C277S and 
p53C275S overexpressing myoblasts, upon 1mM BSO 
treatment. Contrarily, p53C124S mutant was  
completely unresponsive. A corresponding increase in 
the transcription levels of PGC-1α, NFE2L2 (Nuclear 
factor erythroid-derived 2-like 2), SOD2 (superoxide 
dismutase 2) and CGCL (Glutamate-cysteine ligase 
catalytic subunit) was also observed (Fig.1B and C). 

 
To confirm the previously assessed involvement of NO 
in the induction of p53 we treated C2C12 myoblasts 
with a NOSs inhibitor, L-NAME, at the concentration  
of 100 μM. Fig.1C shows that L-NAME is able to 
prevent the increase of PGC-1α mRNA and its 
downstream target genes only in BSO-treated Mock, 
Wt-p53, p53C277S and p53C275S myoblasts. 

It is known in literature that p53 is able to bind the - 
2317 p53RE on the mouse ppargc1a promoter, assuring 
the expression of PGC-1α [11]. Therefore, we evaluated 
whether the binding capacity of the mutant p53C124S 
could be affected. A 10-fold increase in the occupancy 
of -2317 p53RE in BSO-treated Wt-p53,  -p53C277S 
and -p53C275S myoblasts was observed (Fig.1D). On 
the contrary, ppargc1a promoter was not bound by the 
mutant p53C124S (Fig.1D). Consistent with the role of 
NO in mediating PGC-1α expression, the binding of 
Wt-p53, p53C277S and p53C275S was efficiently 
reduced by L-NAME treatment (Fig.1D). These data 
suggest that only specific sequences of p53-DBD are 
capable to induce the ppargc1a gene transcription in a 
NO-dependent manner, contributing to the antioxidant 
response necessary for muscle homeostasis. 

 
S-nitrosylation  of  C124  promotes  p53  binding   on 
ppargc1a promoter 

 
NO-mediated effects were primarily executed  by  
protein S-nitrosylation, a reversible post-translational 
modification that produces NO-cysteine-thiol 
engagement [14]. S-nitrosylation represents an 
important post-translational modification that affects the 
functionality of p53, activating or inhibiting its binding 
on gene promoters [15, 16]. Thus, on the basis of results 
obtained, p53 S-nitrosylation status could  be 
responsible for the ability to repress/activate ppargc1a 
gene transcription in skeletal muscle cells. Using the 
biotin-switch technique, we found that Wt-p53 
myoblasts have increased level of S-nitrosylated p53 in 
nuclei (p53-SNO) than p53C124S myoblasts upon BSO 
treatment (Fig.2A). These results suggest that the 
increment of endogenous flux of NO due to GSH 
depletion [13], raises p53 transcriptional activity on 
ppargc1a promoter, through S-nitrosylation of a 
specific cysteine of its DBD. To clarify whether the low 
levels of nuclear p53C124S S-nitrosylation could affect 
the total transcriptional activity of p53 we analyzed the 
mRNA and protein levels of p21 (cyclin-dependent 
kinase inhibitor 1), a well-known p53-target gene. 
Fig.2B shows that mRNA (upper) and protein (bottom) 
levels of p21 were significantly higher in p53C124S 
myoblasts, demonstrating that the mutated form is 
transcriptionally active. The absence of S-nitrosylation 
on the specific C124 of p53-DBD mainly prevents the 
transcription of ppargc1a gene and the concomitant 
activation of antioxidant response in skeletal muscle. 

 
The same set of experiments was performed using a 
triple p53-DBD mutant with the same three mutations 
Cys277, 275 and 124 to Ser (3Cys-p53) (Fig.2C). 
Western blot and RT-qPCR analysis of PGC-1α, 
NFE2L2, SOD2 and GCLC show that GSH deficiency 
increased   their   expression  both  in  terms   of  protein 
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Figure  1.  p53C124S mutant  fails  to  induce NO/PGC‐1α‐mediated  antioxidant  pathway  in  C2C12 myoblasts.  (A,    B)  
C2C12 myoblasts were transfected with pcDNA3.1 vector containing cDNA for wild type p53 (Wt‐p53), three single p53 mutants  in 
DBD (p53C277S, p53C275S, p53C124S) or with empty vector (Mock). After 15 h from transfection, myoblasts were treated with 1 mM 
BSO for 24 h. Cells were lysed and 20 μg of proteins were loaded for Western blot analysis of p53, PGC‐1α, NFE2L2 and SOD2. Tubulin 
was used as loading control. Numbers indicate the density of immunoreactive bands calculated using the Software Quantity one (Bio‐ 
Rad) and reported as the ratio of PGC‐1α, NFE2L2 and SOD2/Tubulin. (C) L‐NAME (100 μM) was added 1 h before BSO treatment (15 
h) and maintained throughout the experiment. Total RNA was isolated and relative mRNA levels of PGC‐1α, NFE2L2, SOD2 and GCLC 
were analyzed by RT‐qPCR. Data are expressed as means ± S.D. (n=4; *p<0.001 vs Mock; °p<0.001 vs BSO‐treated cells). (D) ChIP assay 
was carried out on cross‐linked nuclei from Mock, Wt‐p53, p53C277S, p53C275S and p53C124S cells using p53 antibody followed by 
qPCR analysis of p53RE. Dashed line indicates the value of IgG control. Data are expressed as means ± S.D. (n=3; *p<0.001 vs Mock; 
°p<0.05 vs BSO‐treated cells). All the immunoblots reported are from one experiment representative of four that gave similar results. 
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(Fig.2D) and mRNA (Suppl.Fig.S1A) levels in Mock 
and Wt-p53 myoblasts. Contrarily, the transfection of 
3Cys-p53 mutant failed to induce PGC-1α-mediated 
antioxidant pathway (Fig.2D and Suppl.Fig.S1A). Also, 
in this case, the inhibition of NOSs activity significantly 
reduced NO-mediated antioxidant pathway only in  
Mock and Wt-p53 cells (Suppl.Fig.S1A). 

 
To investigate whether the binding capacity of 3Cys- 
p53 mutant on ppargc1a gene was affected, C2C12 
nuclear extracts were incubated with biotinylated 
oligonucleotides representing -2317 p53RE and  
Western blot analysis of p53 was carried out after oligo 
pull-down. As reported in Suppl.Fig.S1B the p53 DNA- 
binding activity was significantly enhanced in BSO- 
treated Wt-p53 cells. Through quantitative ChIP  
analysis we also observed p53 enrichment at -2317 
p53RE only in Wt-p53 myoblasts (Suppl.Fig.S1C)  with 

respect to 3Cys-p53 mutant. In line with previous 
results, the concomitant administration of L-NAME 
completely abrogated the binding of p53 on ppargc1a 
promoter (Suppl.Fig.S1B and C). Moreover, using the 
biotin switch technique, we did not found any 
modulation of p53-SNO in nuclei of 3Cys-p53 
myoblasts with respect Wt-p53 cells (Suppl.Fig.S2A). 
These results were also confirmed by evaluating  Wt- 
p53 and 3Cys-p53 binding activity on ppargc1a 
promoter after treatment with a NO donor, S- 
nitrosoglutathione (GSNO). For this purpose we treated 
isolated nuclei from Wt-p53 and 3Cys-p53 myoblasts 
with GSNO and we performed an oligo-pull-down  
assay by using biotinylated oligonucleotides 
corresponding to -2317 p53RE. Suppl.Fig.S2B shows 
that the amount of Wt-p53 able to bind the -2317  
p53RE was markedly higher only in GSNO-Wt-p53 
treated  nuclei   and  L-NAME  treatment  was   able  to 

 
 
 

 
 

Figure  2.  p53C124S mutant  does  not  undergo  S‐nitrosylation  after  BSO  treatment  in  C2C12 myoblasts.  (A)  C2C12 
myoblasts were transfected with pcDNA3.1 vector containing cDNA for wild type p53 (Wt‐p53), single p53 mutant in DBD (p53C124S) 
or with empty vector (Mock). After 15 h from transfection myoblasts were treated with 1 mM BSO for 24 h. Nuclear proteins (500 μg) 
were subject to S‐NO derivatization with biotin. After Western blot the nitrocellulose was incubated with p53 antibody for detection 
of  p53‐SNO.  Sp1  was  used  as  loading  control.  The  possible  presence  of  cytoplasmic  contaminants  was  tested  by  incubating 
nitrocellulose with rabbit anti‐LDH. (B) Upper: Total RNA was isolated and relative mRNA level of p21 was analyzed by RT‐qPCR . Data 
are expressed as means ± S.D. (n=3; *p<0.05). Bottom: Cells were lysed and 20 μg of proteins were loaded for Western blot analysis  
of p21. Tubulin was used as loading control. (C, D) C2C12 myoblasts were transfected with pcDNA3.1 vector containing cDNA for wild 
type p53  (Wt‐p53),  triple p53 mutant  in DBD  (C277S, C275S and C124S)  (3Cys‐p53) or with empty vector  (Mock). After 15 h  from 
transfection myoblasts were treated with 1 mM BSO for 24 h. Cells were lysed and 20 μg of proteins were loaded for Western blot 
analysis  of  p53,  PGC‐1α,  NFE2L2  and  SOD2.  Tubulin  was  used  as  loading  control.  All  the  immunoblots  reported  are  from  one 
experiment representative of five that gave similar results. 
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Figure  3.  NO/PGC‐1α‐mediated  antioxidant  pathway  is  inhibited  after  p53C124S  overexpression  in  p53‐null  NCI‐ 
H1299 cells. (A, B) NCI‐H1299 cells were transfected with pcDNA3.1 vector containing cDNA for wild type p53 (Wt‐p53), single p53 
mutant in DBD (p53C124S) or with empty vector (Mock). Cells were lysed and 20 μg of proteins were loaded for Western blot analysis 
of p53, PGC‐1α, NFE2L2 and SOD2. Tubulin was used as loading control. (C) L‐NAME (100 μM) was added 1 h before BSO treatment 
(15 h) and maintained throughout the experiment. Total RNA was  isolated and relative mRNA  levels of PGC‐1α, NFE2L2, SOD2 and 
GCLC were analyzed by RT‐qPCR. Data are expressed as means ± S.D. (n=3; *p<0.05 vs untreated Wt‐p53; °p<0.001 vs BSO‐treated 
Wt‐p53 cells). (D) Nuclear proteins (500 μg) were subject to S‐NO derivatization with biotin. After Western blot the nitrocellulose was 
incubated with  p53  antibody  for  detection  of  p53‐SNO.  Sp1 was  used  as  loading  control.  The  possible  presence  of  cytoplasmic 
contaminants was tested by  incubating nitrocellulose with rabbit anti‐LDH. Numbers  indicate the density of  immunoreactive bands 
calculated using the Software Quantity one (Bio‐Rad) and reported as the ratio of p53‐SNO/Sp1. (E) Nuclear protein extracts (500 μg) 
were subjected to oligo‐pull‐down by using the biotinylated oligonucleotide representing the p53RE on the PPARGC1A promoter and 
bound p53 was detected by Western blot. Twenty μg of nuclear proteins (input) were used for Western blot analysis of Sp1. (F) ChIP 
assay was  carried  out  on  cross‐linked  nuclei  from Wt‐p53  and  p53C124S NCI‐H1299  cells  using  p53  antibody  followed  by  qPCR  
analysis of p53RE. Dashed line indicates the value of IgG control. Data are expressed as means ± S.D. (n=4; *p<0.05 vs untreated Wt‐ 
p53; °p<0.05 vs BSO‐treated Wt‐p53 cells). All the immunoblots reported are from one experiment representative of four that gave 
similar results. 
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restore this event. Contrarily, the use of NO scavenger 
carboxy-PTIO was not able to reduce the Wt-p53- 
binding on ppargc1a promoter after GSNO treatment 
(Suppl.Fig.S2B). 

 
In summary, these data suggest that S-nitrosylation of 
p53 increases its transcriptional activity on ppargc1a 
gene after GSH depletion activating the antioxidants 
and ensuring the skeletal muscle homeostasis. 

 
S-nitrosylation of C124 is involved in p53 binding on 
PPARGC1A promoter also in p53-null-NCI-H1299 
cell 

 
Overall these results were confirmed in human lung 
cancer NCI-H1299 cells, which are null for p53. BSO 
treatment in these cells was able to induce PGC-1α, 
NFE2L2, SOD2 and GCLC up-regulation only after 
Wt-p53 transfection and L-NAME is able to inhibit the 
activation of this antioxidant pathway (Fig.3A, B and 
C). In accordance with previous results, Wt-p53 NCI- 
H1299 cells showed a significant increment of nuclear 
p53-SNO after BSO administration (Fig.3D). The 
capacity of Wt-p53 to bind the human PPARGC1A 
promoter at -1237 position was also investigated in 
NCI-H1299 cells. Fig.3E and F show the inability of 
p53C124S mutant to bind the PPARGC1A promoter 
upon GSH depletion. Conversely, an increase of 
PPARGC1A promoter occupancy in Wt-p53 cells was 
observed after BSO treatment, confirming the 
importance of a preserved p53-DBD and of p53 S- 
nitrosylation status in the signaling pathway that leads  
to NO/PGC-1α-mediated antioxidant response. 

 
C124S mutation induces atrophy in C2C12 
myoblasts 

 
As mentioned above, p53C124S mutant interferes with 
antioxidant pathways in C2C12 myoblasts, probably 
altering the homeostasis of skeletal muscle. For this 
reason, we explored the effect of p53 single mutants on 
myoblasts differentiation program. We induced 
differentiation of C2C12 cells after transfection of Wt- 
p53, p53C277S p53C275S and p53C124S plasmids. 
Consistent with our previous results, cells transfected 
with Wt-p53, p53C277S, p53C275S and treated with 
differentiation medium exhibited increased mRNA 
levels of differentiation markers MyoD, Pax7 (Paired 
box 7) and Myogenin. On the contrary, p53C124S cells 
failed to increase such markers, suggesting a defective 
myogenesis (Fig.4A). 

 
The effect of p53C124S overexpression on cell growth 
and viability was analyzed by direct counting by Trypan 
Blue staining. We found that the C124S mutation 
profoundly affected cell proliferation  (Fig. 4B)  with  an 

increase in dead cells (Fig.4C), indicating that both 
proliferation arrest and death occur. This is in line with 
the p21 protein increase observed in Fig.2B. Next, we 
have analyzed the mRNA levels of two atrophy markers 
Atrogin-1 (F-box protein 32) and MuRF-1 (tripartite 
motif-containing 63), which are two muscle-specific E3 
ubiquitin ligases that are increased transcriptionally in 
skeletal muscle under atrophy-inducing conditions. 
Fig.4D highlights a significant raise of their expression 
only in undifferentiated and differentiated p53C124S 
cells, suggesting that this mutation not only inhibits 
antioxidant pathway but also blocks myoblasts cell 
differentiation inducing a degenerative process. To 
support the hypothesis that p53C124S mutant promotes 
the transcription of atrophy genes, we analyzed mouse 
MuRF-1 and Atrogin-1 promoters using Genomatix 
Software Suite database to identify p53RE. We have 
found five and one p53RE in mouse Atrogin-1 and 
MuRF-1 promoters, located at -519, -319, -82, -40, +31 
and -351 respectively (Suppl.Fig.S2D, Suppl.  Table  
S1). ChIP analyses of all p53RE were carried out to 
confirm the regulatory role of p53C124 mutant on the 
murine Atrogin-1 and MuRF-1 promoters. The qPCR 
analysis shows a significant increase only in p53C124S 
occupancy of -351 region on MuRF-1 promoter 
(Fig.4E), while -519, -319, -82, -40 and +31 regions on 
Atrogin-1 promoter did not show p53C124S binding at 
day 0 and 4 of differentiation (data not shown). 

 
Nuclear p53-S-nitrosylation diminished in aged 
skeletal muscle inhibiting antioxidant response 

 
We have recently demonstrated that during aging of 
skeletal muscle a significant increase of 
oxidative/nitrosative stress occurs. In particular, we 
observed a decrease of GSH levels and a diminished 
induction of NO/PGC-1α-mediated redox signaling 
pathway accompanied by an accumulation of total S- 
nitrosylated proteins [12]. Since S-nitrosylation of C124 
on p53-DBD seems to play a key role in the induction  
of NO/PGC-1α-mediated antioxidant pathway, we 
investigated the involvement of such mechanism in 
PGC-1α-mediated antioxidant response decrement 
during aging. Firstly, we confirmed the increase of total 
S-nitrosylated protein in skeletal muscle of old mice 
(Fig.5A). This result was also confirmed by the analysis 
of NADH-dependent S-nitrosoglutathione (GSNO) 
reductase (GSNOR), a denitrosylating enzyme that 
indirectly buffers the concentration of protein SNOs, by 
reducing the low-molecular-weight nitrosothiol GSNO. 
Fig.5B clearly indicates diminished protein levels of 
GSNOR in aged skeletal muscle, which could be in part 
responsible for S-nitrosylation protein increase. 
Moreover, total protein levels of p53 were slightly 
decreased in old with respect to young mice (Fig.5B). 
Subsequently,  we  analyzed  the  levels  of   nuclear  S- 
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Figure 4. p53C124S mutant  induces atrophy of C2C12 myoblasts.  (A) C2C12 myoblasts were  transfected   with   pcDNA3.1 
vector containing cDNA for wild type p53 (Wt‐p53), three single p53 mutants in DBD (p53C277S, p53C275S, p53C124S) or with empty 
vector  (Mock). After 24 h  from  transfection C2C12 cells were differentiated  for 4 days. Total RNA was  isolated and relative mRNA 
levels of MyoD, PAX7 and Myogenin were analyzed by RT‐qPCR. Data are expressed as means ± S.D. All the values were significantly 
different with respect to Mock day 0/4 (n=3, p<0.05; *p<0.05 was significantly decreased with respect Mock day 0). (B) Cells were 
counted by Trypan Blue exclusion. Data are expressed as means ± S.D. All the values were significantly different with respect to day 0 
(n=4 *p<0.05). (C) Dead cells were counted by Trypan blue exclusion. Data are expressed as means ± SD (n=4, *p<0.001 vs Mock‐, Wt‐ 
p53‐, p53C277S‐ and p53C275S‐day 0/4 cells).  (D) Total RNA was  isolated and relative mRNA  levels of MuRF‐1 and Atrogin‐1 were 
analyzed by RT‐qPCR. Data are expressed as means ± S.D. (n=3; *p<0.05 vs Mock‐, Wt‐p53‐, p53C277S‐ and p53C275S‐day 0/4 cells). 
(E)  ChIP  assay was  carried  out  on  cross‐linked  nuclei  from Mock, Wt‐p53,  p53C277S,  p53C275S  and  p53C124S  cells  at  day  4  of 
myogenesis  using  p53  antibody  followed  by  qPCR  analysis  of  p53RE.  Dashed  line  indicates  the  value  of  IgG  control.  Data  are  
expressed as means ± S.D. (n=3; *p<0.001 vs Mock‐, Wt‐p53‐, p53C277S‐ and p53C275S‐day 4 cells). 
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Figure  5.  The  decrement  of  nNOS  nuclear  localization  inhibits  p53  S‐nitrosylation  and  its  binding  on  ppargc1a 
promoter during aging. (A) Skeletal muscle of young (12 weeks) and old (80 weeks) mice was homogenized and total proteins (500 
μg) were subjected to S‐NO derivatization with biotin. After Western blot, biotin adducts were identified by incubating nitrocellulose 
membrane with HRP‐conjugate streptavidin. Proteins incubated in labeling buffer without ascorbate were used as negative control (‐ 
Ascorbate). Tubulin was used as  loading control.  (B) Skeletal muscle of  two young  (12 weeks) and  three old  (80 weeks) mice was 
homogenized  and  total proteins  (20  μg) were  loaded  for Western blot  analysis of GSNOR  and p53.  Tubulin was used  as  loading 
control.  (C)  Skeletal muscle of  young  (12 weeks) and old  (80 weeks) mice was homogenized and nuclear proteins  (500  μg) were 
subjected  to  S‐NO  derivatization  with  biotin.  After  Western  blot,  biotin  adducts  were  identified  by  incubating  nitrocellulose 
membrane with HRP‐conjugate streptavidin. Proteins incubated in labeling buffer without ascorbate were used as negative control (‐ 
Ascorbate).  Sp1 was  used  as  loading  control.  (D)  Skeletal muscle  of  two  young  (12 weeks)  and  three  old  (80 weeks) mice was 
homogenized and nuclear proteins (500 μg) were subjected to S‐NO derivatization with biotin. After Western blot the nitrocellulose 
was  incubated with p53 antibody for detection of p53‐SNO. Sp1 was used as  loading control. The possible presence of cytoplasmic 
contaminants was tested by incubating nitrocellulose with rabbit anti‐LDH. (E) ChIP assay was carried out on cross‐linked nuclei from 
two young (12 weeks) and three old (80 weeks) mice using p53 antibody followed by qPCR analysis of p53RE. Dashed line indicates 
the value of IgG control. Data are expressed as means ± S.D. (n=3; *p<0.05). (F) Skeletal muscle of two young (12 weeks) and two old 
(80 weeks) mice was homogenized and 20 μg of nuclear and cytoplasmic extracts were loaded for detection of nNOS and Syntrophin 
by Western blot.  Sp1 was used  as  loading  control.  The possible presence of  cytoplasmic  contaminants was  tested by  incubating 
nitrocellulose with rabbit anti‐LDH. All the  immunoblots reported are from one experiment representative of four that gave similar 
results. 
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nitrosylated proteins in aged skeletal muscle. As shown 
in Fig.5C, a decrease of nuclear S-nitrosylation is 
observed in skeletal muscle of aged mice. These results 
were confirmed by a decrease of p53-SNO levels in 
nuclei and a diminished binding of p53 on ppargc1a 
promoter (Fig.5D and E). These events  probably 
elicited decreased PGC-1α-mediated antioxidant 
response observed during aging. Next to this, we have 
previously demonstrated that nNOS, interacting with 
Syntrophin, locates on nuclear membrane favoring local 
NO production, nuclear S-nitrosylation and induction of 
mitochondrial biogenesis during myogenesis [17]. 
These results strongly suggest the importance of nuclear 
nNOS activity in transcriptional regulation of NO/PGC- 
1α-mediated antioxidant target genes also during aging. 
For this reason, we analyzed nNOS and Syntrophin 
nuclear and cytoplasmic localization in young and old 
skeletal muscle. Western blot analysis of nNOS and 
Syntrophin carried out on nuclear fraction showed that 
these proteins were able to localize in nuclei only in 
young mice (Fig.5F), which exhibited a higher extent of 
S-nitrosylated proteins in nuclei with respect to aged 
mice (Fig.5C). Contrarily, nuclear associated nNOS was 
significantly diminished in aged mice, whereas its 
content is likely increased in cytoplasmic extracts 
(Fig.5F). Taken together, these results indicate that p53 
binding on ppargc1a promoter requires the nuclear NO 
flux, which permits the transcription of ppargc1a gene 
and consequently the induction of antioxidant response, 
through the nitrosylation of p53-DBDC124. The 
decrement of nuclear nNOS localization during aging 
determines a loss of nuclear S-nitrosylated p53 and a 
failure in inducing PGC-1α-mediated pathway. 

 
DISCUSSION 

 
Among the multifactorial aspects characterizing aging, 
sarcopenia, a continuous and progressive loss of muscle 
mass, represents an important public health problem 
related to frailty and disability [2]. Sarcopenia is 
characterized by alteration of a multitude of pathways 
largely ascribed to endocrine system and molecular 
processes that lead to the tight-related alterations in grip 
strength, physical performance and muscle mass 
homeostasis. Moreover, age-related changes in skeletal 
muscle are attributed also to activation and/or  
repression of specific molecules, such as atrogenes and 
PGC-1α [18, 19]. 

 
At molecular level a well-established hallmark of aged 
muscle is the increase in oxidative/nitrosative damage, 
which is recognized to contribute to skeletal muscle 
degeneration [20, 21]. Moreover, we found that, upon 
mild oxidative stress, nNOS is recruited to nuclei where 
it increases local NO production, S-nitrosylation of 
nuclear  proteins  and  the  induction   of   mitochondrial 

biogenesis in C2C12 cells [17]. In this context, p53 was 
capable to restrain oxidative stress, by orchestrating an 
antioxidant response through induction of antioxidant 
genes [11]. Overall data uncover an additional role for 
p53 in transcriptional regulation of genes involved in 
skeletal muscle homeostasis and functionality. 

 
Here, we deeply dissected the p53-mediated signaling 
process under mild oxidative stress and we were able to 
identify a cysteine residue in the p53 DBD essential for 
the antioxidant response activation. Indeed, the data 
obtained with p53 mutants clearly indicated that the 
cysteine 124 was the sole and pivotal for induction of 
p53-mediated antioxidant response. Actually, the p53 
C124S mutant failed to bind the p53RE on ppargc1a 
promoter abolishing the activation of antioxidant 
response. 

 
Cysteine-S-nitrosylation represents one of the post- 
translational modifications through which redox 
signaling pathways can be tuned. Therefore, being 
aware that NO is the most suited molecule for 
constraining such modification and that upon mild  
redox unbalance its concentration raises at nuclear level, 
the data obtained with the C124S mutant undoubtedly 
indicated that this cysteine residue was prone to S- 
nitrosylation and this process was necessary for 
activating p53-downstream target genes. Even other 
cysteine residues characterized the p53 DBD domain, 
but only the C124S mutant did not undergo S- 
nitrosylation abolishing the binding to the ppagc1a 
promoter, highlighting, at the molecular level, the 
specificity of this residue in the redox signaling process. 

 
We recently showed that during aging the increase of 
oxidative damage to proteins was paralleled by a 
decrement in glutathione, the main low molecular 
weight antioxidant, and complemented by the alteration 
of a PPAR-α/PGC-1α-mediated antioxidant signaling 
axis in gastrocnemius/soleus of old mice [4]. In this 
report, we demonstrated that although an increase in 
total protein S-nitrosylation occurred during muscle 
aging, a decrease of such process at nuclear level was 
observed. This evidence nicely associated with a 
concomitant decrement in p53 S-nitrosylation and with 
the observed diminished recruitment of 
nNOS/Syntrophin complex on nuclear membrane. We 
speculated that this failure by preventing nuclear sited 
NO flux inhibited local S-nitrosylation of p53 and might 
be responsible for the loss of efficient p53-SNO- 
dependent antioxidant response during aging. On the 
contrary, the increased total protein S-nitrosylation, in 
aged muscle, found a rationale in the observed 
glutathione decrement [4] as well as on the present data 
indicating a significant diminution of the expression 
levels  of  GSNOR.  In  fact,  GSNOR  is  the  primary 
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system of the cell for degrading the main non-protein S- 
nitrosothiol GSNO, which by being in equilibrium with 
protein S-NOs, indirectly controls cellular 
concentrations of protein S-NOs [22]. The decrement in 
both glutathione and GSNOR makes the physiological 
NO flux more detrimental for proteins at cytosolic and 
other compartments, unless nucleus; another oxidative 
risk damage for aged muscle. Overall this evidence 
confirmed that NO is the principal mediator of p53 
transcriptional activity on ppargc1a promoter. 
Accordingly, in-batch treatment of isolated nuclei with 
NO donor significantly increases the binding capacity   
of WT-p53 on its consensus sequence. 

 
p53 plays important roles during differentiation and 
sarcopenia of skeletal muscle, though the exact 
mechanism(s) that regulate its transcriptional  activity 
are still unclear. Some evidence demonstrated that the 
protein levels of p53 as well of p21 and GADD45a, two 
established transcriptional targets of p53, are higher in 
older muscle tissue, suggesting a requirement of p53 in 
promoting and regulating sarcopenia of skeletal muscle 
[23]. Schwarzkopf and colleagues suggested that  
chronic activation of p53 leads to premature aging 
associated with a significant atrophy [7, 24]. Contrarily, 
Feng et al. demonstrated a progressive decline of p53 
protein level and p53-dependent pathways in various 
tissues of older mice, leading to premature aging [25]. 
Here, we give the proof that the inhibition of p53- 
SNO/PGC-1α-mediated antioxidant pathway is 
associated with increased markers of myotube 
degeneration. In particular, our data showed that failure 
of C124 S-nitrosylation switched the binding of p53 on 
MuRF-1 gene promoter inducing premature atrophy and 
cell death of skeletal muscle cells. Similarly, other 
studies reported that p53 knockout mice showed an 
alteration of mitochondrial activity in mixed muscle and 
lowered PGC-1α protein levels in gastrocnemius. 
Intermyofibrillar mitochondria of these animals were 
characterized by reduced respiration and elevated 
reactive oxygen species production. In addition, these 
animals displayed greater fatigability and less  
locomotor endurance [26]. 

 
It is possible to postulate that C124-S-nitrosilatyion of 
p53 by inducing myogenesis and antioxidant response is 
implicated in maintaining skeletal muscle homeostasis 
and functions. Thus, our findings could be helpful for 
the comprehension of molecular mechanism underlying 
muscular pathologies or myopathies characterized by 
alteration in antioxidant response. 

 
In conclusion, our results show that under mild 
oxidative stress nuclear NO is the primary mediator of 
p53 post-translational modification in skeletal muscle. 
S-nitrosylation  of  C124  is  the  mandatory  event  for 

NO/p53/PGC-1α-mediated antioxidant response. Thus, 
during aging the loss of nuclear nNOS/Syntrophin 
complex located on nuclear membrane  may contribute 
to both an increase of total protein S-nitrosylation and 
myopathy. Therefore, maintaining/restoring p53 S- 
nitrosylation status could represent a new tool to  
prevent or treat myopathies and atrophy condition. 

 
METHODS 

 
Animals 

 
We conducted all mouse experimentations in  
accordance with accepted standard of humane animal 
care and with the approval by relevant national  
(Ministry of Welfare) and local (Institutional Animal 
Care and Use Committee, Tor Vergata University, 
Rome, Italy) committees. C57BL/6 mice were  
purchased from Harlan Laboratories Srl (Urbino, Italy). 
12- and 80-weeks-old mice were considered as young 
and old mice, respectively. Mice were fed ad libitum 
with standard pellet diet and free access to water.  
Before sacrifice mice were subjected to fasting for  
seven hours. Mice were killed by cervical dislocation, 
gastrocnemius/soleus muscle was explanted 
immediately, frozen on dry ice and stored -80 °C. 

 
Cell cultures and treatments 

 
The murine skeletal muscle C2C12 cells and  human 
lung cancer NCI-H1299 cells were obtained from the 
European Collection of Cell Cultures (Salisbury, UK). 
NCI-H1299 cells lacking of p53 were a kind gift of  
Prof. Gianni Cesareni (Department Biology, University 
of Rome Tor Vergata). C2C12 myoblasts and NCI- 
H1299 cells were cultured in growth medium composed 
of Dulbecco’s Modified Eagle’s Medium (DMEM) and 
RPMI-1640 medium respectively, supplemented with 
10% fetal bovine serum, 100 U/ml penicillin/strepto- 
mycin and 2mM glutamine (Lonza Sales, Basel, 
Switzerland) and maintained at 37°C in an atmosphere 
of 5% CO2 in air. C2C12 myoblasts were plated at 80% 
of confluence and cultured in growth medium for 24 h. 
To induce differentiation, cells were washed in PBS and 
growth medium was replaced with differentiation 
medium (DM), which contained 2% heat inactivated 
horse serum (Lonza, ECS0090D) [4]. 

 
BSO, a highly selective and potent inhibitor of the 
enzyme GCLC, was added in the culture medium at a 
concentration of 1 mM after 15 h from transfection. The 
NOS inhibitor L-NAME was used at a concentration of 
100 μM (1 h before BSO treatment) and maintained 
throughout the experiment. The NO scavenger carboxy- 
PTIO was added at a concentration of 2 μM and 
maintained   throughout   the  experiment  as  previously 
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described [11, 27]. GSNO was added to purified nuclei 
at a concentration of 5 mM at 4°C for 30 min in nucleus 
lysis buffer (NLB) containing 50 mM  Tris-HCl  pH 8.1, 
10 mM EDTA, 1% SDS, 10 mM sodium butyrate, 
protease inhibitors and incubated 1 h at 4°C. 

 
Transfection 

 
C2C12 myoblasts and NCI-H1299 cells were stably 
transfected with the following plasmids: pcDNA3.1-p53 
(Wt-p53), four mutants (single mutants: p53C124S, 
p53C277S, p53C275S and triple mutant C124-277- 
275S) or pcDNA3.1 empty vector (kindly donated by 
Dr. Yvonne Sun, The Cancer Institute of New Jersey, 
NJ and Dr. Marikki Laiho, Marikki Laiho, Haartman 
Institute, Department of Virology, University of 
Helsinki, Hensinky) by electroporation using 
Nucleofector 4D® (Lonza, Sales) according to the 
manufacturer’s instructions, and were immediately 
seeded into fresh medium. Transfection efficiency was 
estimated by co-transfecting the cells with pMAX-FP- 
GreenC vector (Lonza Sales). Only experiments that 
gave transfection efficiency of 80% were considered. 
Twenty-four hours after transfection (day 0), 
differentiation was induced. 

 
RT-qPCR analysis 

 
Total RNA was extracted using TRI Reagent (Sigma- 
Aldrich) and used for retro-transcription. qPCR was 
performed in triplicate by using validated qPCR primers 
(BLAST), Ex TAq qPCR Premix (Lonza Sales) and the 
Roche Real Time PCR LightCycler II (Roche Applied 
Science, Monza, Italy). mRNA levels were normalized 
to RPL, and the relative mRNA levels were determined 
by using  the 2-⊗⊗Ct  method [28].  The  primer sequences 
are listed in Supplementary Table S2. 

 
Preparation of cell lysates and Western blot analyses 

 
Cell pellets were resuspended in RIPA buffer (50 mM 
Tris-HCl, pH 8.0, 150 mM NaCl, 12 mM deoxycholic 
acid, 0.5% Nonidet P-40 and protease inhibitors). 
Protein samples were used for SDS-PAGE followed by 
Western blotting as previously described [12]. 
Nitrocellulose membranes were stained with primary 
antibodies  against  Tubulin  (1:1000),  PGC-1α (1:500), 
SOD2  (1:2000),  NFE2L2  (1:1000),  p53 (1:1000), p21 
(1:1000),   Sp1  (1:500),   GSNOR  (1:500),   nNOS  (C- 
terminal 1:500), Syntrophin (1:1000) and  LDH 
(1:1000). Afterward, the membranes were incubated 
with the appropriate horseradish peroxidase conjugated 
secondary antibody, and immunoreactive bands were 
detected by a Fluorchem Imaging System upon  staining 

with ECL Select Western Blotting Detection Reagent 
(GE Healthcare, Pittsburgh, PA, USA; RPN2235). 
Immunoblots reported in the figures are representative  
of at least four experiments that gave similar results. 
Tubulin and Sp1 were used as loading controls. 

 
Proteins were assayed by the method of Lowry [29]. 

 
Preparation of nuclear extracts 

 
Cell pellets were resuspended in NLB. Nuclei were 
collected by centrifugation at 600 x g for 5 min at 4°C 
and pellets were resuspended in 1 ml of NLB. 
Subsequently, nuclei were purified on NLB containing 
30% sucrose (w/v) and centrifuged at 700 x g for  10 
min. The pellets were resuspended in NLB to remove 
nuclear debris and finally used for Western blot, oligo- 
pull-down or ChIP assays. 

 
Oligo-pull-down 

 
The assay was performed essentially as previously 
described [30] by using the p53RE at –2317 and -1237 
on the mouse and human PGC-1α gene promoter 
(ppargc1a and PPARGC1A), respectively (Suppl. Table 
S1). Briefly, nuclear protein extracts were incubated 
with 1 μg of promoter biotinylated at 5’ and proteins 
were allowed to bind the oligonucleotide for 30 min at 
room temperature. The oligonucleotides were 
precipitated with UltraLink streptavidin beads (Pierce) 
for 1 h at 4°C. Bound fractions were washed three times 
with wash buffer (20 mM Tris-HCl, pH 7.5, 1 mM 
EDTA, 10% glycerol, 0.1% Triton X-100), eluted with 
denaturing buffer, and analyzed by Western Blotting 
using anti-p53 antibody. Oligo-pull-down specificity 
was demonstrated with mutant oligonucleotides used as 
negative controls (data not shown). 

 
Chromatin immunoprecipitation assay 

 
ChIP was carried out according to the protocol of Im et 
al. [31] with some modifications. Briefly, after cross- 
linking the nuclei extracted from C2C12 and NCI- 
H1299 cells were fragmented by ultrasonication using 
4x15 pulse (output 10%, duty 30%). Samples were pre- 
cleared with pre-adsorbed salmon sperm Protein G 
agarose beads (1 h, 4°C), and overnight 
immunoprecipitation using anti-p53 or control IgG 
antibody was carried out. After de-cross-linking (1% 
SDS at 65°C for 3 h), qPCR was used to quantify the 
promoter binding with 30 cycles total  (95°C, 1 s;  60°C, 
30 s; 72°C, 60 s). Results are expressed as fold 
enrichment with respect to IgG control. The  primers 
used are reported in Supplementary Table S1. 
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Biotin switch assay 
 

Biotin switch assay was performed as previously 
described [17]. Briefly, proteins were subjected to S- 
NO derivatization by incubation in the presence of 
ascorbate, which reduces S-NO groups. The same 
sample incubated in the presence of biotin without 
ascorbate was used as negative control. After protein 
separation by non-reducing SDS-PAGE and Western 
blot, biotinylated proteins were detected by incubation  
of nitrocellulose membrane with HRP-conjugated 
streptavidin (1:1000). 

 
Analysis of cell viability 

 
Adherent (after trypsinization) and detached cells were 
combined, washed with PBS and directly counted by 
optical microscope on hemocytometer, after Trypan 
Blue staining. 

 
Statistical analysis 

 
The results are presented as means ± S.D. Statistical 
evaluation was conducted by ANOVA, followed by the 
post Student-Newman-Keuls test. Differences were 
considered to be significant at p<0.05. 
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SUPPLEMENTARY MATERIALS 
 
 

Supplementary Table S1. List of primers used for ChIP analysis and 
Oligo‐pull‐down assay. 

 

Genes Sequence 

mppargc1a 
 

(-2317) 

hPPARGC1A 

(-1237) 

FW 5’-GCGAGGTTTCTGCTTAGTCA-3’ 
 

RV 5’-ACAATGACTAAGCAGAAACCTCG-3’ 

FW 5’-TGTCTGTGAACTGAGGGAAAAA-3’ 

RV 5’-AGGGCTAATGCAGGTAGGTG-3’ 

mMuRF-1 

(-351) 

mAtrogin-1 

FW 5’-GAGCCGCGGGCGCCTCGGAAAAC-3’ 

RV 5’-AGAGCAGGCTGAGGACATGTGAAAG-3’ 

Atrogin-1 agccgCATGgccaggccagatgtcc -319 
 

Atrogin-1  gatcgtggcctttcaCATGtcctca +31 
 

Atrogin-1 agagCAGGctgaggacatgtgaaag -40 
 

Atrogin-1  acccCAAGgtccctacaagttccca -82 
 

Atrogin-1  atatgaggctctggcCATGacctaa -519 

hPPARGC1A 

(-1237) 

mppargc1a 
 

(-2317) 

5’-(btn)AACATGTTTATTCACACAGA-3’ 
 

5’-(btn)TCTGTGTGAATAAACATGTT-3’ 
 

5’-(btn)CTCTAAATAAAAAATGTTATAC-3’ 
 

5’-(btn)GTATAACATTTTTTATTTAGAG-3’ 
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Supplementary Table S2. List of primers used for RT‐qPCR analysis. 
 

Genes Sequences 

mAtrogin-1 FW 

mAtrogin-1 RV 

5’-GCGACCTTCCCCAACGCCTG-3’ 
 

5’-GGCGACCGGGACAAGAGTGG-3’ 

mCGLC FW 

mCGLC RV 

hCGLC FW 

hCGLC RV 

5’-CGCACAGCGAGGAGCTTCGG-3’ 
 

5’-CTCCACTGCATGGGACATGGTGC-3’ 
 

5’-AGGAGCGAGGACTGGAGCCAT-3’ 
 

5’-GCAACATGCTGGGCCAGGAGA-3’ 

mMuRF-1 FW 

mMuRF-1 RV 

5’-AGGGGCTACCTTCCTCTAAGTG-3’ 
 

5’-TCTTCCCCAGCTGGCAGCCC-3’ 

mMyoD FW 

mMyoD RV 

5’-GGGGCCGCTGTAATCCATCATGC-3’ 
 

5’-GGAGATCCTGCGCAACGCCA-3’ 

mNFE2L2 FW 

mNFE2L2 RV 

hNFE2L2 FW 

hNFE2L2 RV 

5’-TCCGCCAGCTACTCCCAGGTTG-3’ 
 

5’-TGGGCCTGATGAGGGGCAGTG-3’ 
 

5’-ACAGGAGGAGGAAGTGGAGGGACT-3’ 
 

5’-TCAGCTGGCGCGTAGGTTTGT-3’ 

mPAX-7 FW 

mPAX-7 RV 

5’-TTCGATTAGCCGAGTGCTCA-3’ 
 

5’-ATCCAGACGGTTCCCTTTG-3’ 

mPGC-1α FW 

mPGC-1α RV 

5’-ACTGCAGGCCTAACTCCTCCCAC-3’ 
 

5’-CCCTCTTGGTTGGCGGTGGC-3’ 
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hPGC-1α FW 

hPGC-1α RV 

5’-ACTGCAGGCCTAACTCCACCCA-3’ 
 

5’-ACTCGGATTGCTCCGGCCCT-3’ 

mRPL FW 

mRPL RV 

hRPL FW 

hRPL RV 

5’-GTACGACCACCACCTTCCGGC-3’ 
 

5’-ATGGCGGAGGGGCAGGTTCTG-3’ 
 

5’-GGCGGACCGTGCGAGGTATG-3’ 
 

5’-GGCGGTGGGATGCCGTCAAA-3’ 

mSOD2 FW 

mSOD2 RV 

hSOD2 FW 

hSOD2 RV 

5’-GTGTCTGTGGGAGTCCAAGG-3’ 
 

5’-AGCGGAATAAGGCCTGTTGT-3’ 
 

5’-GCAAGGAACAACAGGCCTTA-3’ 
 

5’-AAGAGCTTAACATACTCAGCATAAC-3’ 

mp21 FW 

mp21 RV 

5’- CAGAATAAAAGGTGCCACAGGC-3’ 
 

5’- CGTCTCCGTGACGAAGTCAA-3’ 
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Supplementary Figure S1. 3Cys‐p53 mutant  impairs NO/PGC‐1α‐mediated antioxidant response  in C2C12 myoblasts. 
(A) C2C12 myoblasts were transfected with pcDNA3.1 vector containing cDNA for wild type p53 (Wt‐p53), triple p53 mutant in DBD 
(C277S, C275S and C124S) (3Cys‐p53) or with empty vector (Mock). After 15 h from transfection myoblasts were treated with 1 mM 
BSO for 24 h. L‐NAME (100 μM) was added 1 h before BSO treatment (15 h) and maintained throughout the experiment. Total RNA 
was isolated and relative mRNA levels of PGC‐1α, NFE2L2, SOD2 and GCLC were analyzed by RT‐qPCR. Data are expressed as means ± 
S.D. (n=5; *p<0.001 vs Mock; °p<0.01 vs BSO‐treated cells). (B) Nuclear protein extracts (500 μg) were subjected to oligo‐pull‐down by 
using the biotinylated oligonucleotide representing the p53RE on the ppargc1a promoter and bound p53 was detected by Western 
blot. Twenty μg of nuclear proteins (input) were used for Western blot analysis of Sp1. (C) ChIP assay was carried out on cross‐linked 
nuclei from Wt‐p53 and 3Cys‐p53 cells, using p53 antibody followed by qPCR analysis of p53RE. Dashed line indicates the value of IgG 
control. Data are expressed as means ± S.D. (n=4; *p<0.001 vs Mock; °p<0.001 vs BSO‐treated cells). All the immunoblots reported are 
from one experiment representative of four that gave similar results. 
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Supplementary  Figure  S2.  3Cys‐p53 mutant  not  bind  the  p53RE  on  ppargc1a  promoter.  (A)  C2C12 myoblasts  were 
transfected with pcDNA3.1 vector containing cDNA for wild type p53 (Wt‐p53), triple p53 mutant in DBD (C277S, C275S and  C124S) 
(3Cys‐p53) or with empty  vector  (Mock). After 15 h  from  transfection myoblasts were  treated with 1 mM BSO  for 24 h. Nuclear 
proteins  (500 μg) were subjected  to S‐NO derivatization with biotin. After Western blot  the nitrocellulose was  incubated with p53 
antibody for detection of p53‐SNO. Sp1 was used as loading control. The possible presence of cytoplasmic contaminants was  tested 
by incubating nitrocellulose with rabbit anti‐LDH. (B) L‐NAME (100 μM) was added 1 h before BSO treatment (15 h) and maintained 
throughout the experiment. Intact nuclei of C2C12 cells were pre‐treated with 100 μM L‐NAME or with 2 μM carboxy PTIO (PTIO) for 
10 minute and subsequently incubated with 5 mM GSNO at 4°C for 30 minute. Nuclear protein extracts (500 μg)  were subjected to 
oligo‐pull‐down by using  the biotinylated oligonucleotide  representing  the p53RE on  the ppargc1a promoter and bound p53 was 
detected  by  Western  blot.  Twenty  μg  of  nuclear  proteins  (input)  were  used  for  Western  blot  analysis  of  Sp1.  (C)  Schematic 
representation of murine Atrogin‐1 (Fbox32, upper) and MuRF‐1 (Trim63, bottom) promoters. The black arrows indicate   the p53RE 
identified on Atrogin‐1 and MuRF‐1 promoters. All the  immunoblots reported are from one experiment representative of four that 
gave similar results. 
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Editorial 
 

Fortifying p53 – beyond Mdm2 inhibitors        doi: 10.18632/aging.101073     
 
Anusha Sriraman, Yizhu Li, Matthias Dobbelstein         

 
 

The tumor suppressor p53 is mutated in roughly 50% of 
all human malignancies. However, in the other 50% of 
tumors which retain wildtype p53, it appears 
insufficiently active to confer tumor suppression, 
through cell cycle arrest or apoptosis. Much of this p53- 
inactivation occurs through the Mdm2 oncoprotein, the 
product of a p53-inducible gene. Mdm2 is an E3 
ubiquitin-ligase that targets p53 for proteasomal 
degradation. In 2004, a small-molecule antagonist of 
Mdm2 was identified, known as Nutlin-3a or Nutlin. It 
binds to Mdm2 at the p53 binding pocket, thereby 
leading to activation of p53 and its target genes [2]. 
Recently, similar Mdm2 antagonists were taken to 
clinical trials, such as RG7388 (NCT02633059, 
NCT02407080, NCT02828930, NCT02670044, 
NCT02545283, NCT02624986), HDM201 
(NCT02780128,       NCT02143635),       and     MI-773 
(NCT01636479), but the results regarding their efficacy 
have not been reported so far. Thus, delivering a wake- 
up call to dormant p53 in tumors remains a tempting but 
currently not proven option for cancer therapy. 
While Nutlin readily induces cell cycle arrest, it was 
found ineffective in causing apoptosis in most tumor 
cells tested, even when p53 was wild type [3]. This 
raises the need to fortify the ability of Mdm2  
antagonists to induce the pro-apoptotic functions of p53. 
In analogy to Mdm2, Wip1 (Wild-type p53 induced 
phosphatase, also known as PPM1D) is another p53- 
inducible antagonist to p53, often overexpressed in p53- 
wildtype cancer cells. Wip1 belongs to the PP2C family 
of Mg2+/Mn2+-dependent serine/threonine phosphatases 
and  causes  the  dephosphorylation  of  p53  at  Ser  15, 
thereby reducing p53 activity. It also dephosphorylates 
Mdm2, resulting in even more efficient p53 inhibition 
[4]. In 2014, an allosteric inhibitor of Wip1 known as 
GSK 2830371 was identified. It binds to the structural 
flap domain of Wip1 and reduces tumor cell growth in 
lymphoma xenograft models, the breast cancer cell line 
MCF-7, and neuroblastoma cells [5]. 
In our study [1], we tested whether the simultaneous 
inhibition of both p53-antagonists, Mdm2 and Wip1, 
might induce p53 more potently than single inhibitors. 
And indeed, the combination of Nutlin and Wip1 
inhibitor led to increased activity and stability of p53 
that resulted in a major proportion of cells arresting at 
the G2/M  phase  of  the  cell  cycle   and/or  undergoing 

 
senescence. Similar results were independently obtained 
by others [6, 7]. Thus, p53 activity can be fortified by 
the combined inhibition of factors that  otherwise 
provide negative feedback on p53. This raises the 
perspective of interfering with p53-regulation at  
multiple levels (Fig. 1) to further boost p53 for cancer 
cell elimination. 
The most traditional way of enhancing p53 activity in 
tumor cells consists in the initiation of a DNA damage 
response (DDR) by chemotherapy or irradiation. This 
activates DDR kinases – ATM, ATR, Chk1 and Chk2 – 
that target p53, resulting in p53 stabilization and 
activation. Future experiments might reveal whether 
genotoxic treatment will act synergistically when 
combined with inhibitors of Mdm2 and Wip1. 
At present, even the combination of Nutlin and Wip1 
inhibitor did not strongly induce apoptosis in the cells 
we analyzed. This setback may be caused, at least in 
part, by anti-apoptotic mechanisms frequently found in 
tumor cells. Future efforts might therefore include pro- 
apoptotic drugs such as BH3 mimetics or inhibitors of 
PI3 Kinase-Akt-signaling. Such strategies could 
complement p53 activation to induce cell death. 
For successful application of Mdm2- or Wip1- 
inhibitors, the selection of responsive tumors might be 
essential. A wild type p53 status is an obvious 
requirement. Furthermore, tumors harboring amplified 
Wip1, or otherwise an activating truncation of Wip1, 
seem most promising regarding the successful use of a 
Wip1 inhibitor. These include breast cancer, neuro- 
blastoma, medulloblastoma, and melanoma. Further- 
more, Mdm2 antagonists appear most effective in 
tumors that contain amplifications of Mdm2, such as 
liposarcoma and osteosarcoma. 
Of note, Nutlin can also confer protective effects on cells 
against chemotherapy. We and others have shown that 
Nutlin protects p53-proficient cells from the harmful 
effects of gemcitabine, taxanes, or Wee1 inhibition, at 
least in part by temporarily preventing the cells  from 
entry into S phase or mitosis. The induction of DNA 
repair genes, such as Ribonucleotide reductase RRM2B, 
might further protect cells against genotoxic stress. Thus, 
care must be taken while combining Mdm2- and Wip1- 
inhibitors with conventional chemotherapeutics, e. g. by 
choosing a scheme where genotoxic drugs are applied 
before the inhibitors of Mdm2 or Wip1. 
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Enhancing p53 activity still appears like an attractive 
strategy to eliminate tumor cells that retain wild type 
p53 status. However, interfering with the Mdm2-p53- 
interaction often appears insufficient to eliminate 
tumors. Targeting additional antagonists of p53, in 
combination with genotoxic stress and pro-apoptotic 
strategies, might fortify p53 to the point where it  
induces cancer cell death. 
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Figure 1. Strategies to fortify p53 in cancer therapy. p53 
activation  occurs  through  most  conventional  chemo‐ 
therapeutics  and  irradiation,  by  DNA  damage  signaling. 
However, p53 activation  is also achieved by  inhibitors of  the 
p53‐antagonists Mdm2 and Wip1. p53, when active, promotes 
apoptosis or cell cycle arrest. On the other hand, a number of 
negative  feedback  loops  attenuate  p53.  p53  activates  the 
expression  of Mdm2  and Wip1,  and Wip1  further  increases 
Mdm2  activity.  Both  Mdm2  and  Wip1  antagonize  p53. 
Moreover, p53  induces  the CDK  inhibitor p21, which  impairs 
the activity of E2F1. Since E2F1  induces the Mdm2‐antagonist 
p14/ARF and also some of the pro‐apoptotic p53 target genes 
(e. g. NOXA), negative  regulation of E2F1 attenuates some of 
p53’s  activities.  Moreover,  p21‐induced  cell  cycle  arrest 
prevents  DNA  replication  and  thus  reduces  DNA  damage. 
Finally,  p53  can  promote  DNA  repair,    consequently  
diminishing  the  efficacy  of  conventional  chemotherapy.  The 
fortification  of  p53  in  this  situation  can  be  achieved  by 
antagonists  to  Mdm2  and  Wip1,  but  also  through  pro‐ 
apoptotic drugs.  Such  strategies are particularly promising  in 
tumors  that  not  only  have  wild  type  p53,  but  also 
amplifications  of  the  Mdm2  gene  and/or  amplifications  or 
activating truncations of Wip1. 

 
 
 

 
University Medical Center Göttingen, D‐37077 Göttingen, 
Germany 
 
Correspondence: Matthias Dobbelstein 
Email: mdobbel@uni‐goettingen.de 
Keywords:  p53, Mdm2, PPM1D, Wip1, cancer treatment 
 
Received: September 20, 2016 
Published: September 29, 2016 



                      AGING www.aging‐us.com  21
 

 
 

Editorial 
 

Targeting mutant p53 for cancer therapy      doi: 10.18632/aging.100992 
 
Moshe Oren, Perry Tal, and Varda Rotter 

 
 

The p53 tumor suppressor protein serves as a major 
barrier against cancer; consequently, mutations in the 
TP53 gene, encoding p53, are the most frequent single 
genetic alteration in human cancer, occurring in about 
half of all individual cancer cases [1]. Besides 
abrogating the tumor suppressive effects of the  wild 
type (WT) p53 protein, many of the TP53 mutations 
endow the mutant p53 protein with new oncogenic gain- 
of-function activities, which actively promote a variety 
of features characteristic of aggressive tumors, such as 
increased migratory and invasive capacities and 
increased resistance to many types of  anti-cancer 
therapy agents [1]. This pertains particularly to tumors 
that carry single amino acid substitutions (missense 
mutations) within p53’s DNA binding domain (DBD), 
and display abundant accumulation of the mutant p53 
protein within the tumor cells [1]. 
In tumors that retain non-mutated TP53 genes, the 
tumor suppressive effects of the remaining WTp53 are 
also often compromised, owing to genetic and 
epigenetic alterations that occur during cancer 
progression [1]. Altogether, the normal functionality of 
p53 is thus abrogated in the vast majority of human 
tumors. This realization has led to extensive attempts to 
restore full p53 functionality in cancer cells, as a novel 
cancer therapy strategy [1, 2]. However, these attempts 
have been seriously hampered by the fact that p53 has 
no known enzymatic activities, and rather operates 
primarily as a sequence-specific transcription factor. 
Furthermore, restoring the activity of a defective tumor 
suppressor protein is vastly more difficult than 
abrogating the activity of a hyperactive oncoprotein. 
Nevertheless, significant advances have been achieved 
in recent years, and hopes for the introduction of p53- 
based novel cancer therapies into the clinic are 
becoming increasingly supported by evidence. In 
principle, attempts to develop such therapies have taken 
3 main approaches: (1) Introduction of WTp53, mainly 
via viral transduction (“gene therapy”), into tumors that 
have sustained TP53 mutations; (2) enhancement of the 
functionality of the endogenous WTp53 in tumors that 
have retained a non-mutated TP53 gene, mainly be 
disrupting the interaction of the WTp53 protein with its 
major negative regulator MDM2; and (3) “correction”  
of the mutant p53 protein in tumors  that have sustained 

 
TP53 missense mutations, thereby restoring its ability to 
perform the tumor suppressive activities of WTp53 [1, 
2]. 
The latter approach, namely the “re-education” of 
mutant p53, is particularly appealing. First of all, it can 
simultaneously reinstate WTp53 tumor suppressive 
activity together with abrogating the gain-of-function 
oncogenic effects of the mutant p53 protein. 
Additionally, since cancer cells bearing TP53 missense 
mutations often accumulate massive amounts of the 
mutant p53, its conversion into a WT-like state will 
potentially flood the cancer cell with excessive amounts 
of tumor suppressive p53, far beyond what one finds in 
normal cells. This may provide a large therapeutic 
window and may potentially circumvent the severe 
limiting toxicity observed with compounds that  
augment the activity of non-mutated p53 in cancer cells 
(approach #2 above). 
Indeed, attempts to “re-educate” mutant p53 in cancer 
cells have seen substantial progress in the last several 
years. The most advanced effort has been spearheaded 
by Wiman and coworkers, who identified a small 
molecule named PRIMA-1, which can reactivate mutant 
p53 (reviewed in [3]). PRIMA-1 was subsequently 
further modified, and its derivative, PRIMA-1-met, has 
recently entered a Phase 2 clinical trial under the 
commercial name APR-246 [3]. An additional strategy, 
developed by Carpizo, Levine and co-workers  
(reviewed in [4]), is based on the facts that Zn(2+) ions 
are crucial for stabilizing the correct folding of the DBD 
of WTp53, and that many (but not all) cancer-associated 
mutant p53 proteins bind Zn(2+) less avidly that  
WTp53 and therefore tend to misfold. Specifically,  
these investigators have identified small molecules (zinc 
metallochaperones) that deliver Zn(2+) to the DBD of 
mutant p53 and facilitate its correct refolding, thereby 
restoring WTp53-like function [4]. However, such 
molecules work only on a subset of p53 mutants, which 
have a conformational defect due to reduced Zn(2+) 
binding. Moreover, like PRIMA-1/APR-246, they 
possess a rather generic chemical activity are not  
specific for p53 only; this may result in undesirable side 
effects that are presently hard to predict. Recently, El- 
Deiry and coworkers have described  2  additional 
mutant    p53-targeing    small    molecules:  prodigiosin, 
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which disrupts the interaction of mutant p53 with the 
p53 family member p73, and thereby unleashes the 
cytotoxic and cytostatic activities of p73 [5], and 
NSC59984, which augments p53 degradation and also 
unleashes p73 activity [6]. 
We have opted for a different approach, based on 
identification of small peptides that specifically stabilize 
mutant p53 proteins in a functional state [7]. Combining 
phage display screening with several alternating 
functional readouts, which minimize the frequency of 
false-positives, we were able to obtain a series of such 
bioactive peptides. These peptides can stabilize the WT 
conformation of mutant p53, and restore its ability to 
engage in sequence-specific DNA binding and activate 
canonical WTp53 target genes. Moreover, they promote 
selective apoptotic death of cancer cells harboring 
mutant p53, and very effectively reduce, and even 
completely block, the growth of human cell line-derived 
mouse xenograft tumors representing several types of 
highly aggressive cancer [7]. Importantly, all common 
p53 mutants tested in our study were found to be 
amenable to functional stabilization by these peptides. 
Remarkably, our lead peptide, pCAP-250, shares  
perfect homology with the RAD9 protein, a validated 
p53 interactor. This attests to the high specificity of the 
interaction. 
Of note, Eisenberg and coworkers have recently 
described another type of mutant p53-targeting peptide, 
which acts by disrupting the aggregation of particular 
aggregation-prone p53 mutants [8]. The spectrum of 
mutants targeted by such peptide still remains to be 
determined. 
Bringing small peptides into the clinic remains 
challenging, mainly owing to the need to deliver the 
peptides efficiently into the tumor cells. Nevertheless, 
their greater specificity, relative to small molecules of 
the types described above, bears the hope for minimal 
non-specific toxicity, rendering such approach 
potentially highly promising in the long run. 
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Abstract: Osteoporosis is an age‐related progressive bone disease. Trp53 (p53) is not only a famous senescence marker 
but also a transcription regulator which played a critical role in osteogenesis. However, how p53 contributes to the bone 
mass  loss  in  age‐related  osteoporosis  is  still  unclear.  Here, we  found  that  bone mass  and  osteogenic  differentiation 
capacity of mesenchymal stem cells (MSCs)  is significantly reduced with advancing age. Serum  levels of TNF‐α and  INF‐γ 
and  senescence‐associated ß‐galactosidase, p16, p21 and p53 are  significantly  increased  in elder mice, but antipodally, 
osteogenic  marker  expression  of  Runx2,  ALP  and  osterix  are  reduced.  Overexpression  p53  by  lentivirus  inhibits 
osteogenesis  in young MSCs  in culture and upon  implantation  in NOD/SCID mice  through  inhibiting  the  transcription of 
miR‐17‐92 cluster, which is decreased in old mice. In addition, miR‐17 mimics could partially rescue the osteogenesis of old 
MSCs both in vitro an in vivo. More importantly, Smurf1 as a direct target gene of miR‐17, plays an important role in the 
p53/miR‐17 cascade acting on osteogenesis. Our findings reveal that p53 inhibits osteogenesis via affecting the function of 
MSCs through miRNA signaling pathways and provide a new potential target for treatment in future. 

 
 

INTRODUCTION 
 

Age-related   diseases   include  cancer,  cardiovascular 
disease, diabetes, various neurodegenerative diseases [1], 

and especially osteoporosis. A reduction in these age- 
related diseases will not only enhance the quality of life 
but also reduce the overall burden to society and 
families.    Bone    marrow    mesenchymal    stem   cells 
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(BMMSCs) are pluripotent cells with the potential for 
self-renewal and multiple differentiations into other cell 
types, dedicating them for regenerative medicine and 
tissue engineering, as they provide tissue maintenance 
and repair after damaging insults [2, 3]. In addition, 
bone homeostasis is supposed to fundamentally depend 
on the transformation potential of BMMSCs, 
particularly in this case different into osteoblastic cells 
[4]. However, the qualification of BMMSCs for 
recovery of multiple tissue systems is contingently 
compromised with age [3, 5]. As senescent cells can 
remain and agglomerate in tissues in contrast to 
apoptotic cells that are immediately removed by host- 
defensively processes, their existence can profoundly 
affect homeostatic mechanisms of the whole body [6-8]. 

 
The age-related restrictions of BMMSCs take special 
effect on their osteogenic and adipogenic potential and 
imply expression changes of associated marker genes 
and of senescence-related molecules [2, 9, 10]. 
Osteogenesis and adipogenesis appear to decline with 
age and passage of the cultivated cells [11-14], and the 
loss of osteogenic potential is presumably connected 
with an inhibited upregulation of key osteogenic 
transcription factors due to an altered p53 level [4, 15], 
which commonly recognized as tumor  suppressing 
gene, is also one of the most widely studied genes in 
aging.   A   mutant   p53   heterozygote   mouse   model 
developed by Donehower et al. (p53+/m mice) 
demonstrated   increased   osteoporosis,   organ atrophy, 
diminished stress tolerance and shortened life span in 
the p53+/m mice as compared to wild type littermates 
[16]. In addition, researches revealed that p53 occupies 
a dual role in its mode of operation, as it manifests both 
sequence-specific DNA-binding mechanisms and 
transcription-independent capacities and can operate as 
transcriptional activator as well as repressor on certain 
genes [17-19]. 

 
MiRNAs consisting of 21-23 nucleotide RNA  
molecules not only provide stability and translational 
efficiency of target mRNAs, but also involved  in 
cellular differentiation, proliferation and apoptosis [20- 
22]. Stem cell lineage commitment into osteoblasts is 
likewise governed by diverse miRNAs, either in terms  
of inhibition or enhancement of osteogenesis, by miR- 
204/211 suppressing Runx2 or by miR-20a activating 
BMP signaling for example [23, 24]. Our previous 
research revealed that miR-17 acted as a negative 
regulator of osteogenesis in a physiological 
microenvironment, but contrarily as promoter for 
osteoblastic commitment of tissue-specific MSCs under 
inflammatory pathological conditions due to targeting 
different genes [25, 26]. Recent investigations show that 
p53  can  repress  miR-17-92, a  cluster  of 7 microRNA 

(miRNAs), on transcriptional level via action on p53- 
binding site located on the proximal part of the miR-17- 
92 promoter region [27, 28]. However, the detailed 
mechisnam of how p53 contributes to bone mass loss in 
age-related osteoporosis is still unclear. In this study,  
we choose natural aging mice as our study model and 
demonstrate that BMMSCs from 16-month old (old) 
mice express decreased osteogenic differentiation 
capacity and increased senescence markers, expecially 
p53. Overexpression p53 in 4-month-old (young) 
BMMSCs could inhibit the osteogensis of them both in 
vitro and in vivo. In addition, miR-17 mimics particular 
rescue the osteogenesis of old BMMSCs both in vitro 
and in vivo. We also elucidated the underlying 
mechanism that p53 restained the osteogenesis via 
modulating the trancription of pri-miR-17 and then 
affecting the expression of Smurf1, a direct target of 
miR-17. Our study aims to reveal a novel mechanism of 
age-related osteoporosis and provide a new potential 
target for treatment in future. 

 
RESULTS 

 
Bone formation and osteogenic differentiation 
capacity are significantly reduced with advancing age 

 
In order to assess bone formation ability with advancing 
age in vivo, bone mass was analyzed in 4 (young) and 
16-month-old (old) mice via micro-CT analysis as much 
as via histological staining of femur tissue sections. 
Both methods and the corresponding analyses 
comprising BMD and BV/TV measurements as much as 
determination of the number of bone trabeculae  
revealed that bone mineral density was decreased in old 
mice relative to young mice with significant loss in 
trabecular bone volume and in the number of trabeculae 
(Fig. 1A-B). In BMMSCs derived from young and old 
mice, the CFU assay showed that the number of CFU-F 
and CFU-Ob of old mice was significantly less 
compared to young mice (Fig. 1C-D), especially the 
CFU-Ob number, thus confirming the in vivo data. In 
addition, analyses on serum levels of TNF-α and IFN-γ 
both in young and old mice revealed significantly  
higher values of these cytokines in elder mice (Fig. 1E), 
suggesting more inflammation with advancing age. 

 
In old mice, senescence-associated ß-galactosidase was 
detectable to a significantly greater amount compared to 
cells from young mice, and the senescence-associated 
markers p16, p21 and p53 were also significantly 
increased both in bone tissues and in BMMSCs on gene 
protein level (Fig. 2A-D). Additionally, the osteogenic 
differentiation capacity of BMMSCs derived from old 
mice was significantly reduced compared to the ones 
obtained from young mice, which was evident  from  the 
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results of the alizarin red staining as much as the gene 
and protein expression analyses of osteogenic marker 
expression, namely Runx2, ALP and osterix (Fig. 2E- 
G). In addition, the proliferation capacity of BMMSCs 
from old mice was also lower than BMMSCs from 
young mice, as indicated by MTT and flow cytometric 
cell cycle analysis (Supplementary Fig. 1). 

 
p53 is causative for inhibited osteogenesis in 
BMMSCs 

 
As we observed that old BMMSCs express significantly 
higher gene and protein levels of the senescence-related 
markers p21, p16 and most substantially p53, we further 
investigated the relationship between p53 and osteogenic 
differentiation capacity of BMMSCs. We constructed the 
lentiviral vector to induce a stable up-regulation of p53 in 
BMMSCs. The lentiviral construct (pLenti-p53) 
increased  the  p53  expression  level   more  than 5-fold 

compared with the control (Supplementary Fig. 2). Then 
we cultured the cells in osteogenic differentiation 
medium for an additional 14 days. Alizarin red staining 
and the expression of ALP, Runx2 and osterix showed 
that the osteogenic differentiation of BMMSCs from 
young mice was suppressed after transducing pLenti- 
p53 in vitro (Fig. 3A-C). Then, we expended this study 
for ectopic bone formation in vivo. The BMMSCs 
transduced with pLenti-p53 or control vector were 
loaded onto HA/TCP powder scaffolds and implanted in 
NOD/SCID mice for 8 weeks. The control group was 
found to form a considerable amount of bone tissue 
around the HA/TCP powder. The new bone tissue was 
stained red using HE staining. The pLenti-p53- 
transduced BMMSCs only formed some threadlike 
collagen fibers around the surface of the HA/TCP 
powders. Osteoid formation was decreased 45% in the 
implants treated with the pLenti-p53 compared with 
those treated with the vector control (Fig. 3D-E). 

 

 
 

Figure 1. The osteogenic capacity of old mice is significantly reduced both in vivo and in vitro. Statistically analyzed values show the 
mean ± SD (n=10). * p < 0.05. (A) Micro‐CT analysis of trabecular bone mass in the tibiae of 4 (young) and 16 month‐old (old) mice. 
Quantitative analyses were performed via volumetric bone mineral density  (BMD) and  trabecular bone volume  fraction  (BV/TV) 
measurements. (B) HE stainings of histological sections from femur derived from young and old mice for detection of the number of 
bone  trabeculae.  (C‐D) Representative  images of  the CFU‐F assay  for determination of proliferation capacity and of  the CFU‐Ob 
assay for osteogenic differentiation ability of BMMSCs obtained from young and old mice and stained with crystal violet and alizarin 
red,  respectively. CFU efficiency was determined by  the number of colonies  relative  to  the  total number of seeded cells  in each 
plate. (E) Serum levels of TNF‐α and INF‐γ in young and old mice determined via ELISA. Results are expressed as pg/ml. 
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Figure  2.  BMMSCs  from  old mice  express  higher  levels  of  senescence markers  and  lower  osteoblast markers 
compared to young ones. Statistically analyzed values show the mean ± SD (n=10). * p < 0.05. (A) In vitro staining of 
the senescence‐related marker ß‐galactosidase in BMMSCs cultures derived from young and old mice. Quantitative 
analysis of the total number of positively stained cells. (B‐C) Real‐time PCR analyses on whole bone tissue extracts 
(B)  and  on  BMMSCs  (C)  for  the  senescence‐related  genes  p16,  p21  and  p53. Normalization  to  ß‐actin.  (D)  The 
western blot showed that the protein level changed as the mRNA. (E) Alizarin red staining of BMMSCs from young 
and old mice osteogenically induced for 14 d. Cont = Control, OS = osteogenically induced. (F‐G) Real‐time PCR and 
western blot analyses on BMMSCs for the osteogenic markers Runx2, ALP, osterix. Normalization to ß‐actin. 

 
 
 

p53 regulates the osteogenesis of BMMSCs through 
inhibiting the transcription of miR-17-92 cluster 

 
Considering that senescence can be correlated to a 
chronic inflammatory microenvironment (Fig.1E) and as 
our previous research revealed that miR-17 acts as 
positive regulator of osteogenesis in an inflammatory 
microenvironment [25], we investigated the expression 
pattern of miR-17-92 cluster in BMMSCs  from young 
and old mice. Real-time PCR analyses showed a 
significant decrease of  miR-17,  miR-18a,  miR-20a and 

miR-92a in bone tissues, reduction of all family members 
in bone marrow and reduced expression of miR-17, miR- 
18a, miR-19a, miR-20a and miR-92a could be observed 
in BMMSCs (Fig. 4A-C). Importantly, the expression 
pattern of p53 and miR-17 were exactly opposite in 
BMMSCs from both 4 and 16-month-old mice during 
osteogenic differentiation (Fig. 4D-F). Furthermore, the 
expression of pri-miR-17 and mature miR-17-92 family 
members significantly decreased upon overexpression of 
p53, suggesting that p53 can potently block the 
transcription of miR-17-92 (Fig. 4G, H). 



                      AGING www.aging‐us.com  27
 

 
 
 
 

Figure 3. Overexpression of p53 changed  the phenotype of young BMMSCs  into old BMMSCs. BMMSCs  from young 
mice were  lentivirally  transduced  to  upregulate  the  expression  level  of  p53  (=  pLenti‐p53)  or were  transduced  as 
lentiviral control  (= pLenti‐Cont). Statistically analyzed values show the mean ± SD  (n=10). * p < 0.05.  (A) Alizarin red 
staining of pLenti‐p53 and of pLenti‐Cont after osteogenic  inducing  for 14 days. Cont = Control, OS = osteogenically 
induced. The values show the mean ± SD (n=10). * p < 0.05. (B‐C) Real‐time PCR and western blot analyses on BMMSCs 
with  lentiviral  transduction  (pLenti‐p53  and  pLenti‐Cont)  and with/without  osteogenic  induction  for  the  osteogenic 
markers Runx2, ALP, osterix. Normalization to ß‐actin. (D‐E) Histological analyses and corresponding statistical analysis 
of  tissue  sections  from  subcutaneous  pockets  on  the  backs  of  6‐week‐old NOD/SCID mice with  implanted  HA/TCP 
ceramic particles mixed with BMMSCs from young mice with lentiviral transduction of p53 and control. 

 
 
 

Since miR-17 were decreased obvious in old mice 
(bone, bone marrow and BMMSCs), we next used miR- 
17 mimics to up-regulated expression of miR-17 in old 
BMMSCs. Our data showed that the transfection 
efficiencies of miR-17 mimics and inhibitor persisted at 
least for 14 d (Supplementary Fig. 3). After osteogenic 
induction of old BMMSCs for 14 d in vitro, alizarin red 
staining suggested that the osteogenic differentiation of 
BMMSCs was obviously enhanced after upregulating 
miR-17 expression (Fig. 5A). These data of the staining 
results were supported by the transcriptional and protein 
analyses of the osteoblast-related genes Runx2,  ALP 
and Osterix, which is illustrated in Fig. 5B-C. The in 
vitro results could be substantiated in vivo by the 
HA/TCP transplantation experiments earlier described, 
as after a transplantation perio d for 8 weeks, BMMSCs 
from old mice formed plenty of new bony structures 
around the HA/TCP granules when miR-17 was 
upregulated in the transplanted cells (Fig. 5D-E). 

Smurf1 plays an important role in the p53/miR-17 
cascade acting on osteogenesis of BMMSCs 

 
As microRNA has to bind to its target gene for regulating 
cellular characteristics, we subsequently tested the 
expression of two direct target genes of miR-17, namely 
TCF3 and Smurf1. Both real-time PCR and western blot 
data showed that the expression of Smurf1 was increased 
after upregulating p53, and here especially on protein 
level, as miRNA acts on post-transcriptional level and 
mostly affects protein expression. However, the other 
target gene TCF3 was not changed after upregulating p53 
(Fig. 6A). Next, we transfected cells which were stably 
upregulated p53 with miR-17 mimics for following 
investigation of Smurf1 expression. The western blot data 
showed that the Smurf1 level was almost unchanged 
(Fig. 6B), suggesting that p53 affects the expression level 
of Smurf1 mainly through miR-17, which is illustrated as 
an overview model in Fig. 7. 
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Figure  4.  p53  contribute  to  impaired  osteogenesis  of  BMMSCs  via  inhibiting  the  transcription  of miR‐17‐92    cluster. 
BMMSCs were  lentivirally  transduced  to  upregulate  the  expression  level  of  p53  (=  pLenti‐p53)  or were  transduced  as 
lentiviral control (= pLenti‐Cont). Statistically analyzed values show the mean ± SD (n=10). * p < 0.05. (A‐C) Real‐time PCR 
analyses for the expression of miR‐17, miR‐18a, miR‐19a, miR‐19b, miR‐20a and miR‐92a in bone (A), bone marrow (B) and 
BMMSCs (C) of young and old mice. Normalization to ß‐actin. (D‐F) Real‐time PCR and western blot analysis of p53 (D, E) 
and real‐time PCR of miR‐17 (F) expression in BMMSCs derived from young and old mice after osteogenic differentiation for 
7 d. Normalization to ß‐actin and U6. (G) Pri‐miR‐17 transcript analysis by Taqman‐based qPCR. Normalization to GAPDH. 
(H) Real‐time PCR analysis of the mature miR‐17‐92 cluster after upregulating P53 for 48 h. Normalization to U6. 

 

 
Then, we examined the expression pattern of Smurf1 
during osteogenic differentiation of young and old 
BMMSCs and could surprisingly found that the 
expression of Smurf1 was increased in both groups upon 
osteogenic differentiation, although Smurf1 is announced 
as negative regulator of osteogenesis (Fig. 6C-D). In both 
the control and the osteogenically induced group, Smurf1 
expression was higher in old compared to young 
BMMSCs. Therefore, we used  siRNA  to down-regulate 

the level of Smurf1 in BMMSCs from old mice in a next 
step (Supplementary Fig. 4). After a 14 d period of 
osteogenic induction, the alizarin red staining displayed 
that osteogenic differentiation of old BMMSCs could 
partially be rescued after downregulating Smurf1 
expression. However, this effect disappeared after 
decrease of miR-17 expression by miR-17 inhibitor, 
which could be substantiated by gene expression analysis 
of osteoblast-related genes (Fig. 6E-F). 
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Figure 5. Up‐regulation of miR‐17 by miR‐17 mimics reversed the effect of p53 on inhibiting osteogenic differentiation in old BMMSCs. 
miR‐17 was stable upregulated in BMMSCs by miR‐17 mimics (= miR‐17 mimics). miRNA control (= miR Cont). Statistically analyzed values 
show the mean ± SD (n=10). * p < 0.05. (A) Osteogenic induction for 14 d of BMMSCs derived from old mice and subsequent alizarin red 
staining resulted  in a heightened osteogenic differentiation of BMMSCs with previously upregulated miR‐17 expression. (B‐C) Real‐time 
PCR and western blot analyses on old BMMSCs with miR‐17 mimic treatment or miRNA control and with/without osteogenic  induction  
for  the osteogenic markers Runx2, ALP, osterix. Normalization  to ß‐actin.  (D‐E) Histological  analysis  (D)  and  corresponding  statistical 
analysis  (E)  on  osteoid  formation  of  tissue  sections  from  subcutaneous  pockets  on  the  backs  of  6‐week‐old  NOD/SCID mice   with 
implanted HA/TCP ceramic particles mixed with BMMSCs from 16‐month‐old mice with/without miR‐17 upregulation. 

 

 
Figure  6.  Smurf1  plays  an  important  role  in  miR‐17‐ 
mediated  osteogenic  differentiation  of  BMMSCs. 
BMMSCs were  lentivirally  transduced  to upregulate  the 
expression  level  of  P53  (=  pLenti‐P53)  or  were 
transduced  as  lentiviral  control  (=  pLenti‐Cont). miR‐17 
was stable upregulated in BMMSCs by miR‐17 mimics (= 
miR‐17 mimics). miRNA  control  (= miR  Cont).  16 Mon 
Cont = control BMMSCs, Smurf1 siRNA = downregulated 
Smurf1  level via  si‐RNA, miR‐17  inhibitor =  transfection 
with anti‐miR‐17. Statistically analyzed values  show  the 
mean  ±  SD  (n=10).  *  p  <  0.05.  (A)  Real‐time  PCR  and 
western blot  analysis on  the  expression of  Smurf1  and 
TCF3 after upregulation of p53  (pLenti‐p53)  in BMMSCs 
derived  from  young mice. Normalization  to ß‐actin.  (B) 
Western  blot  analysis  on  the  expression  of  Smurf1. 
Transfection of miR‐17 mimics in stable upregulated p53 
BMMSCs derived  from young mice. Normalization  to ß‐ 
actin.  (C‐D) Real‐time PCR and western blot analysis of 
Smurf1  expression  in  osteogenically  differentiated 
BMMSCs  from young and old mice. Normalization  to ß‐ 
actin. (E) Alizarin red staining after osteogenic induction 
for 14 d of BMMSCs derived from old mice with/without 
siRNA‐downregulated  Smurf1  level  and  with/without 
transfection  with  miR‐17  inhibitor.  (F)  Western  blot 
analysis  on  old  BMMSCs  with/without  siRNA‐down‐ 
regulated  Smurf1  level  and  with/without  transfection 
with anti‐miR‐17 for the osteogenic markers Runx2, ALP, 
osterix. Normalization to ß‐actin. 
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Figure  7.  Schematic  diagram  of  p53/miR‐17/Smurf1 
cascade.  (A,  B)  p53  regulates  the  osteogenic 
differentiation  of  BMMSCs  through  inhibiting 
transcription  of  miR‐17‐92  cluster  and  subsequent 
modulating  Smurf1,  a  direct  target  gene  of   miR‐17, 
aslo  acts  as  a  negative  regulator  for  osteogenic 
differentiation of mesenchymal stem cells. 

 
 
 
 
 

DISCUSSION 
 

Senescence of cells and especially of stem cells is an 
ongoing matter of debate, and its potential impact on 
tissue homeostasis is up to date still largely obscure. 
Aggravating this concern is the fact that there is no clear 
evidence whether the age-related cellular changes 
observed in vitro such as growth stagnation and 
diminished differentiation capacity also impact tissue 
homeostasis in vivo [3]. Additionally, the molecular 
mechanisms involved in and activated by occurrence of 
senescence are widely unknown, thus making a 
disclosure of possible consequences for cellular 
signaling pathways and the corres ponding effects in 
tissues almost impossible. Therefore, our study was 
meant to investigate the cellular characteristics of aging 
BMMSCs and the resulting changes in their osteogenic 
potential both in vivo and in vitro. 

 
Our analyses revealed that in vivo bone formation in 
terms of volumetric bone mineral density and trabecular 
bone volume fraction in femur tissue sections and in 
vitro correspondingly osteogenic differentiation of 
murine BMMSCs are reduced with advancing age. 
BMMSCs from elder mice exhibit an increase in 
senescence-associated ß-galactosidase, p16, p21, p53 
and concurrently a decrease in proliferation and 
occurrence of osteogenic markers alizarin red, Runx2, 
ALP and osterix. Interestingly, inflammatory molecules 
TNF-α and IFN-γ both revealed significantly higher 
values of these cytokines in elder mice, suggesting more 
inherent inflammation with advancing age. Previous 
studies detected a dependence between heightened  
levels of inflammatory molecules and impaired bone 
formation capacity in inflammatory bone diseases, and 
due to our results evidence suggests an intrinsic 
predisposition for inflammatory priming in senescent 
cells [29, 30]. In consideration  that  inflammatory cyto- 

kines are qualified to induce inflammatory settings by 
modulation of miRNAs, our findings are concordant 
with these results [31, 32]. We could show that p53 
inhibits osteogenic differentiation of BMMSCs in vivo 
and that these effects impair osteoid formation about 
45% in vitro when p53-transfected BMMSCs are loaded 
on implanted HA/TCP. 

 
Analyses on the molecular pathways involved in this 
repressive influence of p53 uncovered a reversion of the 
inhibitory effects of p53 on osteogenesis upon miR-17 
overexpression with rescue  of osteogenic  differentiation 
of old BMMSCs and vice versa a restraint of miR-17 by 
p53 overexpression. MiR-17-92 cluster plays  an 
important role in senescence and has a close relationship 
with p53, as p53 can bind to the promoter region of miR- 
17-92 for repression of its function, which plays a key 
role in hypoxia-induced apoptosis [20]. MiR-17 is closely 
related to TCF3 and Smurf1, two direct target genes  in 
the cells that miR-17 can bind and thus block these 
negative regulators of osteogenesis [25, 26]. In both our 
control and osteogenically induced group, Smurf1 
expression was higher in old compared to young 
BMMSCs, and upregulation of p53 increased Smurf1 
expression as well. Rising of both p53 and miR-17 at the 
same time did not alter the level of Smurf1, demonstrate- 
ing that p53 regulates Smurf1 indirectly by inhibition of 
miR-17. Contrarily, TCF3 remained unaffected by any of 
the treatments, providing an indication that the target 
gene miR-17 binds to is dependent on the micro-
environment and the cellular components involved. On 
the basis of our previous results, miR-17 tends to target 
TCF3 in the normal microenvironment, while it aims to 
target Smurf1 under inflammatory conditions [25, 26]. 
As senescent cells have been shown to display elevated 
expression profiles of inflammatory molecules, the trend 
that miR-17 has an affinity for binding Smurf1 can be 
interpreted in this manner. 
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In summary, our results illustrate that cellular 
senescence involves inhibiting effects on osteogenesis  
in vitro as well as in vivo with major impact of 
regulatory mechanisms engaging in miRNA signaling 
pathways. This knowledge provides the basis for the 
development of new treatment strategies in age-related 
changes of bone homeostasis both under physiological 
and pathological conditions. 

 
METHODS 

 
Mice. Twenty 4-month and 16-month old C57/BL6 
mice, female, respectively (n=10 specimens per group 
for histology, n=10 for cell culture) and 6-week old 
immunocompromised nude mice (CAnN.Cg- 
Foxn1nu/CrlVr) (n=10 specimens per group), female, 
were purchased from Vital River Laboratory Animal 
Technology Co. Ltd. (Beijing, China). All procedures 
involving animals were approved by the Animal use and 
Care Committee of the Fourth Military Medical 
University (license number: SCXK 2007-007). 

 
Micro-CT analysis. The mice (n=5) from each 
experimental group were scanned with the Inveon 
micro-CT system (Siemens Healthcare Diagnostics 
GmbH, Eschborn, Germany). Cross-sectional 
volumetric BMD was measured at right tibia mid- 
diaphysis. Using two-dimensional images, a region of 
interest in secondary spongiosa was manually drawn 
near the endocortical surface, and cancellous bone 
morphometric parameters including BV/TV in % were 
assessed. Experiments were performed in triplicate. 

 
Bone histological analysis. The femurs derived from the 
mice of each experimental group were fixed with 4% 
paraformaldehyde, decalcified with 10% EDTA (pH 7.0) 
and embedded in paraffin. For histological analysis, 
tissue sections were deparaffinized and stained with HE 
followed by trabecular percentage calculation using 
Image J software. Experiments were performed in 
triplicate. 

 
Isolation of murine BMMSCs. Bone marrow cells 
(3×107) were flushed out from long bones of each 
experimental group of mice (n=5) with 2% FBS in PBS. 
A   single-cell   suspension  of   all  nucleated  cells  was 
obtained by passing bone marrow cells through a 70 μm 
cell strainer (BD Biosciences, New Jersey, USA). Then, 
5×106 cells were seeded into 5 cm culture dishes and 
initially incubated at 37 °C and 5% CO2. After 24 h, 
cultures were washed with PBS to eliminate non- 
adherent cells. The attached cells  were  cultured  for 10 
to 15 d with a-MEM supplemented with 20% FBS, 
2mM  L-glutamine, 100 U/ml penicillin and 100  mg/ml 

streptomycin (Invitrogen, Carlsbad, CA, USA). Passage 
1 and 2 were used in all experiments. 

 
CFU assay. To assess the CFU efficiency of BMMSCs, 
1×103 primary cultured BMMSCs derived from each 
experimental group of mice (n=5) were seeded in 5 cm 
culture dishes (Corning, Lowell, MA, USA) and cultured 
in proliferation or osteogenic differentiation medium for 
14 days. Then, the newly formed colonies were 
visualized with 0.1% toluidine blue or Alizarin Red/ALP 
staining following 4% paraformaldehyde fixation for 
CFU-F and CFU-Ob assay. Aggregates of 50 or more 
cells were scored as colonies under the microscope 
(Leica Microsystems, Heerbrugg, Switzerland). CFU 
efficiency was determined by the number of colonies 
relative to the total number of seeded cells in each plate. 
Experiments were performed in triplicate. 

 
β-galactosidase staining assays. To assess the senescence 
of the cultured BMMSCs after 48 h (both 4 mon and 16 
mon), β-galactosidase staining was determined via a 
staining Kit (Beyotime Institute of Biotechnology,  
Jiangsu China) according to the manufacturer’s protocol. 
Experiments were performed in triplicate. 

 
Real-time PCR analysis. Total RNA was isolated from 
cultured BMMSCs and from femur bone tissues using 
Trizol (Invitrogen) according to the manufacturer’s 
instructions. MiRNA was extracted with the mirVana 
miRNA Isolation Kit (Ambion, Austin, TX, USA). The 
conversion of miRNA and mRNA into cDNA and the 
detection of miRNAs were carried out according to the 
manufacturer’s instructions using the miScript Reverse 
Transcription Kit and the miScript SYBR Green PCR 
Kit (Takara Bio Inc., Shiga, Japan), respectively. 
Sequences were determined with the CFX96 Real-Time 
System (Bio-Rad, CA, USA). The optimized miRNA- 
specific primers for has-miR-17 and the endogenous 
control U6 were commercially obtained (RiboBio Co., 
Guangzhou, China). Primary-miR-17 and GAPDH as 
endogenous control were commercially purchased 
(Invitrogen). The expression levels of p16, p21, p53, 
Runx2, ALP, Osterix, TCF3 and Smurf1 (Takara Bio 
Inc.) were examined. The primers were listed in Table 
1. Experiments were performed in triplicate. 

 
Western blot analysis. BMMSCs were harvested in 
RIPA lysis buffer (Beyotime Institute of Biotechnology) 
and whole-cell protein extracts were quantified by a 
BCA assay, separated on SDS-PAGE 8%-12%, and  
then transferred to PVDF membranes (Millipore, 
Billerica, MA, USA). Antibodies included p16ink4 
(1:800, Abbiotec, San Diego, USA), p21  (1:500, 
Abcam, Cambridge, England), p53 (1:500, Cell Signaling 
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Technology, Boston, MA, USA), Runx2 (1:500, 
Abcam), ALP (1:800, Abcam), OSX (1:500, Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), TCF3 (1:500, 
Abcam), Smurf1 (1:500, Abcam). In addition, stripped 
membranes were reprobed with β-actin (1:5000, 
Abcam) as loading control. Signal detection was 
performed using the ECL Kit after incubation with an 
anti-rabbit or anti-mouse IgG secondary antibody 
(1:5000, CoWin Bioscience Co., Beijing, China). The 
relative band intensities in the scanned images were 
analyzed with Image J software (National Institutes of 
Health, Maryland, USA). Experiments were performed 
in triplicate. 

Osteogenic differentiation assays. BMMSCs were 
incubated with osteogenic medium containing 100 nM 
dexamethasone, 50 mg/ml ascorbic acid and 1 mM b- 
glycerophosphate for 1 to 2 weeks according to the 
manufacturer´s instructions. To assess osteogenic 
differentiation, cells were fixed with 60 % isopropanol 
after 14 d in culture, stained with 1 % alizarin red 
(Sigma-Aldrich, St. Louis, MO, USA) and lysed in 
hexadecylpyridinium chloride. Then, the quantification 
of alizarin red staining intensity was determined with a 
microplate reader (Bio-TEK Instruments, Winooski,  
VT, USA) by absorbance at 570 nm. Experiments were 
performed in triplicate. 

 
 
 

Table 1. Primers for Real‐time PCR. 
 

Primer name Sequence (5’ to 3’) Temperature 

(C) 

Length 

(bp) 

U6 
F:5’GCTTCGGCAGCACATATACTAAAAT3’ 

R:5’CGCTTCACGAATTTGCGTGTCAT3’ 
60 89 

β-actin 
F:5’ TGGCACCCAGCACAATGAA3’ 

R:5’ CTAAGTCATAGTCCGCCTAGAAGCA 3’ 
62 186 

p53 
F:5’ GCTTTGAGGTGCGTGTTTGTG3’ 

R:5’ TTGGGCAGTGCTCGCTTAG 3’ 
60 126 

p16 
F:5’ GCTTCCTGGACACGCTGGT 3’ 

R:5’ CATCTATGCGGGCATGGTTA3’ 
60 174 

p21 
F:5’ GGGAGCAGGCTGAAGGGT3’ 

R:5’ CGGCGTTTGGAGTGGTAGAA 3’ 
60 97 

Runx2 
F:5’ CACTGGCGCTGCAACAAGA 3’ 

R:5’ CATTCCGGAGCTCAGCAGAATAA 3’ 
60 127 

ALP 
F:5’ CCTTGTAGCCAGGCCCATTG3’ 

R:5’ GGACCATTCCCACGTCTTCAC 3’ 
60 137 

Osterix 
F:5’ TGGCGTCCTCCCTGCTTG 3’ 

R:5’ TGCTTTGCCCAGAGTTGTTG3’ 
60 125 

Smurf1 
F:5’ CGTGGGGAAGAAGGTTTGG 3’ 

R:5’ TGGTCGGGGTTGATTGAAGA 3’ 
60 158 

TCF3 
F:5’ AATAACTTCTCGTCCAGCCCTT 3’ 

R:5’ CTCGTCCAGGTGGTCTTCTATCT 3’ 
60 159 
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Lentiviral vector construction and transduction. To 
construct a lentiviral vector for mouse transformation- 
related protein 53 (p53), p53 was amplified from mouse 
cDNA via PCR. Primers for lentiviral construct 
transduction were as follows: 
m-tp53-SalI acgGTCGACggATGACTGCCATGGAG 
GAGTC 
m-tp53-NotI ATAAGAATGCGGCCGCcagTCAGTC 
TGAGTCAGG 
The PCR product was digested with Sal I and Not I and 
inserted into the pLenti 6.3/v5-DEST vector 
(Invitrogen). The inserted fragments were verified by 
Sanger sequencing. A lentiviral construct containing the 
scrambled p53 sequence was used as negative control. 
The lentivirus was produced by co-transfecting 293T 
cells with the transfer vector and two packaging vectors 
(psPAX2,   pMD2.G).   The   virus   was   subsequently 
purified by ultracentrifugation. 1×105 BMMSCs were 
plated  in  6-well  plates  and  transduced  with lentiviral 
constructs and 5 µg/ml polybrene (Sigma). Experiments 
were performed in triplicate. 

 
Transfection assay. MiR-17 mimics and inhibitor 
(Ribobio, Guangdong, China) were transfected into 
BMMSCs at a concentration of 50 nM with the siPORT 
NeoFX Transfection Agent (Ambion). The medium was 
replaced 8 h later and the cells were harvested for 
mRNA analysis after 24 h of transfection and for  
protein analysis after 48 h of transfection. 

 
SiRNA duplex oligonucleotides against mouse Smurf1 
and the negative control (Gene-Pharma Co., Shanghai, 
China) were chemically modified (2’-O-Methyl) and 
transfected into the cells at a final concentration of 100 
nM using the siPORT NeoFX (Ambion). Experiments 
were performed in triplicate. 

 
ELISA assay. TNF-α and IFN-γ serum levels were 
measured by ELISA using murine TNF-α and IFN-γ 
assay kits (Neobioscience technology, Shenzhen, 
China). Experiments were performed in triplicate 
according to the manufacturer’s protocol. 

 
In vivo bone formation assay. For a single transplant 
complex, BMMSCs were transduced with a pLenti-p53 
lentiviral construct as described above and then cultured 
for 3 d. 2 × 106 cells were  mixed  with 15  mg  HA/TCP 
ceramic particles (Sigma-Aldrich) and implanted into 
subcutaneous pockets on the backs of the 8-weeks 
NOD/SCID mice (Fourth Military Medical University). 
As control, BMMSCs from the same sources treated 
with the lentivirus control were implanted into the other 
side of the same host’s back. The implants were taken 
out 8 weeks after transplantation, fixed with 4% 
paraformaldehyde  and  decalcified  with  buffered 10% 

EDTA (pH 6.0). For histological analyses, the sections 
were stained with HE or Masson’s Trichrome (BaSO 
Diagnostic Inc, Guangdong, China) according to the 
manufacturer’s instructions. Experiments were 
performed in triplicate. 

 
Statistics. Statistical evaluation was performed using a 
t-test and one-way ANOVA for experiments comprising 
more than three groups, respectively. The data are 
presented as mean ± SD. P< 0.05 was considered 
statistically significant. The p-values were adjusted 
using the Bonferroni method. Each experiment was 
repeated three times. Analytic tests were performed 
using SPSS17.0 Software. 
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Abstract: The TOR (Target of Rapamycin) pathway accelerates cellular and organismal aging. Similar to rapamycin, p53 can 
inhibit the mTOR pathway in some mammalian cells. Mice lacking one copy of p53 (p53+/‐ mice) have an increased cancer 
incidence and a shorter  lifespan. We hypothesize that rapamycin can delay cancer  in heterozygous p53+/‐ mice. Here we 
show that rapamycin (given in a drinking water) extended the mean lifespan of p53+/‐ mice by 10% and when treatment 
started early in life (at the age less than 5 months) by 28%. In addition, rapamycin decreased the incidence of spontaneous 
tumors.  This  observation  may  have  applications  in  management  of  Li‐Fraumeni  syndrome  patients  characterized  by 
heterozygous mutations in the p53 gene. 

 

INTRODUCTION 
 

The mTOR (mammalian Target of Rapamycin) pathway 
plays a crucial role in the geroconversion from cell 
cycle arrest to senescence (geroconversion) [1]. 
Rapamycin suppresses or decelerates geroconversion, 
maintaining quiescence instead [2-8]. Furthemore, 
inhibition of the TOR pathway prolongs lifespan in 
model organisms, including mice [9-13]. In an 
organism, nutrients activate mTOR [14-16], whereas 
fasting or calorie restriction deactivates mTOR [17-19]. 
Calorie restriction slows down aging [20] and postpones 
tumorigenesis in several animal models [21, 22], 
including p53-deficient mice [23-25]. 

 
Similar to other tumor suppressors, p53 can inhibit 
mTOR in mammalian cells [26-31]. While causing cell 
cycle arrest, p53 can suppress geroconversion, thus 
preventing a senescent phenotype in the arrested cells 
[30, 31]. Therefore, it is not suprising that p53 inhibits 
hyper-secretory  phenotype,  a  hallmark  of  senescence 

 
[32] whereas p53-deficiency resulted in pro- 
inflammatory phenotype [33, 34]. Noteworthy, the 
activity of p53 is decreased with aging [35]. Lack of  
one p53-allele (p53+/- ) accelerates carcinogenesis and 
shortens lifespan [36-41]. We propose that rapamycin 
can decelerate cancer development in p53+/- mice. Here 
we show experimental evidence supporting this 
hypothesis. 

 
RESULTS 

 
Rapamycin (approximate dose, 1.5 mg/kg/day) was 
given in drinking water. 75 mice were divided into two 
groups: control (n=38) and rapamycin-treated (n=37). 
The mean lifespan of animals in control group was 373 
days and the last 10% of survivals lived as long as 520 
days (Fig. 1 A). In rapamycin-treated mice, the mean 
lifespan was 410 days and lifespan of the last 10% of 
survivals could not be determined (Fig. 1 A). Mice in 
both groups were also monitored for tumor 
development.     The     data    presented     in     Fig.  1B 
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demonstrate that carcinogenesis was significantly 
delayed in rapamycin-treated mice compared to control 
mice. 

 
Since in our experiments animals started to receive 
rapamycin at different age, we sought to test whether 
this affected the outcome of the treatment. 

 
For this, we further subdivided all mice used into two 
groups: “young” (receiving rapamycin from the age of 5 
months or earlier) and “old” (receiving rapamycin 
starting at 5 months of age or older). Results of the data 
analysis for the “young” group are shown in Figure 1C 
and D. The mean lifespan in control group was 373 
days, whereas in rapamycin-treated “young” mice the 
mean lifespan reached 480 days, 3.5 months increase 
over the control group. Furthermore, 40% of rapamycin-
treated “young” mice survived 550 days (Fig. 1C) and 
by this age developed 2 times less tumors than control 
mice (Fig. 1D). In the “old” group the difference 
between control and treated group was blunted (data not 
shown). 

Thus, the life-extending effect of rapamycin is more 
pronounced when treatment starts earlier in life.  In 
order to confirm that rapamycin administered with 
drinking water has biological activity in vivo, we 
measured levels of phosphorylated ribosomal protein S6 
(pS6), a marker of the mTOR activity in tissues of 
control and rapamycin-treated mice. After receiving 
rapamycin in drinking water for 2 days, mice were 
sacrificed and the levels of total S6 and pS6 were 
estimated by Western blot analysis and immuno- 
cytochemistry (Fig. 2). 

 
As shown in Fig. 2A, levels of pS6 were reduced in the 
heart, kidney and liver of rapamycin-treated  mice.  
Also, pS6/S6 ratios were lower in rapamycin-treated 
mice (Fig. S1). 

 
These results were confirmed by immunohistochemical 
staining showing lower levels of pS6 in tissues of 
rapamycin-treated mice (Fig. 2B). The variability  of 
pS6 levels among mice may explain the variability of 
biological effects of rapamycin. 

 

 
 

Figure  1. Administration  of  rapamycin  extends  lifespan  and  delays  carcinogenesis  in  p53+/‐ male mice.  (A) 
Kaplan Meier survival curve of rapamycin‐treated (red line) and control (blue line) mice. (B) Incidence of tumors in rapamycin‐ 
treated (red) and control  (blue) mice. Animals received rapamycin starting at various ages at 1.5 mg/kg per day  in drinking 
water throughout entire life. * p<0.05. (C) Kaplan Meier survival curve of rapamycin‐treated (red line) and control (blue line) 
mice that start receiving rapamycin early in life (<5 months). (D) Incidence of tumors in rapamycin‐treated (red) and control 
(blue) mice that start receiving rapamycin early in life (<5 months). * p<0.05 toph 
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Figure 2. Administration of rapamycin in drinking water  inhibits  the  mTOR  pathway in  p53+/‐ male  mice. 
(A) Western blot analysis of whole cell lysates of 6 organs of rapamycin‐treated and control mice probed with antibodies 
specific  to  S6  and  phospho‐S6  (Ser240/244).  Mice  received  rapamycin  in  drinking  water  for  2  days.  (B) 
Immunohistochemistry.  pS6 in the heart and the liver. Mice received rapamycin in drinking water for 2 days. 

 
 

 
DISCUSSION 

 
Previously it was shown that rapamycin prolongs 
lifespan in genetically heterogeneous mice [11], [12], 
inbred mice [42] and Her2-expressing mice [13]. In 
normal genetically heterogeneous mice, rapamycin 
extended life span even when its administration was 
started later in life [11]. Our data in p53+/- mice show 
that the effect of rapamycin was blunted when treatment 
started at the age of 5 months or older. 

 
This indicates that the anti-cancer effect of rapamycin is 
likely to be indirect and is imposed via its systemic 
effect at the level of an organism rather than through 
direct inhibition of tumor growth. To further address  
this question we plan to test the effect of rapamycin on 
animals with established tumors (by measuring tumor 
growth) along with evaluating the functional status of 
mTOR and the ability of rapamycin to suppress it in 
tumors and normal tissues. As we report here, 
administration of rapamycin starting early in life 
increased mean lifespan in p53+/- male mice by 28%. 
Previous work has demonstrated that the life-extending 
effects of rapamycin [11, 12] as well as metformin [43, 
44], calorie restriction [45] and genetic inhibition of the 
IGF-I/mTOR/S6K pathway [46, 47] were less 
pronounced in male mice compared with female mice. 
Moreover, in some cases, life span extension was 
achieved in female  mice  only  [43, 47].  Therefore, the 

observed increase in the median lifespan is dramatic, 
taking into account that it was achieved in male mice. 
However, because of low bioavailability of rapamycin,  
it was given constantly (in drinking water) without 
interruptions, whereas intermittent schedules may be 
more appropriate for future clinical developments as 
cancer-preventive interventions. In fact, a novel 
formulation of rapamycin (Rapatar) may be given 
intermittently, which still reveal even more pronounced 
extension of life span in p53-deficient mice (Comas et 
al, Aging 2012; this issue). 

 
Our study suggests that rapamycin can be considered  
for cancer prevention in patients with Li-Fraumeni 
syndrome. Li-Fraumeni syndrome is an autosomal 
dominant disorder with a germline p53 mutation [48]. 
The incidence of cancer in carriers of mutation reaches 
50% at the age of 40 and 90% at the age 60. Children of 
affected parents have an approximate 50% risk of 
inheriting the familial mutation [48]. Although 
functional assays have been established allowing for 
easy genetic testing for TP53 mutation, no effective 
chemopreventive therapy is currently available. The p53 
rescue compounds may hold some promise in the future 
[48-50]; however these are not clinically approved 
drugs. In contrast, rapamycin has been used in the clinic 
for over a decade mostly in renal transplant patients. It 
was reported that rapamycin significantly decreased 
cancer  incidence  in  renal  transplant  patients  [51-53]. 
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Our data suggest that rapamycin or its analogs can be 
considered for cancer prevention in Li-Fraumeni 
syndrome. 

 
METHODS 

Mice. All animal studies were conducted in accordance 
with the regulations of the Committee of Animal Care 
and Use at Roswell Park Cancer Institute. The colony of 
p53-knockout mice on a C57B1/6 background 
(originally obtained from Jackson Laboratories, Bar 
Habor, ME) was maintained by crossing p53+/- females 
with p53-/- males followed by genotyping of the 
progeny (PCR) as described previously [54]. 
Heterozygous p53+/- mice were generated by crossing 
p53-/- males with wild type p53 females. Male mice 
were kept in polypropelene cages (30x21x10 cm) under 
standard light/dark regimen (12 hours light: 12 hours 
darkness) at 22 ± 2 °C, and received standard laboratory 
chow and water ad libitum. 

 
Rapamycin treatment. Rapamycin (LC Laboratories, 
USA) was diluted in ethanol at concentration 15 mg/ml. 
Then the stock was diluted 1:1000 in drinking water. 
Drinking water was changed every week. Male mice 
were randomly divided into two groups. Mice of the 
first group (n=37) were given rapamycin in drinking 
water (approximately 1.5 mg/kg per day), whereas mice 
of the second group (n=38) were given tap water  
without rapamycin and served as control. Once a week 
all mice were palpated for detection of tumor mass 
appearance. 

 
Pathomorphological examination. All animals were 
autopsied. Site, number and size of tumors were 
checked. All tumors, as well as the tissues and organs 
with suspected tumor development were excised and 
fixed in 10% neutral formalin. After the routine 
histological processing the tissues were embedded into 
paraffin. 5-7 μm thin histological sections were stained 
with haematoxylin and eosine and were microscopically 
examined. Tumors were classified according to 
International Agency for Research on Cancer 
recommendations. 

 
Western blot analysis. Tissues were homogenized in 
Bullet blender using stainless steel 0.5 mm diameter 
beads (Next Advantage, Inc. NY, USA) and RIPA lysis 
buffer supplemented with protease and phosphatase 
inhibitors tablets (Roche Diagnostics, Indianopolis, IN, 
USA). Lysates were cleared by centrifugation at 4°C at 
13000 rpm.  Equal amounts of protein were separated  
on gradient Criterion gels (BioRad) and immunoblotting 
was performed with rabbit anti-phospho S6 (Ser 
240/244)   and   mouse   anti-S6   antibodies   from  Cell 

Signaling Biotechnology as described previously [55], 
[56]. 

 
Immunochemistry. Dissected tissue samples were fixed 
in 10% buffered formalin, embedded into paraffin. 5-7 
μm thin histological sections were stained with anti- 
phospho S6 (Ser240/244) antibody (Cell Signaling) and 
counterstained with Hematoxylin. 

 
Statistical analyses. The SigmaStat software package 
was used for analysis. The P values were calculated 
using Fisher’s Exact Test (2-tail). P<0.05 was 
considered as statistically significant. 
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SUPPLEMENTAL FIGURE 
 
 

 
Supplemental  Figure  S1. Quantitative  analysis of 
data  shown  in  Figure  2A.  Top  panel  ‐  Intensity  of 
phosphorylated  S6  (pS6)  signal  was  quantified  using 
ImageJ  program  (intensity  units,  IU).  Bottom  panel  – 
Intensity of pS6 and S6 signals were quantified and  the 
ratio pS6/S6 was calculated. 
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Abstract: The nutrient‐sensing mTOR  (mammalian Target of Rapamycin) pathway regulates cellular metabolism, growth 
functions, and proliferation and  is  involved  in age‐related diseases  including cancer, type 2 diabetes, neurodegeneration 
and cardiovascular disease. The inhibition of mTOR by rapamycin, or calorie restriction, has been shown to extend lifespan 
and delays tumorigenesis  in several experimental models suggesting that rapamycin may be used for cancer prevention. 
This  requires  continuous  long‐term  treatment making  oral  formulations  the  preferred  choice  of  administration  route. 
However, rapamycin by  itself has very poor water solubility and  low absorption rate. Here we describe pharmacokinetic 
and  biological  properties  of  novel nanoformulated micelles  of  rapamycin, Rapatar. Micelles  of Rapatar were  rationally 
designed  to  increase water  solubility of  rapamycin  to  facilitate oral administration and  to enhance  its absorption. As a 
result,  bioavailability  of  Rapatar was  significantly  increased  (up  to  12%)  compared  to  unformulated  rapamycin, which 
concentration  in the blood  following oral administration remained below  level of detection. We also demonstrated that  
the new  formulation does not  induce  toxicity during  lifetime  administration. Most  importantly, Rapatar  extended   the 
mean lifespan by 30% and delayed  tumor  development  in  highly  tumor‐prone  p53‐/‐   mice.  Our  data  demonstrate  that 
water  soluble  Rapatar  micelles  represent  safe,  convenient  and  efficient  form  of  rapamycin  suitable  for  a  long‐term 
treatment and that Rapatar may be considered for tumor prevention. 

 
 

INTRODUCTION 
 

Rapamycin (or Sirolimus) is a macrolide antibiotic that 
was first isolated from Streptomyces hydroscopicus and 
was initially utilized as an antifungal agent [1, 2]. Under 
the name of Rapamune, it is now used as an 
immunosuppressant to prevent organ rejection after 
transplantation. Rapamycin inhibits the nutrient-sensing 
mTOR (mammalian Target of Rapamycin), a conserved 
protein kinase that controls cellular growth and 
metabolism. The mTOR signaling pathway is activated 
by nutrients, growth factors,  hormones,  cytokines,  and 

 
cellular energy status. When nutrients and growth 
factors are abundant, mTOR promotes protein synthesis, 
ribosome biogenesis, angiogenesis, cell cycle 
progression and cytoskeleton re-organization (reviewed 
in [3]-5]). 

 
Recent data demonstrated that rapamycin extends life 
span in various model organisms including mammals 
[4-6]. The life-long administration  of  rapamycin 
inhibits age-related weight gain, decreases aging rate 
and increases lifespan of inbred [7] and genetically 
heterogeneous     [6]     mice.     Previous     data       has 
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demonstrated that rapamycin significantly delayed the 
onset of spontaneous carcinogenesis both in normal 
(129/Sv  [7])  and  cancer-prone  (HER-2/neu transgenic 
[8] and p53+/- [9]) mice. Importantly, the anti-cancer 
effect of rapamycin  in p53+/-   mice  was  blunted  when 
treatment started at the age of 5 months [9] suggesting 
that rapamycin does not directly inhibit tumor growth 
but rather has an indirect effect. 

 
Since rapamycin exhibits poor water solubility and 
instability in aqueous solutions, its clinical use through 
oral administration requires development of special  
drug design such as complex nanoparticle formulation  
to facilitate increased bioavailability and efficacy. 
Therefore, various oral formulations, such as inclusion 
complexes [10, 11], liposomes [12], nanocrystals [13], 
and solid dispersion [14] have been developed and 
tested in pre-clinical and clinical studies. In this study, 
we tested the biological activity of a novel formulation 
of rapamycin, Rapatar. This formulation is based on 
Pluronic block copolymers as nanocarriers,  which 
serves to improve water solubility of the drug, and to 
enhance various biological responses favorable for 
therapeutics, such as activity of drug efflux transporters 
(reviewed in [15]). We show that Rapatar has 
significantly higher bioavailability after oral 
administration when compared to unformulated 
rapamycin. We also show that Rapatar effectively 
blocks mTOR in mouse tissues. Moreover, life-long 
administration of Rapatar increases lifespan and delays 
carcinogenesis in highly tumor-prone p53-/- mice. 

 
RESULTS 

 
Rapatar is efficiently absorbed and systemically 
distributed and effectively inhibits mTOR in vivo 

 
To compare the absolute and relative bioavailability and 
other pharmacokinetic properties of Rapatar with those 
of  an  unformulated  rapamycin,  we  administered  both 

compounds as a single dose to female ICR mice. 
Rapatar was administered intravenously (IV) or orally 
(PO) at a dose of 0.4 mg/kg and 4 mg/kg respectively, 
while rapamycin was administered PO at 4 mg/kg. 
Blood samples were collected at different times after 
administration and analyzed for rapamycin by mass 
spectrometry (LC/MS/MS). Pharmacokinetic values of 
the area under the curve (AUC), the maximum drug 
concentration (Cmax), the time of peak concentration 
(Tmax), and the absolute bioavailability (F) were 
calculated from whole blood drug concentration-time 
data (Fig. 1A). Importantly, following oral administ- 
ration, rapamycin could only be detected in whole blood 
samples of mice that received Rapatar whereas its 
concentration in blood of rapamycin-treated mice was 
beyond the level of detection. As shown in Table 1, 
when compared to unformulated rapamycin, Rapatar 
demonstrated very fast absorption (Tmax 15 min) and 
significant increase in AUC value with mean T1/2 
extending to 6.4 hours. Consequently, a single oral 
administration of Rapatar resulted in 12% 
bioavailability, which is comparable with commercially 
available formulations used in clinical practice (14% 
when administered orally in combination with 
cyclosporine A). 

 
Ribosomal protein S6 is a substrate of mTOR, and 
therefore phospho-ribosomal protein S6 is a marker of 
mTOR activity [16-19]. To test whether Rapatar inhibits 
mTOR activity in vivo, we compared levels of 
phosphorylated S6 (pS6) in livers of wild type C57Bl/6J 
mice, in which mTOR was suppressed by a period of 
food deprivation. Rapatar (0.5mg/kg or PBS were given 
by gavage at a time when animals were allowed access 
to food. Fig. 1B shows that S6 is highly phosphorylated 
in livers of control animals indicating mTOR activation 
in response to food. In contrast, in animals  that  
received Rapatar, S6 phosphorylation was reduced ~10- 
fold. Thus, Rapatar successfully  inhibits  mTOR 
activity in the liver in vivo. 

 

Table 1. Pharmacokinetic parameters of unformulated  rapamycin and Rapatar  in C57Bl/6J mice. 
Abbreviations: Cmax – the peak concentration; Tmax – time taken to reach peak concentration; AUC – 
area under the curve; F – absolute bioavailability. 

 

 Units Rapamycin, IV
0.4mg/kg 

Rapatar, PO 4mg/kg 

Dose amount ng 10.4 104 
Dosage ng/kg 400 4000 
Cmax ng/ml 958 656 
Tmax hr 0.04 0.25 
AUC ng-hr/ml 2634.6 3161.5 

Half-life hr 6.4 N/A 
F % 100 12 
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Figure 1. Pharmacokinetic and biological characteristics of Rapatar. (A) Rapamycin concentration–time profile in 
blood after intravenous (IV, top) and oral (PO, bottom) administration of Rapatar to mice (mean values, n = 3). A 
single dose of Rapatar was administered either IV (0.4mg/kg) or PO (4mg/kg). Blood samples were collected at 
designated  times  and  analyzed  for  rapamycin by  LC/MS/MS.  (B) Rapatar blocks mTOR  activation  in  vivo.  Six 
C57/Bl/6J mice were  food‐deprived  for 18 hrs. At  the end of  fasting period animals  received either Rapatar 
(0.5mg/kg) or PBS via gavage and were allowed access to food. One hour  later animals were sacrificed, livers 
were dissected and protein lysates were analyzed for mTOR activity by probing with p70S6(Thr389) antibody. (C) 
No acute or  long‐term toxicity are associated with PO administration of Rapatar. C57Bl/6J male mice received 
either Rapatar or PBS starting 8 weeks of age (10 mice/group) for 24 weeks according to the protocol described 
above. No  loss  in  body weight was  detected  in  experimental  group  throughout  the  treatment  period.  Both 
experimental and control groups showed similar gain in body weight with age. 

 
 
 

 
 

Figure  2.  Rapatar  increases  lifespan  in  p53‐/‐  mice.  Mice 
received  Rapatar  at  0.5 mg/kg  via  gavage  according  to  the 
schedule  described  in  Materials  and  Methods.  Rapatar 
increased  lifespan from 23 to 31 weeks (p<0.001, Mantel‐Cox 
log‐rank test). 

 
 
 
To test whether life-long administration of Rapatar 
causes in vivo toxicity, we administered it to wild type 
C57Bl/6J mice at 0.5 mg/kg via gavage according to 
protocol  described  in  Materials  and  Methods  section. 
Rapatar- and PBS-treated animals were monitored for 
any signs of toxicity by visual inspection and body 
weight measurements. Mice receiving Rapatar 
maintained a healthy appearance with physical activities 
and body weights comparable to the control mice (Fig. 
1C). 

 
Rapatar increases lifespan of p53-/- mice 

 
Our data showed that Rapatar effectively inhibits  
mTOR in vivo. Suppression of mTOR by rapamycin has 
been shown to increase lifespan in various model 
organisms including mice [6-8, 20-25]. To test whether 
Rapatar can extend lifespan, we administered it to mice 
with targeted disruption of tumor suppressor p53.  p53-/-
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mice are characterized by increased carcinogenesis and 
reduced lifespan (reviewed in [26]. Twenty p53-/- mice 
received Rapatar starting 8 weeks of age at a dose of 
0.5mg/kg according to the schedule described in 
Material and Methods. Another group of 17 p53-/- mice 
received  PBS  as  control.  Throughout  the experiment, 
animals were monitored for tumor development by 
visual inspection and total body weight measurements. 
Both Rapatar- and PBS-treated p53-/- mice die early in 
life due to a high rate of spontaneous carcinogenesis, 
which is characteristic for this mouse  model.  However, 
treatment with Rapatar resulted in an overall significant 
increase in median survival of p53-/- mice from 23 (±10) 
weeks in the control group to 31 (±1.5) weeks in the 
experimental group (Fig. 2A). 

 
To gain insight into the potential mechanism of increase 
in survival of Rapatar-treated animals, we performed a 
detailed histological analysis of all tissues collected 
from each individual animal in the  course  of  the  expe- 

riment (summarized in Table 2). Based on this analysis, 
82% of mice in the control group (14 out of 17) 
developed lymphomas whereas 12% (2 out of 17) 
developed sarcomas. One animal showed the presence 
of both sarcoma and lymphoma and one animal 
developed myeloid leukemia. This   spectrum of tumors 
is characteristic to p53-/- mice and comparable to 
previous   reports   [27].   The    mice   developed   these 
spontaneous neoplasms from 2 to over 8 months of age 
with an average latency time of 161 days. When 
compared to the control group, Rapatar-treated mice 
showed later appearance and delayed progression of 
spontaneous tumors. They arose from 4.5 to over 9.5 
months, with average latency of 261 days; one animal 
remained tumor-free until the end of the experiment. 
Interestingly, the incidence of sarcomas in Rapatar- 
treated mice was increased to 30% compared to 17% in 
control group (Table 2); however the number of animals 
used in the experiment was not enough to obtain a 
statistically significant difference. 

 
Table 2. Summary of histological analysis. Tissues of 17 control and 20 Rapatar‐treated 
p53‐/‐ mice were evaluated for the presence of tumor cells. The type of tumors and the 
stage of their development were determined as described  in Materials and Methods. 
The  incidence of  sarcomas  in Rapatar‐treated p53‐/‐ mice was higher  than  in  control 
group  (30%  and  17%  respectively);  however,  due  to  a  relatively  small  group  size, 
statistical significance was not achieved (p=0.2; Fisher’s exact test). 

 

 Initial 
Lymphoma 

Advanced
Lymphoma 

Sarcoma Leukemia TumorΔfree 

Rapatar 7 (35%) 6 (30%) 6 (30%) 1 (5%) 1 (5%) 
PBS 4 (23%) 10 (58%) 3 (17%) 1 (6%) 0 

 
 

Figure 3. Rapatar delays development of  lymphomas  in p53‐/‐ mice.  (A) Representative  initial  lymphoma developed  in  control 
mouse at the age of 101 days. (B) Similar appearance of lymphoma in Rapatar‐treated mouse at 281 days of age. Both A and B 
show monotonous infiltrate of medium‐sized neoplastic cells with round nuclei, fine chromatin, indistinct nucleoli, and numerous 
mitotic figures and apoptotic cells. (C) Advanced  lymphoma  in 134‐day old control mouse with metastases  in  liver (D) and  lung  
(E).  (D) Metastasis  in  liver  showing  the  extensive  spread  of  neoplastic  cells  effaces  the  normal  structure  and  only minimal 
remnants of hepatocytes (marked by arrows). (E) Metastasis in the lung showing neoplastic infiltrates in perivascular area and in 
the alveolar walls (arrows) (F) Advanced lymphoma with pathological changes similar to shown in C in the thymus of 241day‐old 
Rapatar‐treated animal with metastasis  in  liver  (G) and  lung  (H).  (G) Metastasis  in  liver showing   neoplastic  infiltrates  in portal 
tract (yellow arrow) and sinusoids (white arrow). (H) Metastasis in the lung showing perivascular neoplastic infiltrate (arrow). 
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Figure 4. Rapatar delays development of  sarcomas  in p53‐/‐ 

mice.  (A)  Liver  sarcoma  in  172‐old  control  mouse.  (B,C) 
Sarcoma  developed  in  261  day‐  and  204  day‐old  Rapatar‐ 
treated mice. No metastases are detected. D. Sarcoma in 212‐ 
day old Rapatar‐treated mouse with metastases in the lung. 

 
 

 
Since lymphomas represented the major type of tumor  
in both groups, we performed a detailed pathological 
evaluation of individual tumors. Based on the severity  
of pathological changes, the developmental stage, and 
involvement of non-lymphoid tissues, all lymphomas 
were graded as initial or advanced. Initial lymphomas 
mainly involved thymus and were presented 
macroscopically as enlarged masses. Under the 
microscope they were seen to be composed of broad 
sheets of densely packed rather uniform large 
lymphoblastic cells, with little or sparse cytoplasm that 
completely obliterated the normal thymus structure and 
cortical and medullary zones. In most cases, neoplastic 
lymphoid cells expanded through the thymic  capsule 
and spread through the mediastinal fat, lymph nodes, 
along peritracheal and periaortal spaces, even  
infiltrating lungs and pericardium with limited 
penetration of the myocardium. Such lymphomas with 
predominantly local involvement were designated 
provisionally as initial. Tumors were graded as  
advanced when the rise of the malignancy and 
aggressiveness of the lymphoma cells resulted in 
metastases and infiltration into spleen, liver, lung, 
kidney, mesentery lymph nodes, testis, and bone 
marrow. Based on this designation, the proportion of the 
initial lymphomas in Rapatar-treated group was larger 
compared to controls (35% and 23% for experimental 

 
and control groups respectively) suggesting that Rapatar 
slows down tumorigenesis. Consistently, the proportion 
of the advanced disseminated lymphomas, spreading to 
other organs in Rapatar-treated group was smaller than 
in control (30% and 58% respectively). Although 
histopathological appearance of lymphomas and 
sarcomas were very similar in control and experimental 
groups, Rapatar-treated mice develop tumors 
significantly later in life (Fig. 3 and 4). Based on these 
data  we  concluded  that  Rapatar  increased  lifespan of 
p53-/-  mice by delaying tumorigenesis. 

 
DISCUSSION 

 
The mTOR signaling pathway is a key coordinator of 
cell growth and cell proliferation in response to a  
variety of environmental conditions.  Its deregulation 
has been implicated in many pathological conditions, 
including those that are associated with aging, such as 
cancer, type 2 diabetes, neurological and cardiovascular 
disorders (reviewed in [28, 29]). Furthermore, the 
activation of the mTOR pathway is the most universal 
alteration in cancer [30]. Several analogs of rapamycin 
(rapalogs) have been approved for cancer therapy [31- 
35] and numerous clinical trials are underway.  
However, as anti-cancer drugs rapamycin and other 
rapalogs showed modest efficacy. There are several 
reasons that can explain relatively low therapeutic  
effect. First, rapamycin itself is not cytotoxic. 
Additionally, mTOR inhibition activates several 
feedback loops that drive mitogenic signaling (reviewed 
in [28, 36]). Therefore, it is still not quite clear whether 
rapamycin exhibits direct antitumor activity or whether 
it acts in a more indirect systemic way. Our previous 
data [9] and data presented here show that rapamycin 
delays carcinogenesis in  tumor-prone  p53+/-  and  p53-/-

 

mice, most likely by slowing down the process  of 
aging. If this is the case, than rapamycin can be 
considered as a tumor-preventive agent (i.e. 
administration is required before tumor initiation). This 
necessitates the development of efficacious nontoxic 
rapamycin-formulations that could be taken orally for 
extended periods of time. Here we show that oral 
administration of Rapatar results in high systemic 
bioavailability and does not induce toxicity during life- 
long administration. Importantly, biological effects of 
Rapatar were prominent at low doses (0.5 mg/kg) and 
intermittent schedules. Taken together, our data suggest 
that Rapatar is a promising candidate for clinical use as 
an effective cancer prevention drug. 

 
MATERIALS AND METHODS 

 
Materials. Rapamycin was purchased from LC 
Laboratories (Woburn, MA). Polymeric  formulation  of 
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rapamycin (Rapatar) was developed by Tartis Aging, 
Inc. using Pluronic block co-polymers [15] according to 
the following protocol. One gram of rapamycin was 
dissolved in 25 ml of ethanol. The resulting solution  
was mixed with 5 grams of Pluronic L-92 (BASF) and 2 
grams of citric acid dissolved in 200 ml of 20%  
Pluronic F-127 (BASF) solution in ethanol and water 
mixture (97:3 v:v). The solution was then incubated at 
20-25ºC for 30 minutes with constant stirring. The 
ethanol was removed using Speedvac and the 
formulation was further dried using high vacuum. 

 
Animals. ICR female mice were obtained from Charles 
River. C57Bl/6J mice were obtained from Jackson 
Laboratory. p53-/- mice on C57Bl/6J background 
originally obtained from Jackson Laboratory,  were  
housed and bred at the Department of Experimental 
Animal Resources of Roswell Park Cancer Institute. For 
pharmacokinetic analysis, three groups of 8 weeks old 
ICR female mice received a single dose of either Rapatar 
(2 groups) or rapamycin. Rapatar was administered via 
gavage at 4mg/kg in 0.5% methyl cellulose or IV at 
0.4mg/kg in PBS. Rapamycin was administered via 
gavage at 4mg/kg in 0.5% methyl cellulose. 

 
For estimating potential long-term toxic effects of 
Rapatar, two groups of C57BL/6J mice received the drug 
at a dose of 0.5 mg/kg via gavage once a day for 5 
consecutive days, followed by 9-day interval without 
treatment. Mice were maintained on this treatment 
schedule for 24 weeks and were weighed weekly.  
Control mice receive PBS according to the same 
schedule. 

 
For longevity studies, 38 p53-/- male mice were randomly 
divided into two groups. Twenty one experimental 
animals received 0.5 mg/kg Rapatar and 17 animals 
received PBS according to the above described schedule. 
Treatment started at 8 weeks of age and continued until 
tumor appearance was visually observed or dramatic loss 
of weight, indicative of tumor appearance, was detected. 
At this point, mice were sacrificed and examined for 
gross pathological changes. Tumors, heart, kidney, liver, 
lungs, thymus and spleen were collected for histological 
evaluation. All procedures were approved by the 
Institutional Animal Care and Use Committee of Roswell 
Park Cancer Institute. 

 
Pharmacokinetic study. Whole blood was collected into 
EDTA-blood tubes 0.5, 1, 2, 4, 8, 16 and 24 hours after 
administration of either Rapatar or unformulated 
rapamycin. Tubes were inverted a few times, and stored 
on ice in dark container during the experiment. At the 
end  of  the  experiment,  all   samples  were  placed  for 
storage at -700C in  a  light-protected  container.  Frozen 

blood samples were submitted to the Rocky Mountain 
Instrumental Laboratory (Fort Collins, Co) for 
LC/MS/MS analysis of rapamycin. Pharmacokinetic 
analysis was performed using data from individual mice 
for which the mean and standard error of the mean 
(SEM) were calculated for each group using PK 
Solutions software (Version 2.0). 

 
Western blot analysis. In order to maximize and be able 
to detect p70S6 phosphorylation [37, 38], six C57Bl/6J 
mice were food-deprived for 18 hrs. At the end of the 
fasting period, animals received either Rapatar (0.5 
mg/kg) or PBS via gavage and 15 minutes later were 
allowed access to food. One hour later animals were 
sacrificed; livers were dissected, lysed in RIPA buffer 
and loaded on a 8% SDS-PAGE gel. After separation 
and transfer to a PVDF membrane, protein lysates were 
analyzed for mTOR activation by probing with an 
antibody against phospho-p70 S6 Kinase (Thr389) 
(1:1000; Cell Signaling) and Actin (1:10000 Cell 
Signaling). After incubation with HRP conjugated 
secondary antibodies (Santa Cruz Biotechnologies), 
transferred proteins were visualized with the ECL 
detection kit (Jackson Research Laboratories). 

 
Histopathology. The mice were visually inspected for 
tumor development and weighed weekly. Animals 
showing deteriorating clinical status manifested by 
constant weight loss or visual tumor appearance were 
sacrificed and evaluated for gross pathological changes 
by complete necropsy. For histological evaluation, all 
tissues were fixed in 10% neutral formalin for 24 hours, 
and then transferred to 70% ethanol. Samples were 
embedded in paraffin, sectioned and stained with hema- 
toxylin and eosin. Histopathological examination was 
performed on tumors, gross lesions and target tissues 
using Zeiss AxioImager A1 with Axiocam MRc digital 
camera. The guidelines of Bethesda classification was 
used in determining the diagnosis [39]. 

 
Statistical Analyses. Differences in survival and tumor 
incidence were evaluated by the Mantel-Cox log-rank 
test. 

 
ACKNOWLEDGEMENTS 

We thank Mary Spengler for critical reading of the 
manuscript. This work was supported in part by NIH 
grant GM095874 and by Roswell Park Alliance 
Foundation (to M.P.A.) and Tartis, Inc. (to A.V.G.) 

 
Conflict of Interest Statement 

 
The authors of this manuscript have no conflict of 
interests to declare. 



                      AGING www.aging‐us.com  47
 

REFERENCES 
 
1. Vézina C, Kudelski A and Sehgal S. Rapamycin  (AY‐22,989), a 
new  antifungal  antibiotic  I.  Taxonomy  of  the  producing 
streptomycete  and  isolation  of  the  active  principle.  Journal  of 
antibiotics. 1975; 28:721‐726. 
2. Sehgal  SN, Baker H  and Vezina C. Rapamycin  (AY‐22,989),  a 
new  antifungal  antibiotic.  II.  Fermentation,  isolation  and 
characterization. Journal of antibiotics. 1975; 28:727–732. 
3. Wullschleger  S,  Loewith  R  and  Hall  MN.  TOR  Signaling  in 
Growth and Metabolism. Cell. 2006; 124:471‐484. 
4. Kaeberlein M, Powers RW, 3rd, Steffen KK, Westman EA, Hu 
D,  Dang  N,  Kerr  EO,  Kirkland  KT,  Fields  S  and  Kennedy  BK. 
Regulation  of  yeast  replicative  life  span  by  TOR  and  Sch9  in 
response to nutrients. Science. 2005; 310:1193‐1196. 
5. Wilkinson  JE, Burmeister  L, Brooks  SV, Chan CC,  Friedline  S, 
Harrison  DE,  Hejtmancik  JF,  Nadon  N,  Strong  R,  Wood  LK, 
Woodward MA and Miller RA. Rapamycin  slows aging  in mice. 
Aging Cell. 
6. Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle CM, Flurkey 
K, Nadon NL, Wilkinson JE, Frenkel K, Carter CS, Pahor M, Javors 
MA,  Fernandez  E,  et  al.  Rapamycin  fed  late  in  life  extends 
lifespan  in  genetically  heterogeneous  mice.  Nature.  2009; 
460:392‐395. 
7. Spong A  and Bartke A. Rapamycin  slows  aging  in mice. Cell 
Cycle. 2012; 11:845. 
8. Anisimov  VN,  Zabezhinski  MA,  Popovich  IG,  Piskunova  TS, 
Semenchenko  AV,  Tyndyk  ML,  Yurova  MN,  Antoch  MP  and 
Blagosklonny  MV.  Rapamycin  extends  maximal  lifespan  in 
cancer‐prone mice. Am J Pathol. 2010; 176:2092‐2097. 
9. Komarova  E,  Antoch  M,  Novototskaya  L,  Chernova  O, 
Paszkiewicz  G,  Leontieva  O,  Blagosklonny  M  and  Gudkov  A. 
Rapamycin  extends  lifespan  and  delays  tumorigenesis  in 
heterozygous p53+/‐ mice. Aging (Albany NY). 2012. 
10. Baspinar Y, Bertelmann E, Pleyer U, Buech G, Siebenbrodt  I 
and  Borchert  HH.  Corneal  permeation  studies  of  everolimus 
microemulsion. J Ocul Pharmacol Ther. 2008; 24:399‐402. 
11. Buech G, Bertelmann E, Pleyer U, Siebenbrodt I and Borchert 
HH. Formulation of sirolimus eye drops and corneal permeation 
studies. J Ocul Pharmacol Ther. 2007; 23:292‐303. 
12. Alemdar AY, Sadi D, McAlister V and Mendez I. Intracerebral 
co‐transplantation  of  liposomal  tacrolimus  improves  xenograft 
survival and reduces graft rejection in the hemiparkinsonian rat. 
Neuroscience. 2007; 146:213‐224. 
13. Junghanns  JU and Muller RH. Nanocrystal  technology, drug 
delivery  and  clinical  applications.  International  journal  of 
nanomedicine. 2008; 3:295‐309. 
14. Kim MS,  Kim  JS,  Park  HJ,  Cho WK,  Cha  KH  and Hwang  SJ. 
Enhanced  bioavailability  of  sirolimus  via  preparation  of  solid 
dispersion nanoparticles using a  supercritical antisolvent process. 
International journal of nanomedicine. 2011; 6:2997‐3009. 
15. Batrakova  EV  and  Kabanov  AV.  Pluronic  block  copolymers: 
evolution  of  drug  delivery  concept  from  inert  nanocarriers  to 
biological  response  modifiers.  J  Control  Release.  2008;  130:98‐ 
106. 
16. Brown  EJ,  Beal  PA,  Keith  CT,  Chen  J,  Bum  Shin  T  and 
Schreiber SL. Control of p70 S6 kinase by kinase activity of FRAP 
in vivo. Nature. 1995; 377:441‐446. 
17. Brunn  GJ,  Fadden  P,  Haystead  TAJ  and  Lawrence  JC.  The 
Mammalian Target  of  Rapamycin Phosphorylates Sites Having a 

(Ser/Thr)‐Pro Motif and  Is Activated by Antibodies  to a Region 
near  Its COOH Terminus.  Journal of Biological Chemistry. 1997; 
272:32547‐32550. 
18. Brunn  GJ,  Hudson  CC,  SekuliÄ‡  A, Williams  JM,  Hosoi  H, 
Houghton PJ, Lawrence JC and Abraham RT. Phosphorylation of 
the Translational Repressor PHAS‐I by the Mammalian Target of 
Rapamycin. Science. 1997; 277:99‐101. 
19. Burnett PE, Barrow RK, Cohen NA,  Snyder  SH and  Sabatini 
DM. RAFT1 phosphorylation of  the  translational  regulators p70 
S6 kinase and 4E‐BP1. Proceedings of  the National Academy of 
Sciences. 1998; 95:1432‐1437. 
20. Miller RA, Harrison DE, Astle CM, Baur JA, Boyd AR, de Cabo 
R,  Fernandez  E,  Flurkey  K,  Javors MA,  Nelson  JF,  Orihuela  CJ, 
Pletcher  S,  Sharp  ZD,  et  al.  Rapamycin,  but  not  resveratrol  or 
simvastatin,  extends  life  span  of  genetically    heterogeneous 
mice. J Gerontol A Biol Sci Med Sci. 2011; 66:191‐201. 
21. Moskalev  AA  and  Shaposhnikov  MV.  Pharmacological 
inhibition  of  phosphoinositide  3  and  TOR  kinases  improves 
survival of Drosophila melanogaster. Rejuvenation Res. 13:246‐ 
247. 
22. Bjedov  I, Toivonen  JM, Kerr F, Slack C,  Jacobson  J, Foley A 
and Partridge L. Mechanisms of life span extension by rapamycin 
in the fruit fly Drosophila melanogaster. Cell Metab. 11:35‐46. 
23. Kapahi P, Chen D, Rogers AN, Katewa SD, Li PW, Thomas EL 
and  Kockel  L.  With  TOR,  less  is  more:  a  key  role  for  the  
conserved  nutrient‐sensing  TOR  pathway  in  aging.  Cell Metab. 
2010; 11:453‐465. 
24. Khanna A  and  Kapahi  P.  Rapamycin:  killing  two  birds with 
one stone. Aging (Albany NY). 2011; 3:1043‐1044. 
25. Ramos FJ, Chen SC, Garelick MG, Dai DF, Liao CY, Schreiber 
KH, Mackay  VL,  An  EH,  Strong  R,  Ladiges WC,  Rabinovitch  PS, 
Kaeberlein M  and  Kennedy  BK.  Rapamycin  Reverses  Elevated 
mTORC1 Signaling in Lamin A/C‐Deficient Mice, Rescues Cardiac 
and  Skeletal Muscle  Function,  and  Extends  Survival.  Sci  Transl 
Med. 2012; 4:144ra103. 
26. Donehower  LA.  Using  mice  to  examine  p53  functions  in 
cancer,  aging,  and  longevity.  Cold  Spring  Harb  Perspect  Biol. 
2009; 1:a001081. 
27. Donehower  LA,  Harvey  M,  Slagle  BL,  McArthur  MJ, 
Montgomery CA,  Jr., Butel  JS and Bradley A. Mice deficient  for 
p53 are developmentally normal but susceptible to spontaneous 
tumours. Nature. 1992; 356:215‐221. 
28. Laplante  M  and  Sabatini  DM.  mTOR  signaling  in  growth 
control and disease. Cell. 2012; 149:274‐293. 
29. Dazert E and Hall MN. mTOR signaling  in disease. Curr Opin 
Cell Biol. 2011; 23:744‐755. 
30. Guertin DA and Sabatini DM. Defining  the  role of mTOR  in 
cancer. Cancer cell. 2007; 12:9‐22. 
31. Hudes G, Carducci M, Tomczak P, Dutcher J, Figlin R, Kapoor 
A, Staroslawska E, Sosman J, McDermott D, Bodrogi I, Kovacevic 
Z,  Lesovoy  V,  Schmidt‐Wolf  IG,  et  al.  Temsirolimus,  interferon 
alfa,  or  both  for  advanced  renal‐cell  carcinoma.  The  New  
England journal of medicine. 2007; 356:2271‐2281. 
32. Motzer RJ, Hudes GR, Curti BD, McDermott DF, Escudier BJ, 
Negrier S, Duclos B, Moore L, O'Toole T, Boni JP and Dutcher JP. 
Phase I/II trial of temsirolimus combined with interferon alfa for 
advanced renal cell carcinoma. J Clin Oncol. 2007; 25:3958‐3964. 
33. Wander  SA,  Hennessy  BT  and  Slingerland  JM.  Next‐ 
generation mTOR  inhibitors  in  clinical  oncology:  how  pathway 
complexity  informs  therapeutic  strategy. The  Journal of  clinical 
investigation. 121:1231‐1241. 



                      AGING www.aging‐us.com  48
 

34. Chappell WH, Steelman LS, Long  JM, Kempf RC, Abrams SL, 
Franklin RA, Basecke J, Stivala F, Donia M, Fagone P, Malaponte 
G,  Mazzarino  MC,  Nicoletti  F,  et  al.  Ras/Raf/MEK/ERK  and 
PI3K/PTEN/Akt/mTOR  inhibitors:  rationale  and  importance  to 
inhibiting  these  pathways  in  human  health. Oncotarget.  2011; 
2:135‐164. 
35. Markman B, Dienstmann R  and  Tabernero  J.  Targeting  the 
PI3K/Akt/mTOR  pathway‐‐beyond  rapalogs.  Oncotarget.  2010; 
1:530‐543. 
36. Garrett JT, Chakrabarty A and Arteaga CL. Will PI3K pathway 
inhibitors be effective as single agents  in patients with cancer? 
Oncotarget. 2011; 2:1314‐1321. 
37. Anand P and Gruppuso PA. The Regulation of Hepatic Protein 
Synthesis  during  Fasting  in  the  Rat.  Journal  of  Biological 
Chemistry. 2005; 280:16427‐16436. 
38. Demirkan G, Yu K, Boylan JM, Salomon AR and Gruppuso PA. 
Phosphoproteomic Profiling of <italic>In  Vivo</italic>  Signaling 
in  Liver  by  the  Mammalian  Target  of  Rapamycin  Complex  1 
(mTORC1). PLoS ONE. 6:e21729. 
39. Morse HC, 3rd, Anver MR, Fredrickson TN, Haines DC, Harris 
AW, Harris NL, Jaffe ES, Kogan SC, MacLennan IC, Pattengale PK 
and Ward JM. Bethesda proposals for classification of  lymphoid 
neoplasms in mice. Blood. 2002; 100:246‐258. 



                      AGING www.aging‐us.com  49
 

 
  Research Perspective 

Tumor suppression by p53 without apoptosis and senescence: 
conundrum or rapalog‐like gerosuppression? 

Mikhail V. Blagosklonny 
 
Department of Cell Stress Biology, Roswell Park Cancer Institute, Buffalo, NY 14263, USA 

 
Key words: tumor suppressors, aging, apoptosis, geroconversion 
Received: 7/15/12; Accepted: 7/30/12; Published: 7/31/12        doi: 10.18632/aging.100475 
Correspondence to: Mikhail V. Blagosklonny, MD/PhD;  E‐mail:   blagosklonny@oncotarget.com 

 

Copyright: © Blagosklonny. This is an open‐access article distributed under the terms of the Creative Commons Attribution License, 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited 

 
Abstract: I  discuss  a  very  obscure  activity  of  p53,  namely  suppression  of  senescence  (gerosuppression), which  is  also 
manifested  as  anti‐hypertrophic,  anti‐hypermetabolic,  anti‐inflammatory  and  anti‐secretory  effects  of  p53.  But  can 
gerossuppression suppress tumors? 

 

INTRODUCTION 
 

Wt p53 can induce apoptosis, cell cycle arrest and 
senescence, which are sufficient to explain tumor 
suppression by p53 [1]. A recent paper in  Cell 
described   that   these   activities   are   dispensable  for 
tumor suppression [2]. Mutant p53  (p533KR)  that 
cannot cause arrest, senescence and apoptosis still 
suppressed tumors in mice [2, 3]. Why do then wt p53 
induce apoptosis, cell cycle arrest and senescence? 
Before   entertaining   this   intriguing   question,   I will 
focus on suppression of senescence (gerosuppression) 
by p53, overlapping with its anti-hypertrophic, anti- 
hypermetabolic, anti-inflammatory and anti-secretory 
effects. 

 
P53 suppresses the conversion from arrest to 
senescence (geroconversion) 
How can p53 suppress senescence, if it also can cause 
senescence? As recently suggested, induction of 
senescence is not an independent activity of p53 but a 
consequence of cell-cycle arrest [4-8]. This predicts that 
any mutant p53 that cannot cause arrest will not cause 
senescence too. In agreement, p533KR did not cause 
senescence [2]. This is not trivial. To create p533KR, wt 
p53 was altered to abolish apoptosis and cell-cycle  
arrest only [2]. Li et al did not modify p53 to abolish 
senescence as an independent activity. It was not  
needed, simply because p53 does not induce senescence 
as an independent effect. (Note: Seemingly in contrast,  
it was reported  that  mutant p53,  which   cannot induce 

 
arrest in response to DNA damage, can cause 
senescence [9]. Although this mutant p53 did not cause 
instant arrest, it still arrested proliferation later and then 
senescence developed [9]. So there is no exception).  
p53 cannot induce senescence without inducing arrest. 
But p53 can induce quiescence, a reversible condition 
characterized by low protein synthesis and metabolism 
(see detailed definitions in ref. [7, 8]). It was assumed 
that when p53 causes quiescence, it simply fails to 
induce senescence. But another possibility is that  in 
such cases p53 suppresses the conversion from cell- 
cycle arrest to senescence (geroconversion). How can 
that be tested? In some cell lines, induction of ectopic 
p21 causes irreversible senescence, whereas induction  
of p53 causes quiescence [4]. Does p53 suppresses a 
senescent program? This question can be answered by 
simultaneously inducing both p53 and ectopic p21. 
When both p21 and p53 were induced, then cells 
become quiescent not senescent [4]. p53 was dominant, 
actively suppressing senescence caused by p21... or by 
something else? In fact, p21 merely causes cell cycle 
arrest and does not inhibit mitogen-activated, nutrient- 
sensing and growth-promoting pathways such as Target 
of Rapamycin (mTOR) [4]. During several days, these 
pathways (gerogenic pathways, for brevity) convert 
p21-induced arrest into senescence. Rapamycin can 
decelerate geroconversion [10-13]. Also, p53 can inhibit 
the mTOR pathway [4-6, 14-17]. In some conditions, 
p53 can suppress senescence during arrest [4-6]. Wt p53 
induces arrest and then if it fails to suppress senescence, 
then  senescence  prevails.  Rather than  p53,  gerogenic 
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pathways drive senescence during cell-cycle arrest [18]. 
 

In summary, wt p53 seems to have three independent 
effects: apoptosis, cell-cycle arrest and gerosuppression. 
By inducing arrest, wt p53 primes cells for senescence, 
unless p53 is able or “willing” to suppress 
geroconversion.  At high  levels, gerosuppression  by p53 
is limited by apoptosis [6]. This predicts that p533KR 

would    potently    suppress    senescence    because gero- 
suppression by p533KR will not be limited by apoptosis. 

 
Hyper-metabolic senescent phenotype 
Senescent cells are hyper-functional: hypertrophic, 
hypermetabolic, hyper-secretory and hyper- 
inflammatory [8]. Also, senescent cells may accumulate 
lipids, becoming not only large but also “fat” (Figure1). 
Induction of p53 decreased both cellular hypertrophy 
and fat accumulation (Figure 1). This is in line with 
numerous metabolic effects of p53 including inhibition 
of  glycolysis  and  stimulation  of  fatty  acids oxidation 
[19-32]. Importantly, p533KR retained the ability to 
inhibit glycolysis and reactive oxygen species (ROS) 
[2].  (Noteworthy,  ROS  and  mTOR  co-activate  each 
other [33] and N-Acetyl Cysteine (NAC), which 
decreases ROS, also inhibits mTOR [34]). Also, p53 
decreases hyper-secretory phenotype also known as 
SASP [35] and suppresses a pro-inflammatory 
phenotype [36, 37]. How might gerosuppression 
contribute to tumor suppression? There are several 
overlapping explanations, from different points of view 
of the same process. 

Gerogenic conversion and oncogenic transformation 
In proliferating epithelial cells, pro-gerogenic 
conversion may contribute to carcinogenesis directly. 
The PI3K/mTOR pathway is universally activated in 
cancer [38-49]. p53 can inhibit the PI3K/mTOR 
pathway [4-6, 14-17, 50]. Like p53, many other tumor 
suppressors such as PTEN, AMPK, TSC2, LKB1, NF1 
inhibit the PI3K/mTOR pathway [51]. 

 
Geroconversion of stromal cells creates carcinogenic 
microenvironment 
First, senescence creates a selective disadvantage for 
normal cells, thus selecting for cancer [52-54]. Also, 
senescent stromal cells secrete factors that favors pre- 
cancer and cancer growth [37, 54-62]. Third, the 
senescent stroma is hyper-metabolic and thus promotes 
cancer by fueling cancer growth [59, 60, 63-71]. In a 
model of accelerated host aging, mTOR activity was 
increased in normal tissues [72]. This pro-senescent 
microenvironment accelerated growth of implanted 
tumors. The tumor-promoting effects of pro-senescent 
microenvironment were abrogated by rapamycin  [72]. 

 
Cancer is an age-related disease 
The incidence of cancer is increased exponentially in 
aging mammals. Manipulations that slow down aging 
delay cancer [73]. For example, calorie restriction  
delays cancer [74-76] including cancer in p53-deficient 
mice [77, 78]. Rapamycin, which decelerates aging,  
also postpones cancer in animals [73, 79-81] and in 
patients after renal transplantation [82-86]. 

 
 

 
 
 

Figure  1.  Nutlin‐3a  decreased  lipid  accumulation  during  IPTG‐induced  
senescence.  HT‐p21  cells  were  treated  with  IPTG,  nutlin‐3a  and  IPTG+nutlin‐3a  (as 
indicated) for 3 days as described previously [4‐6] and cells were stained with “oil red O” for 
lipids.  In HT‐p21 cells,  IPTG  induces ectopic p21 and  senescence. As described previously, 
nutlin‐3a induces endogenous p53 and suppresses IPTG‐induced senescence [4‐6]. 
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Is aging accelerated in p53-deficient mice? 
Inactivation of tumor suppressors accelerates both aging 
and cancer [87]. It was thought that p53 is an exception. 
Yet, given that p53 can suppress geroconversion, it may 
not be the exception after all. A complex role of p53 in 
cellular senescence and organismal aging was discussed 
[88-91]. Mice with increased, but normally regulated, 
p53 lives longer [92]. p53 knockout mice have both 
accelerated carcinogenesis and decreased longevity [93- 
98]. p53-/- mice have a pro-inflammatory phenotype 
characteristic   of   accelerated  aging  [36,37]. Also, 
atherosclerosis is accelerated in p53-/- animals [99- 
102]. While loss of p53 by itself makes cells prone to 
become tumorigenic, an increased rate of organismal 
aging in the absence of p53 may further accelerate 
carcinogenesis. 

 
Rapalogs and p53 
Rapamycin (sirolimus) and other rapalogs (everolimus 
and temsirolimus) are pharmacological tumor 
suppressors. Noteworthy, like p53, rapamycin decreases 
glycolysis [103] and lactate production [34] and 
stimulates     oxidation    of    fatty    acids    [104,   105]. 
Furthermore, rapamycin slows cellular proliferation, and 
so, not surprisingly,  p533KR  inhibits  clonogenicity too 
[2]. Yet, p53 affects metabolism and aging not only via 
mTOR but also  via  direct  transactivation  of  metabolic 
enzymes, rendering it a more potent tumor suppressor. 

 
Puzzles remain 
Still, even if gerosuppression and anti-hypermetabolic 
effects can in part explain tumor suppression, puzzles 
remain. Why does wt p53 cause “unneeded” apoptosis 
and “instant” (p21-dependent) arrest? Why is p53 
needed at all? In the wild, most mice die from 
external/accidental causes and only a few would live 
long enough to die from cancer, regardless of p53  
status. In the wild, starvation (natural calorie restriction) 
would delay cancer further. Yet, p53 is also needed very 
early in life, or technically speaking, even before life 
has begun, because p53 plays role in fertility and 
reproduction [106-113]. And is tumor suppression a late 
life function? 

 
Alternatively, tumor suppression is a primary function  
of p53. And each of the three activities (apoptosis, 
arrest, gerosuppression) is partially sufficient for cancer 
prevention. In their combination, these activities are the 
most effective tumor suppressor. And each activity may 
be partially dispensable in some mice strains and in 
some conditions. For example, the gerosuppressive 
activity of p53 may be preferentially important in 
peculiar strains of laboratory mice, or mice fed ad 
libitum, which constantly activates mTOR and 
accelerates   aging.  In   fact,   calorie restriction,  which 

deactivates mTOR and decelerates aging, partially 
substitutes for the loss of p53 in mice. 
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Abstract: The C. elegans germline and somatic gonad are actively developing until the animal reaches adulthood, and then 
continue  to  undergo  striking  changes  as  the  animal  ages.  Reported  changes  include  a  depletion  of  available  sperm,  a 
decrease  in oocyte quality up  till mid‐life, a  reduction  in germline nuclei, a decrease  in  fertility, and an accumulation of  
DNA in the midbody of aging C. elegans. Here, we have focused on the aging gonad in old animals, and show in detail that 
the  aging  gonad  undergoes  a massive  uterine  growth  composed  of  endoreduplicating  oocytes,  yolk,  and  expanses  of 
chromatin. We use a novel series of  imaging techniques  in combination with histological methodology for reconstructing 
aged worms  in 3‐dimensions, and show  in old animals growing masses swelling  inside the uterus to occupy most of the 
diameter of the worm. We link this accelerated growth to the cep‐1/p53 tumor suppressor. Because cep‐1 is required for 
DNA damage  induced apoptosis, and daf‐2  limits  longevity,  these  results  suggest a  role  for age‐related DNA damage  in 
dysplastic uterine growths, which in some respects resemble premalignant changes that can occur in aging mammals. 

 
 

INTRODUCTION 
 

Much of the pathobiology of aging C. elegans and the 
aging germline remains relatively poorly described 
despite the widespread use of C. elegans as a model 
system to study aging. The aging C. elegans germline 
has been reported to undergo a series of changes up to 
midlife [1,2]. After approximately 8 days of age, the 
pool of sperm that are produced during larval 
development are depleted and few viable embryos are 
produced despite a continuous supply of oocytes. In the 
absence of sperm, the buildup of RNP granules is 
thought to facilitate cell cycle arrest in unfertilized 
oocytes for up to several days [3,4].  Eventually,  
oocytes bypass the prophase I diakinesis arrest [5] but 
fail to fully complete anaphase I [6]. Because they lack 
the sperm-contributed centrioles required for  
cytokinesis [7,8], these unfertilized  oocytes  would 
likely undergo endoreduplication [9,10] as worms age, 
rather than mitosis. 

 
In mid-life (approximately 8-12 days of age),  
concurrent with sperm depletion, is a decrease in oocyte 

quality that also prevents the development of viable 
embryos even in the presence of viable sperm [11,12]. 
This decrease in oocyte quality with age functions at 
least partially through the insulin signaling and TGF-β 
pathways from the somatic gonad. Low quality oocytes 
can have various defects including small size, apparent 
cavities, increased aneuploidy, or cluster together in the 
uterus  [11,13].  The apoptotic pathway is also required 
to maintain oocyte quality, as a loss of apoptosis in the 
germline causes an early loss of reproductive capacity 
and an earlier incidence of abnormal oocytes [14,15]. 
This decline in oocyte quality is also accompanied by a 
substantive increase in genome copy number, which is 
due to proliferation of the genome in the germline with 
age [16]. 

 
Endoreduplication has been well described in young 
animals, but not in worms older than 11 days of age or 
so (middle aged worms). Animals with a substantive 
amount of endoreduplication result in what is generally 
called the Emo (endomitotic) phenotype. This effect  
was first described in animals that were depleted of 
sperm     [10,17].     Subsequently,   the   phenotype was 
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observed in a Sec61p protein translocation mutant that 
causes defective ovulation [9]. Several other genes that 
affect ovulation can also cause an Emo phenotype [5], 
and is generally caused by inappropriate maturation of 
unfertilized oocytes. Therefore, many mutants or 
treatments that prevent fertilization could potentially 
cause an Emo phenotype. In an aging context, this has 
been described to some degree in a previous report from 
our laboratory [16], and more recently observed in 
oocytes from 8 day old animals [11]. 

 
Using imaging techniques in combination with a novel 
histological methodology for reconstructing aged  
worms in 3-dimensions, we characterize in detail here 
for the first time the development of large uterine  
masses in aging C. elegans which arise from  
unfertilized oocytes that fail to be expelled from the 
vulva. Although we and others have commented  on 
early stages of this phenotype [11,16], we report here a 
more detailed analysis of the progression of the massive 
age-related uterine growths that swell the uterus and fill 
most of the diameter of the worm. This advanced age 
germline phenotype causes other internal organ  
systems, such as the intestine, to become compressed, 
which likely has multiple deleterious functional 
outcomes in worms of advanced age. We observe a  
high degree of individual variation in the  aging 
germline phenotype, despite animals being raised in 
identical conditions with an identical genetic 
background. We also report here for the first time a 
detailed description of an advanced age Emo phenotype, 
with uterine masses appearing to be primarily a 
combination of endoreduplicating oocytes, clusters of 
cells and/or nuclei, masses of chromatin, and 
extracellular yolk protein. We report a retardation of 
age-related uterine growths in the daf-2 insulin- 
signaling mutant, consistent with prior studies showing 
reduced germline tumor growth [18] and reduced 
endomitotic phenotype at older ages [11,16]. Perhaps 
more significantly, we report that the tumor suppressor 
cep-1/p53 mutant has a more severe endomitotic 
phenotype at younger ages than wild-type animals. We 
also mined a pre-existing whole-genome expression 
profiling study of aging in C. elegans [19] to show that 
the transcriptional abundance of cep-1/p53 statistically 
significantly declines with age. Cep-1/p53 is known to 
be involved in DNA damage-induced apoptosis in C. 
elegans [20,21] and there has been some evidence of 
impaired DNA damage response in older animals [22]. 
Our data therefore provides evidence for a pathological 
role for DNA damage in old animals. However, p53 has 
also been shown to be a regulator of growth via the 
IGF-1/mTOR pathway [23], and is an important part of 
the response to genotoxic stress [24,25]. Hence, it is 
likely that reducing levels of cep-1/p53 with age, results 

in a complex phenotype including a massive dysplastic 
growth in the uterus, concomitant with a profound 
increase in genome copy number, substantially higher 
than that seen in young C. elegans at the peak of 
reproductive potential. 

 
RESULTS 

 
Wild-type C. elegans accumulate large uterine 
growths with age 

 
By using a combination of novel imaging techniques 
(Figure 1, Movies 1-5), we have refined the spatial 
position of the midbody DNA masses we previously 
reported [16] primarily to the uterus, through virtue of 
being able to analyze the animal in detail in 3- 
dimensions. The masses begin to grow as early as 8 
days of age (Figures 1A-B, Movie 1). This is consistent 
with the approximate age C. elegans deplete their sperm 
[10,26] and oocyte quality declines such that fertility 
can only be extended a few days by mating [1,11,12]. 
Once oocytes fail to be fertilized in the spermatheca, 
they bypass diakinesis arrest [6] and begin 
endoreduplicating to swell the uterus by 16 days of age 
(Figures 1A, Movie S1). The DNA masses are 
sometimes pushed into the continuous spermatheca and 
proximal gonad arm from the uterus (Figure 1A),  
similar to tumors that arise in young adult glp-1 mutants 
[27,28]. Large age-related uterine growths can 
sometimes rupture regions of the uterine wall, causing 
them to enter the pseudocoelom(data not shown). Aged 
wild-type worms raised at elevated temperature have 
generally less severe uterine masses by DAPI staining 
than those raised at normal temperatures (Figure 2), but 
the masses also generally become visible at  earlier  
ages,    compared    to    worms    raised    at    standard 
temperature (20oC). Further, these small masses are 
more often seen in the distal and proximal gonad arm 
rather than in the uterus (data not shown). We also 
observed uterine growths by DAPI staining in aged 
animals grown in sterile conditions,  using  axenic 
culture methods (Figure 3). Therefore, the growth of 
these uterine masses is not caused solely by bacterial 
infection. The reduced severity of uterine masses does 
not mean bacteria contribute to growth of uterine 
masses, since axenic growth conditions  also  cause  
slow growth. We observed no masses,  even  at 
advanced ages, in glp-4 mutants that do not develop a 
full gonad (Figure 2C). We did observe  germline 
masses in old, sperm-deficient fem-2 worms similar to 
old wild-type worms (Figure 2A-B),  and  we  
previously demonstrated that no masses form in males 
[16]. This is also consistent with previous studies that 
reported an Emo phenotype in young worms devoid of 
sperm [10,17]. 
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Figure 1. Germline masses accumulate with age.  (a) Partial maximum projection of mid‐section of 
whole wild‐type worms  stained with DAPI  at  4,  8,  12,  16,  and  20‐days‐old  raised  at  20  degrees.  Arrow 
indicates  the  ‐1  oocyte  in  diakinesis  (none  visible  in  20‐day‐old worm).  Asterisk  indicates  spermatheca.  
Large arrowhead  indicates unfertilized, endomitotic nuclei. #  indicates a mass that has no distinct cellular 
structure. Small arrowhead  in  the 20‐day‐old  indicates site of  invasion  from uterus  to spermatheca. Scale 
bar represents 100 microns. (b) Cross sections of a 20‐day‐old wild‐type worm stained with pararosaniline 
and methylene blue. Cross sections from the same worm starting at approximately ‐1 oocyte position along 
anterior half (i).  Remaining sections are spaced 50 μm apart (ii‐viii), moving towards posterior and ending  
at approximately  ‐1 oocyte position along posterior half  (viii).    In some cross sections, the uterine growth  
has taken up nearly the whole diameter of the worm (ii,  iii, vii). Growth recedes at midbody (iv). Intestine 
(int), distal gonad arm (dga), proximal gonad arm (pga), and uterus (ut) are indicated. 

 
 
 

 
Table 1. Expected genome copy number of a wild‐type adult hermaphrodite. 

 

Germline 
Nuclei 

Somatic 
Nuclei 

Intestine Hypodermis Sperm Embryos TOTAL (no 
embryos) 

TOTAL (6
embryos)

# Nuclei 1000 959 34 98 150 520   

Number 2 1 1 1 2 6   

Ploidy 1 2 32 4 1 2   

Total 2000 1918 1020 196 300 6240 5434 11674 
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Figure 2. Age‐related growths  require a germline, but 
not competent sperm. (a) Maximum projection of 8 and 18‐ 
day‐old wild‐type worm raised at 25 degrees and stained with 
DAPI. Growths visible at both ages, though generally never as 
severe  as  old  wild‐type  worms  raised  at  20  degrees.  (b) 
Maximum  projection  of  8  and  16‐day‐old  fem‐2  (no  sperm) 
worms raised at 25 degree restrictive temperature and stained 
with DAPI. Masses are visible at both ages, similar to wild‐type 
worms.  (c)  Maximum  projection  of  18‐day‐old  glp‐4 
(underdeveloped  gonad  and  germline)  worm  raised  at  25 
degree  restrictive  temperature  and  stained  with  DAPI.  No 
masses are visible. Scale bar represents 100 microns. 

 

Germline masses are responsible for an age-related 
genome copy number increase 

 
In order to quantify the genomic DNA copy number of 
these growing uterine masses in aging animals, we used 
digital   PCR   of    individual   nematodes   to   estimate 

genome copy number at different ages. In a previous 
study by us, we used qPCR to estimate genome copy 
number in select strains [16]. However, here instead of 
qPCR, we use the digital PCR technique, as it is very 
sensitive, highly resistant to PCR inhibitors, and allows 
absolute quantitation of low copy number without 
reliance on standards [29]. The expected genome copy 
number of an adult hermaphrodite is ~5434 (3134 
somatic) (Table 1), not including fertilized embryos. 

 
 

 
 

Figure  3. Germline masses  in worms  grown  in  axenic 
media. Partial maximum projection of mid‐section of 26‐day‐ 
old whole wild‐type worms  stained with DAPI. Worms were 
raised at 20 degrees in axenic media. 

 
 

 
The number of embryos, which can be as many as 25- 
30 in the most extreme cases [26], and developmental 
stage of embryos in the uterus can vary greatly, causing 
a high degree of variability in the measured genome 
copy number of reproductive adults. To quantitate the 
amount of individual variation that is also visually 
apparent by microscopy (Movies 3-5), we assayed 
individual animals rather than pools of animals, giving 
us insight into the variance of age-related genome copy 
number variation between individual worms. We 
calculated a mean genome copy number of 17,160 (n = 
10, +/- 3,102 S.E.M.) at 3 days of age (Table 2, Figure 
4). Genome copy number does not significantly change 
from 3 days to 12 days of age, but there is almost a 4- 
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fold increase in genome copy number between 12 and 
16 days of age (p<0.0001, Figure 4). It is worth noting 
that this 4-fold increase in genome copy number is 
substantially increased over that of younger animals, 
when reproduction is at peak capacity, and the animals 
are packed with developing oocytes and embryos. The 
trends we report here of genome copy number increases 
with age using digital PCR agree with our previous 
study [16] and also correlates with the onset of uterine 
growths (Figure 1A). glp-4 mutants lack a gonad and 
have much lower genome copy number and reduced 
variance compared to wild-type worms (Figure 4). 
Average genome copy number in glp-4 worms decreases 
between  days  6  (6345,  n = 10, +/- 312 S.E.M.)  and  9 

(3781,  n  =  9,  +/-  718  S.E.M.,  p=0.0034)  and  then 
remains relatively constant through day 16. We 
previously were unable to calculate genome copy 
number in this strain by qPCR [16] likely due to overall 
low copy number or potential PCR inhibitors in 
preparing nucleic acids from individual worms. This 
data suggests the high variance in wild-type genome 
copy number is primarily due to germline effects. 
Initially the variance in genome copy number in young 
worms is likely due to developing embryos, while as the 
animal ages, the substantial variance increase arises 
due to massive proliferation of unfertilized, endore- 
duplicating oocytes, an age-related Emo phenotype. 

 

Table 2.  Measured genome copy number by digital PCR. 
 

Age 
(days) 

N2 glp-4 cep-1 daf-2 

3 17160 +/- 3102 5735 +/- 653 (n=10) 11644 +/- 1672 - 
 (n=10)  (n=9) (1 low)  

6 24041 +/- 4333 6345 +/- 312 (n=10) 26337 +/- 3383 - 
 (n=10)  (n=10)  

8 - - - 51068 +/- 8123 
    (n=10) 

9 18130 +/- 3129 3781 +/- 718 (n=9) 33210 +/- 4674 - 
 (n=10)  (n=9)#  

12 15360 +/- 2497 4054 +/- 404 (n=9) 45600 +/- 9960 - 
 (n=10)  (n=10)  

16 60139 +/- 7004 3979 +/- 540 (n=9) 53411 +/- 13202 - 
 (n=10)  (n=8)&&  

32 - - - 16609 +/- 2172 
    (n=10) 

45 - - - 9427 +/- 1707 
    (n=10) 

60 - - - 24086 +/- 7849 
    (n=10) 

Error is S.E.M. 
& Indicates censored animal that was below detection threshold 
# Indicates censored animal that was above detection threshold 
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Figure 4. Genome copy number increases with the growth of uterine masses. Data points represent the genome 
copy number  (y‐axis) of  individual worms at different ages  (x‐axis) as measured by digital PCR of  individual worms with 
primers corresponding to genomic DNA of cct‐1 gene. Graphs are of wild‐type N2, glp‐4, daf‐2, or cep‐1 worms. 

 

 

 

 
Figure  5.  Uterine  growths  contain  individual  nuclei  and  large  masses  of  chromatin.  Partial  maximum 
projection of a 16‐day‐old wild‐type animal stained with DAPI and raised at 20 degrees. Insets are a single focal planes 
enlarged from the boxed regions. Arrows point to some of the visible individual nuclei in the uterus. Arrowhead points 
to a large chromatin mass in the uterus. Scale bar represents 100 microns. 

 
 

Age-related germline masses have a complex 
composition 

 
Examination of the germline masses by staining of 
sectioned tissues and imaging by light microscopy 
(Figures 1B,   Movies 3-5)  reveals  three   regions  with 

 
distinct characteristics: cellularized areas with similar 
appearance to primary oocytes, chromatin masses 
associated with abnormal nuclei, and acellular 
accumulations in extracellular space of yolk and/or  
other matter. While the morphology of aged worms 
varies greatly, we  found that 20-day-old  animals   have 
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very large uterine masses that compress many tissues. 
These masses appear to be smallest near the vulva, 
suggesting that the local microenvironment inhibits 
growth. This could be due to several causes, including 
extracellular signaling, or bacterial invasion through the 
vulva [30]. However, as masses are still present in 
worms grown in axenic media, this is unlikely. We 
found that while some nuclei in the uterine masses 
appear intact, other regions appear to be primarily 
acellular accumulations of chromatin and yolk based on 
histological staining. We also observed clusters of 
individual nuclei and large, endoreduplicating nuclei in 
these masses by DAPI staining (Figure 5). Defects in 
nuclear envelope morphology, such as blebbing, are a 
known age-related degenerative process in C. elegans 
[31] and could play a role in the growth of these  
masses. Lamin appears to surround the periphery of 
some, but not all, of these masses by antibody staining 
and lamin::gfp reporters (data  not  shown). Indeed, it is 
difficult  to  delineate  individual cellular boundaries in 
these masses, suggesting that DNA replication  is  
occurring within the uterus unbound by cell  
membranes. 

 
Unfertilized oocytes in the proximal  gonad arm  of  old 

animals are also clearly abnormal compared to those in 
young animals. Young healthy oocytes are large with 
distinct nuclei, while old animals often have smaller 
oocytes with less distinct nuclei and are filled with other 
unidentified matter not visible in young oocytes (Figure 
6, Movies 2-5). The technique for  visualizing  
individual animal morphology we have employed here 
in animals across the full lifespan of C. elegans allows a 
dynamic visual appreciation of the development of low 
quality oocytes, compared to more traditional imaging 
techniques and is in agreement with previous reports of 
smaller oocytes that are incapable of normal embryonic 
development in middle aged animals [11,12]. 

 
A large portion of the non-cellularized swelling of the 
midbody appears to be composed of yolk deposited in 
the pseudocoelom, which is magenta-colored in the 
stained cross sections (Figures 1B, 6). In young worms, 
yolk is produced in the intestine and transported through 
the pseudocoelom to the germline [32,33]. Although 
some yolk is always present in the pseudocoelom of 
adult worms, there is an accumulation of yolk outside 
the intestine with age, when the somatic gonad no  
longer holds enough mature oocytes to capture this 
material by endocytosis [30,32,34,35]. 

 
 
 

 
 
 
 

Figure  6.  Changes  in  the  germline with  age.  Cross  sections  from    a    4‐day‐old 
(young) and a 20‐day‐old (old) wild‐type worm. Regions of the germline indicated above 
the  sections  are  representative  and  the  structure  is  enlarged  to  the  right  of  each  
section. White arrowhead  indicates spermathecal epithelium. The region of the uterus 
shown in the old animal is near the vulva does not contain a massive uterine growth. 
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In addition to the uterine mass phenotype, the distal 
gonad is highly disorganized and shrunken in old 
animals compared to young. Instead  of  meiotic 
germline nuclei surrounding the periphery of the gonad 
with a well-developed central rachis as in young worms 
[22], nuclei appear to be spread throughout the gonad 
often with no visible rachis (Figure 6, Movies 2-5). 
These nuclei also appear to be generally less regular in 
size and composition. Twenty-day-old animals also 
have a shrunken distal gonad that is also visible  by 
DAPI staining (Figure 1A). 

 
The daf-2 insulin-signaling mutant is able to reduce 
uterine masses at extreme age 

 
Because long-lived daf-2 worms are resistant to gld-1 
driven tumors in young animals [18] and we have 
previously seen lower genome copy number in old daf-2 
worms compared to wild-type [16], we evaluated in 
greater detail whether age-related uterine growths were 
delayed in daf-2 animals. The increased resolution of 
imaging surprisingly showed that at 20 days of age, daf- 
2 germline masses (Figures 7, Movie 6) are visually  
very similar to wild-type (Figure 1, Movies 3-5). These 
masses become less severe with age by both DAPI 
staining and genome copy number measurements after 
peaking in severity around 20 days of age (Figures 4, 7, 
Table 2). Fourty-five-day-old daf-2 worms, well past  
the maximum life span of wild-type worms, have barely 
visible uterine masses by DAPI staining (Figure 7), and 
lower genome copy number measurements (Figure 4, 
Table 2). The uterus still appears swollen in 45-day-old 
animals even though DAPI intensity is drastically 
lowered (Figure 7), suggesting there could be a 
reduction of DNA in these masses but not an actual 
decrease in size. Eight-day-old daf-2 worms have a 
strikingly elevated genome copy number (51,068, n = 
10, +/- 8,123 S.E.M.) compared to 9-day-old wild-type 
animals, representing an almost 3-fold increase in 
genome copy number over wild-type levels, followed  
by a significant decrease at 32 (16,610, n = 10 +/- 2172 
S.E.M.,  p=0.0007)  and  45  (9,427  +/-  1,707  S.E.M., 
p=0.02) days of age. At 60 days of age the variance of 
genome copy number increases (p = 0.0001), and there 
may be some reoccurrence of endoreduplication at the 
end of life in the daf-2 longevity mutant. Average 
genome copy number increases slightly, but not 
significantly between 45 and 60 days of age (24,090, n 
= 10, +/- 7,849 S.E.M., p=0.08). The substantial  
increase in genome copy number in daf-2 animals at a 
young age is particularly unexpected, as it is known that 
this strain of daf-2 is less fertile than N2 [36].  The 
origin of these extra genome copies in daf-2 animals 
warrants further investigation, as it is either due to 
reduced oocyte quality, resulting in an early endomitotic 

phenotype not detectable by our methodology (DAPI 
staining or serial sectioning/3D reconstruction), or is 
somatic in origin. 

 
 
 

 
 
 

Figure  7.  Long‐lived  daf‐2  mutants  have  decreased 
uterine masses with age. (a) Aligned cross sections of a 20‐ 
day‐old  wild‐type  worm  stained  with  pararosaniline  and 
methylene  blue.  The  aligned  cross  sections  were  resliced 
longitudinally in software (top) from the mid‐pharynx (top left) 
to  the  tail  (top  right).  Cross  sections  from  the  same  worm 
containing  the  gonad  are  shown  spaced  50  μm  apart  (i‐viii)  
and  are  represented by blue bars  in  the  longitudinal  section 
(top).  In some cross sections, the uterus has enlarged to take 
up  nearly  the  whole  diameter  of  the  worm  (iii,  iv,  vii,  viii). 
Intestine  (int),  distal  gonad  arm  (dga),  proximal  gonad  arm 
(pga), and uterus (ut) are indicated. (b) Maximum projection of 
24 and 45‐day‐old long‐lived daf‐2 worms raised at 20 degrees 
and stained with DAPI. Large uterine masses, similar to those 
seen in old wild‐type worms, are visible at 24‐days‐old, but are 
reduced  in  size  at  45‐days‐old.  Scale  bar  represents  100 
microns. 



                      AGING www.aging‐us.com  63
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  8.  8‐day‐old  wild‐type  and  cep‐1  worms  have 
visibly detectable masses. (a) Partial maximum projection of 
mid‐section  of  7  individual  whole  8‐day‐old  wild‐type  worms 
stained  with  DAPI  raised  at  20  degrees.  (b)  Partial maximum 
projection of mid‐section of 7  individual whole 8‐day‐old cep‐1 
worms stained with DAPI  raised at 20 degrees. Uterine masses 
are detectable  at  the  same  age  in  cep‐1  (b)  and wild‐type  (a). 
Scale bar represents 100 microns. 

 
 
cep-1/p53 has earlier onset of endoreduplicating uterine 
growths, and cep-1/p53 declines with age 
 
 Because C. elegans cep-1 is known to function in DNA 
damage-induced apoptosis in the germline [37-39] and the 
mammalian homolog p53 is a well-known tumor- 
suppressor [40,41], we tested the hypothesis that cep-1 
limits the growth of these age-related uterine masses either 
through it’s role in germline apoptosis or in transcriptional 
regulation of other genes. Indeed, we observed large 
chromatin masses in the uterus of most cep-1 worms by 
middle age (12 days of age, Figures 8- 9), whereas most 
wild-type worms do not have similar growths until about 16 
days of age (Figure 1A, Movie 1). The    age    at    which    
these    masses can   be morphologically visualized in cep-
1 mutants is roughly equivalent to when they appear in 
wild-type (Figure 8). 

Mating cep-1 hermaphrodites to wild-type males did not 
appear to delay onset (data not shown), suggesting 
oocyte defects rather than unviable sperm causes 
endoreduplication as in middle aged wild-type worms 
[1,11]. Cep-1 worms have a steady increase in genomic 
DNA copy number from 3 to 16 days of age (Figure 4, 
Table 1), whereas wild-type worms maintain relatively 
steady levels of genomic DNA before a large increase at 
16 days of age (Figures 4, Table 1). Cep-1 worms have  
a significantly higher genome copy number than wild- 
type worms at 9 (p = 0.01) and 12 (p = 0.002) days of 
age. Given wild-type animals accumulate  uterine 
masses with age, and loss of cep-1 increases the rate at 
which these masses appear, we wished to evaluate the 
transcriptional levels of cep-1 with age to determine if 
there was any change in cep-1 with increasing age. We 
had previously reported the largest study on gene 
expression profiling and aging in any species to date in 
C. elegans [19], so we mined this pre-existing data set  
to look at the transcriptional profile of cep-1 in wild- 
type aging of C. elegans. In our previous study, we 
noted that there were 5986 genes that were statistically 
significantly differentially expressed over the lifetime of 
C. elegans. These genes clustered into seven distinct 
profiles over lifespan, and cep-1 is in cluster 5 
(supplemental Table 8, [19]), and falls steadily in 
abundance over the life of C. elegans from a peak in 
young adulthood (Figure 10). Hence, there is a 
statistically significant decline in the transcript 
abundance of a key mediator of DNA damage and cell 
growth with age in C. elegans. To test whether DNA 
damage-induced apoptosis is important in removing 
oocytes likely to become uterine masses, we also 
examined ced-3 mutants for uterine masses, which are 
incapable of physiological or DNA damage-induced 
apoptosis [42]. In agreement with previous studies that 
found loss of ced-3 results in small, low-quality oocytes 
that will undergo endomitosis [14,15,43]. We observed 
an early onset of massive uterine growths in ced-3 
worms (Figure 11). This indicates that DNA damage 
may be occurring in these uterine growths and DNA 
damage-induced apoptosis may be a contributing 
mechanism to delay these massive uterine growths. 

 
DISCUSSION 

 
We have described in detail, a number of novel 
phenotypes in the aging C. elegans germline. Although 
age-related endoreduplication of unfertilized oocytes in 
middle aged animals has been commented  on 
previously [1,11,16], we used a number of new 
techniques to describe the pathology of these masses 
and other age-related germline phenotypes in greater 
detail, and for the first time in older animals on different 
genetic  backgrounds  that  may  help  shed  light  on the 
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mechanism of age-related germline phenotypes in future 
studies. Most striking is the massive growth in the uterus 
that arises from unfertilized oocytes. These masses grow 
large enough to swell the uterus to fill most of the 
diameter of the worm. They are primarily composed of 
endoreduplicating unfertilized oocytes, masses of 
chromatin from presumably lysed nuclei, small clusters 
of individuals cells and/or nuclei, and yolk proteins. The 
growth of these uterine masses is accelerated in the cep- 
1/p53 mutant known to be required for DNA damage- 
induced apoptosis in C. elegans. 

 
 

 
 
 

Figure 9. cep‐1 worms have earlier uterine mass onset. 
a,  Partial maximum  projection  of mid‐section  of  6  individual 
whole wild‐type worms  stained with DAPI 12‐days‐old  raised  
at 20 degrees.   b, Partial maximum projection of mid‐section  
of 6 individual whole cep‐1 worms stained with DAPI 12‐days‐ 
old  raised at 20 degrees. Uterine masses are visibly  larger  in 
cep‐1 (b) than wild‐type (a). Scale bar represents 100 microns. 

 
 
 

Cep-1 is not a close homolog of mammalian p53 and 
was not identified as such until 2001 [20,21]. Although 
we show that loss of cep-1 causes early age-related 
uterine masses, a previous study showed that cep-1 does 
not affect the number of mitotic cells in germline tumor 
mutants or the shortened lifespan of these mutants [18]. 
Therefore it is likely that cep-1/p53 has a different 
mechanistic function in  C. elegans  tumors  from  gld-1 

and glp-1 [28,44] mutants compared to mammals [45]. 
Cep-1/p53 controls the transcription of many 
downstream target genes and affects processes such as 
DNA damage-induced apoptosis [20,21], meiotic 
segregation in the germline [20], stress tolerance [46], 
genotoxic stress response [24], and cell growth [24,43]. 
We observed a statistically significant decrease in the 
transcriptional abundance of cep-1/p53 with age, 
concordant with an increase in endoreduplication within 
the gonad, contributing to late life pathology of the 
gonad. The reason for the decrease in cep-1/p53 with 
age within C. elegans is currently not known. However, 
in mammals, p53 activity also declines with age, and 
this decrease has been proposed to be a contributing 
factor to the increased tumor incidence in older 
populations [41], as well as being linked to cellular 
senescence [47], and antagonistic pleiotropy in aging 
[48]. Intriguing links between the activity of p53, 
mTOR, and senescence [49,50], hint at a more complex 
explanation for the increase in the Emo phenotype in 
late life than a simple decrease in apoptosis due to the 
decline in levels of cep-1/p53 with age. One possible 
explanation for the Emo phenotype in the aged C. 
elegans gonad, is the gradual decline in cep-1/p53 
activity results in reduced apoptosis, combined with 
enhanced activity of the mTOR growth program, which 
then gives rise to the Emo phenotype with age. This 
decline in cep-1/p53 in aging C. elegans, coupled with a 
rapid increase in growth in the gonad (as evidenced by 
an upto 4 fold increase in overall genome copy number 
per worm) hints at possible commonalities in widely 
divergent species in age-related phenotypes due to the 
decline of p53 levels with age. 

 
It also appears likely that DNA damage-induced 
apoptotic defects cause early uterine growths based on 
our observations and those of others [14,15,43]. The 
massive increase in DNA with age, in conjunction with 
decreased levels of cep-1/p53, coupled with clear 
pathological outcomes (compression of a variety of 
tissues with likely functional consequences) begs the 
question whether or not this age-related pathology could 
be considered to be analogous to age-related  tumors 
seen in mammalian systems. By classical criteria, there 
are almost no tumors in C. elegans described to date  
that conform to a formal definition of cancer. The 
closest exception to this generalization may be the 
laminin mutants previously reported [51], where germ 
cells were documented to be actively invading somatic 
tissues, in conjunction with midbody swelling. What 
would be needed to legitimately link the age-related 
pathology we describe here in C. elegans to cancer are 
additional criteria, such as mutations in tumor 
suppressors with age that are then intimately linked to the 
development   of   the   tumor-like   pathology.   The age- 
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related germline dysplasia we describe here shares 
several characteristics with those observed in tumor- 
prone mutants such as gld-1, but also have several 
distinctions. They are both abrogated in daf-2 worms for 
a time and are the result of uncontrolled germline growth. 
However, daf-2 worms do not have a delayed age-related 
germline tumor onset as seen in the tumor-prone mutants. 

 
 

 
 
Figure  10.  cep‐1/p53  transcript  abundance  decreases 
with  age. Whole  genome  expression  profiling was  used  to 
identify genes that were differentially expressed with age (for 
complete  description,  see  [19],  cep‐1/p53  is  statistically 
significantly differentially expressed with age relative to young 
worms (p<0.05, cep‐1/p53 is in Cluster 5 [19]). Each data point 
represents  the  cep‐1/p53 message  levels  in  a  single  animal, 
and expression  level  is  represented  relative  to mRNA  from a 
pool of young N2 animals [19]. 

 
 

 
Instead, it is likely there must be a mechanism to reduce 
tumors at extreme ages after they have already formed. 
Also distinct from age-related tumors, gld-1 and glp-1 
tumors appear to have more rapid growth of intact 
germline nuclei while the age-related dysplastic 
pathology in the gonad grows more slowly and contains 
regions that are both cellularized and acellular, as well as 
accumulations of material such as yolk and chromatin. 

 
The molecular characterization of this unique age- 
related gonadal pathology in C. elegans could 
potentially give more insight into age-related tumors in 
other species. Of particular interest will be whether age- 
related mutations in orthologs of mammalian tumor 
suppressors or oncogenes could be driving the growth  
of this dysplastic gonadal pathology, as we showed is 
possible in the cep-1/p53 mutant. Indeed, the rapid 
increase in genomic DNA at extreme age could be a 
source   of   genomic   DNA   changes   and   there   are 

established methods to evaluate genomic DNA quality  
in C. elegans [52,53]. 

 
 

 
 
 
Figure  11.  ced‐3  animals  have  early    uterine    mass 
onset.  Partial  maximum  projection  of  mid‐section  of  6 
individual  12‐day‐old  ced‐3  worms  stained  with  DAPI  and 
raised  at  20  degrees.  12‐day‐old  ced‐3  animals  have  uterine 
masses visually similar to cep‐1 at the same age. 

 
 
 

We propose that age-related uterine masses arise from a 
combination of several different events. Some regions  
of the uterine masses appear cellularized while others 
are acellular. Oocytes that normally arrest at diakinesis 
eventually bypass this arrest and begin endo- 
reduplicating. The nuclear envelope breaks down as the 
amount of DNA increases, causing the cell to eventually 
lyse.   Many  of  these  nuclei  have  a  disrupted nuclear 
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envelope as observed by lamin::gfp (data not shown). 
Degradation of the nuclear envelope has been observed 
in aging C. elegans previously  [31].  As oocytes begin 
to be ovulated at a slower rate in the aging mother, yolk 
is no longer being used at the same rate by primary 
oocytes, which would account for the buildup of yolk in 
the pseudocoelom and masses we and others have 
observed [30,33-35]. The intestine is apparently unable 
to regulate the amount of yolk produced to match actual 
demand [35]. This is possibly also influenced by the  
loss of intestinal nuclei which occurs as C.  elegans 
ages, which we recently described [30]. 

 
We have demonstrated that several age-related changes 
occur in the C. elegans gonad. Most dramatically, we 
describe how uterine masses in C. elegans arise in the 
aging germline from unfertilized oocytes that begin 
endoreduplicating after bypassing the arrest at the end  
of diakinesis [5]. Uterine masses grow uncontrollably 
until they occupy most of the diameter of the worm and 
are accompanied by a massive increase in DNA copy 
number per worm in old adults, which greatly exceeds 
the genome copy number of worms at their reproductive 
peak at younger ages, and is coupled to a decline in 
levels of cep-1/p53. We also determined that loss of the 
CEP-1/p53 protein exacerbates the growth of uterine 
masses at earlier ages. DNA damage-induced apoptosis 
likely limits uterine growths, as cep-1/p53 is required for 
DNA damage-induced apoptosis in the germline [54]. 
Additionally, we and others have found that ced-3 lowers 
oocyte quality and enhances the endomitotic phenotype. 
We have also found that the occurrence  of these masses 
is not completely dependent on the bacterial food source 
or immune response [55], as worms grown in sterile 
axenic media still develop uterine masses with age. In 
summary, the aging C. elegans uterus develops massive 
growths from endoreduplicating oocytes that are 
modulated by the CEP-1/p53 protein, which has multiple 
functions including roles in DNA damage response, 
growth [41,45,48], genotoxic stress response [24], and 
cellular senescence  [47]. 

 
EXPERIMENTAL PROCEDURES 

C. elegans strains were cultured using standard 
conditions [22] (N2, cep-1(gk138)I, daf-2(e1370)III, 
ced-3(n717)IV) or at the restrictive temperature of 25 
degrees (glp-4(bn2)I, fem-2(b245)III) and obtained from 
the Caenorhabditis Genetics Center. Synchronized 
populations were acquired by allowing adult parents to 
lay eggs for 2-4 h before removing them (day 0).  
Worms were transferred daily to fresh plates during the 
reproductive period. Confocal microscopy, staining of 
tissue sections, and 3-D visualization was performed as 
described [30]. 

Individual worms for genome copy number experiments 
were frozen in water and lysed in Proteinase K as 
described [16]. Digital PCR was performed on  the 
lysate of individual animals using primers 
corresponding to the genomic DNA of the cct-1 gene 
(5’-aatacggttgtgtttcaggtaatg-3’ and 5’-taccggtgagggcaa 
gaat-3’). Digital PCR of ced-7 and fat-3 genes yielded 
similar results to cct-1 (data not shown). Digital PCR 
signal was measured using UPL probe #78 (Roche) on a 
Biomark microfluidic system in 12.765 digital arrays 
(Fluidigm). 

 
For Axenic liquid culture, C. elegans were first grown  
at 20C at a density of 15,000 worms/plate on NGM 
plates seeded with OP50 bacteria. Eggs were isolated 
from these cultures and grown in CeHR medium 
according to previous studies [56,57] with a minor 
modification. Heme was excluded from the axenic 
media and was added prior to use along with the UHT 
milk.  Ten freshly hatched sterile L1 were seeded in 1  
ml CeHR medium without antibiotics in a 24 well plate 
and grown at 20C shaking at 450 rpm on a small shaker. 
After the first generation, gravid adults were allowed to 
lay eggs for 4 hours in each well and were subsequently 
removed. Synchronized eggs were allowed to grow in 
sterile CeHR medium until Day 22 of adulthood. The 
media was changed three times weekly until day 8 of 
adulthood, and from there it was changed twice weekly. 
The first generation of nematodes grows slowly on 
CeHR (7-10) days, while successive generations grow  
at similar rates to those on solid media. Nematodes  
were allowed to adapt to CeHR media for at least one 
full generation before use. 
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Abstract: p53 takes critical part in a number of positive and negative feedback loops to regulate carcinogenesis, aging and 
other  biological  processes. Uncapped  or  dysfunctional  telomeres  are  an  endogenous DNA  damage  that  activates ATM 
kinase  (ataxia  telangiectasia mutated) and  then p53  to  induce cellular senescence or apoptosis. Our  recent study shows 
that  p53,  a  downstream  effector  of  the  telomere  damage  signaling,  also  functions  upstream  of  the  telomere‐capping 
protein complex by inhibiting one of its components, TRF2 (telomeric repeat binding factor 2). Since TRF2 inhibition leads  
to ATM  activation,  a novel positive  feedback  loop  exists  to  amplify uncapped  telomere‐induced, p53‐mediated  cellular 
responses.  Siah1  (seven  in  absentia  homolog  1),  a  p53‐inducible  E3  ubiquitin  ligase,  plays  a  key  role  in  this  feedback 
regulation  by  targeting  TRF2  for  ubiquitination  and  proteasomal  degradation.  Biological  significance  and  therapeutic 
implications of this study are discussed. 

 
 

Telomere DNA repeats and telomerase: Classical 
view of telomere biology 

 
Chromosome ends have repetitive DNA sequences 
called telomere DNA repeats. The unit of the repeats is 
5’-TTAGGG-3’ in mammals, and the total length of the 
repeats reaches approximately 3 to 15 kilobase pairs 
(Kb) in humans, depending on cell types as  well  as 
other intrinsic and extrinsic factors. A major  
determinant of the telomere length in normal human 
differentiated cells (e.g., fibroblasts, which is a cell type 
most commonly used in cell culture experiments in 
vitro) is their replicative history, i.e., the number of cell 
divisions the cells have undergone [1]. Because of the 
inability of conventional DNA polymerases to replicate 
the very end of linear DNA molecules (so-called “end 
replication problem”), these normal cells experience a 
progressive decline in telomere length, as an indicator  
of “cellular aging”, in a cell division number-dependent 
manner. The presence of critically eroded telomeres in 
these cells is associated with the end of their replicative 
lifespan, a permanent growth arrest state called 
“replicative senescence” [1]. In contrast, germ cells, 
stem cells and cancer cells have a mechanism of 
synthesizing  telomere DNA  repeats  to compensate  the 

cell division-dependent telomere attrition, thereby 
bypassing the replicative senescence and being capable 
of self-replicating indefinitely [2]. Although ~10% of 
human cancers use a recombination-based mechanism 
(i.e., alternative lengthening of telomeres, ALT) [2], the 
major mechanism for telomere maintenance in human 
cells is the activation of a telomere G-rich strand- 
synthesizing enzyme, telomerase, which consists of the 
catalytic protein subunit (human telomerase reverse 
transcriptase, hTERT), the RNA component (hTER) 
containing a C-rich template region, and other  
associated proteins [3]. During a transition from normal 
mortal cells to immortalized, transformed cells, the 
transcriptional activation of the hTERT gene is a 
limiting step on which various cellular and viral 
oncogenic mechanisms act [4], including p53 
inactivation [5]. Consistently, an ectopic expression of 
hTERT could lead to immortalization of normal human 
cells [6], and inhibition of hTERT in immortalized 
cancer cells could induce them to undergo senescence 
[7]. All of these findings accumulated from 1980’s to 
late 1990’s have supported “telomere hypothesis of 
cellular aging” to explain replicative senescence and 
immortalization of human cells. 
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Telomeres as a DNA-multiprotein complex: Specific 
structure and functions 

 
Since mid-late 1990’s a growing body of evidence has 
established that not only telomere length but also its 
specific DNA structure is a key factor for normal 
telomere functions, and that a number of proteins 
associated with telomere DNA repeats play 
physiological roles at telomeres [8]. Telomere DNA 
was revealed to form a lariat structure, which is named 
“t-loop”, hiding chromosome ends into the structure and 
thus preventing them from undergoing illegitimate 
degradation or fusion events and from activating 
unwanted DNA damage signaling [9]. For the formation 
of this t-loop structure, a single-stranded, G-rich 3’- 
overhang at the extreme end of telomere DNA repeats 
plays an essential role by invading the double-stranded 
part of the repeats. The coordinated synthesis and 
processing of C-rich strand are required for the 
generation of 3’-overhang and thus essential for the 
telomere-specific DNA structure [10]. 

 
An increasing number of proteins have been shown to 
interact with telomere DNA repeats. Six of them (TRF1, 
TRF2, POT1, TIN2, TPP1 and RAP1) form a single 
telomere DNA-interacting complex, named “shelterin” 
[8]. TRF1 and TRF2 directly bind the double-stranded 
telomere repeats, POT1 directly binds to the single- 
stranded 3’-overhang, and the other three components 
interconnect these telomere-binding components. The 
shelterin complex is indispensable for the formation and 
maintenance of the telomere-specific DNA structure 
described above, as well as for  distinguished 
recognition of telomeres from broken DNA ends. 
Specifically, TRF2 has an activity to enhance the t-loop 
formation [11] and can prevent ATM (ataxia 
telangiectasia mutated) kinase from initiating the DNA 
damage signaling at functional telomeres [12]. TRF2 
interacts with ATM and inhibits its autophosphorylation 
critical for activation [13]. POT1 governs the integrity  
of telomere DNA ends at both G-rich 3’-overhang and 
C-rich 5’-recessed strand [14], as well as inhibits 
another DNA damage signaling kinase ATR (ATM- and 
Rad3-related) [12]. 

 
Taken all these findings together, we now recognize 
telomeres as a DNA-multiprotein complex with specific 
structure and functions, rather than only as an end of 
linear DNA molecules, and the concept of “telomere 
capping” has been established. The “capped” state of 
telomeres is primarily attributed to the t-loop structure  
of telomere DNA repeats and the recruitment and 
function of the shelterin complex [8,9]. Functional 
inhibition or knockdown of the shelterin components 
such as TRF2 and POT1 thus induced the “uncapped”, 

or dysfunctional, state of telomeres, which was 
characterized by loss of 3’-overhang, telomere fusion- 
induced chromosome instability and activated DNA 
damage signaling [15-17]. The classical view of 
telomere biology described above, however, still stands 
together with the updated view: either telomeres that are 
long enough (e.g., in normal, non-senescent cells) or 
activated telomerase (e.g., in cancer cells), or both (e.g., 
in germ cells and stem cells) could contribute to the 
strength and stable maintenance of the capped state of 
telomeres [18]. Long telomeres could provide a  
platform for enhanced recruitment of telomere-binding 
proteins (e.g., TRF2) and a high efficiency of t-loop 
formation in the absence of telomerase activity. The 
ability of telomerase to synthesize G-rich telomere  
DNA strand could generate 3’-overhang sufficient for 
short telomeres to form a t-loop. Consistently, the 
presence of neither long telomeres nor telomerase 
activity (for example, critically short telomeres at the 
end of replicative lifespan in telomerase-negative  
normal cells [19], and telomerase inhibition in cancer 
cells with short telomeres [20]) causes the telomere 
uncapping-associated phenotypes similar to those 
induced by inhibition of the shelterin components. 

 
p53 as a downstream effector of the  telomere 
damage signaling 

 
The tumor suppressor protein p53 is activated by 
endogenous or exogenous DNA damage and other 
cellular stresses through its posttranslational 
modifications such as phosphorylation, acetylation and 
sumoylation [21]. The p53-induced cellular phenotypes 
include apoptotic cell death and cellular senescence, 
each of which functions as a tumor suppressor 
mechanism and may have a role in organismal aging 
[22]. Classically, along with the telomere hypothesis of 
cellular aging, inhibition of p53 allowed normal human 
fibroblasts to continue proliferating even with shorter 
telomeres than the threshold length, suggesting that p53 
was indispensable for the onset of telomere-initiated 
replicative cellular senescence [1]. With the concept of 
telomere capping, we now define uncapped or 
dysfunctional telomeres, which are functionally 
synonymous with eroded telomeres at the end of the 
cellular replicative lifespan [18,19], as an endogenous 
DNA damage that physiologically activates p53. Two 
major signaling kinases that phosphorylate and thereby 
activate p53 are ATM and ATR, which, as described 
above, are controlled by two shelterin components  
TRF2 and POT1, respectively [12]. ATM and p53 
mediate the telomere uncapping-induced apoptosis or 
cellular senescence (for example, apoptosis in 
lymphocytes [23] and cellular senescence in fibroblasts 
[24]),  establishing  the  TRF2-ATM-p53  pathway  as a 
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downstream effector pathway of the DNA damage 
response initiated at uncapped telomeres. Although 
ATR may be less essential to telomere damage 
signaling in human cells with functional ATM and its 
downstream targets, it is still capable of inducing p53- 
dependent cellular senescence independently of ATM 
[25]. Thus, the POT1-ATR-p53 pathway can  also  
signal the DNA damage response from uncapped 
telomeres. 

 
p53 represses TRF2 protein levels through a p53- 
inducible E3 ubiquitin ligase Siah1 

 
Comparing the expression profiles of endogenous 
mRNA or proteins in normal human cells at  
proliferating phase (referred “young”) versus at 
replicative senescence has identified a number of 
senescence-associated genes and proteins. Our cell 
system consists of an isogenic pair of young and 
replicatively senescent human fibroblasts, in  the  latter 
of which p53 activation is evidenced by its 
phosphorylation    at    serine    15    residue    and    the 
upregulation   of   p53   target   genes   such   as p21WAF1

 

[26,27]. Among those identified by our previous studies 
using   this   cell   system   are:  Δ133p53   and   p53β 
(p53 isoforms) [26], POT1v5 (a POT1  isoform)  [17], 
ING2 (a p53- and chromatin-interacting protein) [28], 
miR- 34a (a p53-inducible microRNA) [26], and 
WNT16B (a member of WNT family of secreted 
proteins) [29]. Our recent study  [27]  adds  TRF2  to  
the list  of  proteins whose  expression  levels  are 
changed during replicative senescence. The expression 
levels of TRF2 protein were reduced in replicatively 
senescent fibroblasts, but TRF2 mRNA levels did not 
change, suggesting the regulation at a post-
transcriptional or protein level. A series of experimental 
manipulation of p53 expression and activity, including 
spontaneous allelic loss, short hairpin RNA (shRNA)-
mediated knockdown, dominant- negative inhibition, 
nutlin-3a activation and retroviral overexpression, all 
suggested that p53 represses TRF2 protein levels, again 
without a change in TRF2 mRNA expression. 

 
Siah1 is an E3 ubiquitin ligase with a C3HC4-type 
RING finger domain. The Siah1 gene is  
transcriptionally induced by p53 [30]. Siah1 targets 
proteins containing a Myb DNA-binding domain [31], 
which is present in TRF2 [15], for proteasome-mediated 
degradation. We have also found that TRF2 is a 
ubiquitinated protein and is subject to proteasome- 
mediated degradation [27]. All of these findings 
prompted us to examine whether Siah1 is responsible 
for the p53-mediated repression of TRF2 at the protein 
level. In the replicative senescence with activated p53 
and all the experimental settings described above, Siah1 

expression levels (both mRNA and protein levels) were 
inversely correlated with TRF2 protein levels: TRF2 
upregulation was coincident with Siah1 downregulation 
when p53 was lost or inhibited; and TRF2 down-
regulation was coincident with Siah1 upregulation when 
p53 was overexpressed or  nutlin-3a-activated [27]. The 
shRNA knockdown of Siah1 stabilized TRF2 protein by 
extending its half-life and, most importantly, Siah1 was 
found to physically interact with and ubiquitinate TRF2 
in a manner dependent on its RING finger domain [27]. 
These data identified Siah1 as an E3 ubiquitin ligase 
that directly links p53 activation to TRF2 degradation, 
for the first time revealing that p53,  a well-known 
downstream effector of the damage signaling from 
uncapped telomeres, also functions upstream to regulate 
a component of the telomere capping protein complex. 
Knockdown of endogenous Siah1 expression [27], as 
well as overexpression of TRF2 [32], delayed the onset 
of replicative senescence in human fibroblasts, 
suggesting that Siah1 co-operates with the other p53 
target genes (e.g., p21WAF1 and miR- 34a) [26] in p53-
regulated senescence. 

 
TRF2-ATM-p53 positive feedback loop 

 
p53 is engaged in a number of positive and negative 
feedback loops to regulate carcinogenesis, aging and 
other biological processes [33]. p53 and MDM2, which 
is a p53-induced E3 ubiquitin ligase and targets p53 for 
ubiquitination and proteasomal degradation, form a 
minimum feedback unit that takes part in several larger 
and more complex feedback loops. These feedback 
loops also link the p53 signaling pathway to other signal 
transduction pathways, including those involving the 
cyclin E/cdk2 complex, the p38 MAP kinase, the 
WNT/β-catenin cascade and the PTEN/AKT cascade 
[33]. Given that TRF2 functions to negatively control 
ATM [12,13] (Figure 1, blue line) and that ATM 
phosphorylates and activates p53 [24] (Figure 1, green 
line), as described above, our finding of the p53-Siah1- 
TRF2 pathway [27] (Figure 1, red lines) uncovers a 
novel feedback loop involving these factors: This 
TRF2-ATM-p53 feedback loop  contains two inhibitory 
regulations  (TRF2  ⊣  ATM  and  Siah1  ⊣  TRF2), thus 
functioning as a positive feedback mechanism (we 
would prefer the word “positive feedback”, rather than 
“double-negative feedback”, to indicate the functional 
consequence of the whole loop). Once telomere 
uncapping occurs either endogenously at the end of 
cellular replicative lifespan or exogenously by reagents 
and conditions inducing telomere dysfunction, 
diminished amount and/or impaired activity of TRF2 
results in ATM activation. ATM-mediated activation of 
p53 then transcriptionally activates Siah1, which 
ubiquitinates  and  degrades  TRF2,   leading  to further 
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decrease in TRF2 levels and thereby the maintenance 
and reinforcement of the uncapped state of telomeres. 

 
The TRF2-ATM-p53 feedback loop amplifies telomere- 
initiated, p53-mediated DNA damage responses leading 
to the rapid induction of cellular senescence or 
apoptosis, which may prevent DNA damage-carrying 
cells from contributing to tumor formation. 

 
Given the TRF2-ATM-p53 positive feedback loop, it is 
interesting to hypothesize that non-telomeric DNA 
damage and cellular stresses activating ATM and/or p53 
may induce telomere uncapping through the repression 
of TRF2 protein levels. Consistent with this hypothesis, 
our preliminary data showed that doxorubicin-induced 
global DNA damage resulted in ubiquitination and  down- 

regulation of TRF2 [27]. It should also be noted that the 
TRF2-ATM-p53 positive feedback loop can 
functionally interact with the previously identified 
feedback regulations (Figure 1, black lines). β-catenin, 
another degradation target of Siah1 [30], is known to 
activate p19/p14ARF, which inhibits MDM2 and 
thereby activates p53 [34]. This regulatory circuit may 
act as a negative feedback element for the TRF2-ATM- 
p53 positive feedback loop. While ATM can also 
activate p53 indirectly through the phosphorylation and 
inhibition of MDM2 [35], ATM-mediated phos- 
phorylation of Siah1 may negatively affect its activity 
[36]. These co-operating and apparently opposing 
mechanisms are likely to add further strength and 
complexity to the DNA damage signaling from 
uncapped telomeres. 

 
 
 
 

 
 
 
 
 
 
 

Figure 1. TRF2‐ATM‐p53 positive feedback loop. TRF2 interacts with ATM and inhibits its 
autophosphorylation and activation  (blue  line)  [12,13]. ATM phosphorylates and activates p53 
(green  line)  [23,24].  p53  transactivates  Siah1,  which  targets  TRF2  for  ubiquitination  and 
degradation  (red  lines)  [27].  These  regulatory  mechanisms  form  a  positive  feedback  loop. 
Mutant p53 abrogates this feedback loop through dominant‐negative inhibition of wild‐type p53 
and a gain‐of‐function activity to inhibit ATM [48]. ⊗133p53, a natural p53 isoform, also inhibits 
wild‐type p53 [26]. The other factors that may functionally  interact with this feedback loop (β‐ 
catenin,  p19/p14ARF  and  MDM2)  are  also  shown.  P,  phosphorylation.  Ub,  ubiquitination. 
Although ATM‐mediated phosphorylation of Siah1  inhibits  its  interaction with a target protein 
(HIPK2) [36], it is unknown whether this mode of inhibition occurs for TRF2. 
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Perspectives 
 

Our identification of the p53- and Siah1-mediated 
regulation of TRF2 largely depended on in vitro 
experiments using normal human fibroblasts in culture. 
However, there is evidence that this regulation also 
exists in vivo. Human colon adenomas, a premalignant 
tumor in which p53-mediated cellular senescence is 
pathologically induced in vivo [37,38], were shown to 
express higher levels of Siah1 and lower levels of TRF2 
than normal non-senescent tissues [27], recapitulating 
the expression profile observed in senescent fibroblasts 
in vitro. Further studies will investigate the role of the 
TRF2-ATM-p53 feedback regulation in in vivo 
physiological senescence, aging-associated genome 
instability and organismal aging in humans. 

 
An attribution of cellular senescence, or aging at the 
cellular level, to aging at the organ and organismal  
levels can be explained by an aging-associated decline  
in stem cell function [39-41]. Accumulated DNA 
damage at telomeric and non-telomeric loci in tissue- 
specific stem cells during aging could cause cellular 
senescence or apoptosis in those cells, leading to 
reduced tissue regeneration, impaired organ function 
and homeostasis, and eventually organismal senescence. 
Since a growing body of evidence suggests that p53 
activity and telomere integrity are critical to the 
regulation of self-renewing and differentiating 
properties of embryonic and adult stem cells [39,42-44], 
the TRF2-ATM-p53 positive feedback loop should have 
significant relevance to stem cell biology and stem cell- 
based medicine. 

 
p53 is the most frequently inactivated gene in human 
cancer [45,46], and therefore p53 replacement or 
restoration therapy is a therapeutic strategy against 
cancer. Telomeres have also been a promising target for 
cancer therapy: telomerase inhibitors can induce short 
telomeres in cancer cells to be uncapped [18]; and G- 
quadruplex ligands (e.g., telomestatin) reduce the 
amounts of G-rich 3’-overhang and remove POT1 and 
TRF2 from telomeric DNA, resulting in telomere 
uncapping [20,47]. We now know that these p53-based 
and telomere-based cancer therapies can co-operate in a 
single regulatory loop, namely the TRF2-ATM-p53 
positive feedback loop. We expect that our findings will 
be experimental basis for combined application of p53- 
based therapy, telomere-based therapy and other 
strategies involving the associated factors such as β- 
catenin, p19/p14ARF and MDM2. 

 
Some p53 missense mutations not only inhibit wild-type 
p53 activity but also gain a function that wild-type p53 
does not have. One of such gain-of-function activities of 

mutant p53 is to inhibit ATM [48], which allows cancer 
cells to abrogate the TRF2-ATM-p53 feedback regulation 
in a more active manner than simply losing  or inactivating 
wild-type p53. It will be of therapeutic interest to 
investigate whether small molecules that restore wild-type 
function to mutant p53 (e.g., CP- 31398 and PRIMA-1) 
[49,50] can restore the TRF2- ATM-p53 positive feedback 
regulation in cancers with p53 mutations. In cancers with 
wild-type p53, the expression of Δ133p53, a natural p53 
isoform that inhibits wild-type p53 activity, is frequently 
elevated and thus Δ133p53 can be a therapeutic target [26]. 
Restoration of wild-type p53 activity by inhibition of 
Δ133p53 and the resulting degradation of TRF2 [26,27] 
may cause telomere uncapping-induced senescence or 
apoptosis through the TRF2-ATM-p53 positive feedback 
loop in cancers with wild-type p53.  

 
Conclusion 

 
p53 has long been linked to the regulation of telomeres. 
In the classical view of telomere length regulation, p53 
was a mediator of telomere-induced replicative 
senescence, as well as a negative regulator of  
telomerase via hTERT inhibition. Upon identification of 
the telomere-capping shelterin complex, p53 has been 
established as a downstream effector of the DNA 
damage signaling emerging from a specific shelterin 
component at uncapped telomeres. With evidence that 
p53 directly controls the shelterin component in a 
feedback manner, much attention to p53 continues to 
come from basic research on telomere biology, as well 
as from translational and clinical research aiming at 
telomere-based therapies. 
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Abstract: Many human diseases are characterized by the development of tissue hypoxia. Hypoxia‐inducible factor (HIF) is a 
transcription factor that regulates fundamental cellular processes in response to changes in oxygen concentration, such as 
angiogenesis, survival, and alterations in metabolism. The levels of HIF‐1α subunit are increased in most solid tumors not 
only by low oxygen but also by growth factors and oncogenes and correlate with patient prognosis and treatment failure. 
The  link between HIF‐1α and  apoptosis,  a major determinant  of  cancer  progression  and  treatment outcome,  is  poorly 
understood. Here we show that HIF‐1α protects against drug‐induced apoptosis by antagonizing the function of the tumor 
suppressor  p53.  HIF‐1α upregulation  induced  proteasomal  degradation  of  homeodomain‐interacting  protein  kinase‐2 
(HIPK2), the p53 apoptotic activator. Inhibition of HIF‐1α by siRNA, HIF‐1α‐dominant negative or by zinc re‐established the 
HIPK2 levels and the p53‐mediated chemosensitivity in tumor cells. Our findings identify a novel circuitry between HIF‐1α 
and p53, and provide a paradigm for HIPK2 dictating cell response to antitumor therapies. 

 
 
 
 

INTRODUCTION 

HIPK2 is a potential tumor suppressor gene; it is a 
nuclear serine/threonine kinase that acts as  co- 
repressors for transcription factors [1] and is considered 
a central switch in the targeting of cells toward  
apoptosis upon genotoxic stress by phosphorylating 
tumor suppressor p53 at serine 46 (Ser46) [2,3]. The 
p53Ser46 modification triggers irreversible apoptosis by 
determining p53-dependent promoter selection [4]. 
HIPK2 contributes to p53 apoptotic activation by 
inducing Ser46 phosphorylation but also lysine 382 
(Lys382) acetylation [2,3,5]. Thus, we found that 
HIPK2, through repression of Nox1 gene, strongly 
regulates p53 acetylation/deacetylation balance that 
along with (p)Ser46 is important for full p53 apoptotic 
activity [6]. A major determinant of tumor progression 
and cancer therapy is the ability of cancer cells to 
activate apoptotic cell death, mainly through  intact p53 

function. Understanding how aberrant signalling within 
tumors can interfere with p53 apoptotic activation is 
therefore of particular importance. Although mutations 
in the p53 gene are detected in ∼50% of human cancers, 
indirect mechanism also leads to p53 inactivation [7]. 
Previous work has shown that knock-down of HIPK2, 
mainly by siRNA, leads to loss of p53 function, reduced 
apoptotic drug-response and increased tumor 
progression [8]. Therefore, an intact HIPK2 function is 
crucial for the apoptotic activation of wtp53 in tumors. 

 
A physiological condition that inhibits HIPK2 functions 
in solid tumor is hypoxia which is a hallmark of tumor 
progression and failure of tumor therapies. Hypoxia- 
induced ubiquitin ligases such as Siah2 [9] or p53 
targets MDM2 [10] and Siah1 [11] trigger HIPK2 
degradation strongly affecting drug-induced p53 
apoptotic activity. The key molecule expressed under 
hypoxia   is   hypoxia   inducible   factor-1   (HIF-1),   a 
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heterodimeric transcription factor that consists of the 
HIF-1β subunit, constitutively expressed in cells, and 
the oxygen-sensitive HIF-1α subunit. Under normal 
oxygen levels, HIF-1α is hydroxylated at key proline 
residues facilitating interaction to von Hippel-Lindau 
protein (pVHL) which allows HIF-1α proteasomal 
degradation. Under hypoxic conditions, prolyl 
hydroxylation is inhibited, HIF-1α accumulates, 
dimerizes with HIF-1β forming the active HIF-1 
complex for regulation of transcription of several genes 
involved in many aspects of cancer progression, 
including angiogenesis, metabolic adaptation, apoptosis 
resistance, invasion and metastasis [12]. HIF-1α 
synthesis and transactivation can also be activated by 
non-hypoxia-mediated mechanisms such as genetic 
alterations in a variety of cancer types. In this regard,  
we have shown that HIPK2 represses the HIF-1α 
transcription, thus, HIPK2 knock-down leads to HIF-1α 
upregulation with induction of a “constitutive hypoxic” 
phenotype [13]. Increased HIF-1α levels have been 
shown to be associated with increased resistance to 
conventional chemo- and radiotherapy in many solid 
tumors and play a negative role in patient prognosis. 
Thus, the downregulation of the activity of HIF-1α 
could have an immediate effect on its target genes 
contributing to blocking tumor angiogenesis, glycolysis 
and tumor growth and also improve the efficacy of 
classical therapies [14]. 

 
HIF-1α interacts with p53 and stimulates p53 
transcriptional activity [15] although it antagonizes p53- 
mediated apoptosis [16]. Here we report a previously 
unknown regulatory circuitry between HIF-1α, HIPK2 
and p53 apoptotic activity as the molecular mechanisms 
underlying HIPK2 regulation by HIF-1α have never 
been addressed. 

 
RESULTS AND DISCUSSION 

 
We first analyzed the effect of HIF-1α on DNA- 
damage-induced p53 apoptotic activation by using an ex 
vivo experimental model consisting of cell populations 
derived from explants of prostate cancer patients 
characterized by stabilized HIF-1α protein in normoxia 
(“constitutively hypoxic” phenotype) and associated 
with bad prognosis (namely C27 cells), and cell 
populations with a phenotype negative for HIF-1α 
expression under aerobic condition associated with  
good prognosis (namely C38 cells) [17]. The presence  
of HIF-1α overexpression at mRNA (Figure 1A) and 
protein level (see Figure 2F) in C27 cells led to a 
marked inhibition of drug-induced luciferase activity of 
the p53AIP1 reporter gene  (Figure 1B and Supplemen- 

 
 

Figure  1.  HIF‐1α antagonizes  p53  apoptotic  activity.  (A) 
Luciferase  assay  in  C38  and  C27  prostate  cancer  cells  showed 
significantly   higher   HIF‐1α‐luc   promoter   activity    in   C27   cells. 
*P=0.0159. (B) Luciferase assay of p53AIP1‐luc reporter in C38 and 
C27  prostate  cancer  cells  after  bleomycin  (Bleo)  treatment 
showing impairment of p53 transcriptional activity in C27 cells. (C) 
Immunoblot  of  C38  and  C27  cells  after  40  Gy    X‐irradiation  
revealed  PARP  cleavage  and  Ser46  phosphorylation  only  in  C38 
cells. Blot  image was  cut and pasted.  (D) RT‐PCR analysis of p53 
apoptotic  target genes  in C38 and C27 prostate cancer cells after 
bleomycin  (Bleo)  treatment.  Gel  image was  cut  and  pasted.  (E) 
Luciferase assay of p53 target Noxa‐luc reporter  in C38 cells after 
X‐irradiation  revealed  impairment of  luciferase activity after HIF‐ 
1α overexpression.  (F)  Immunoblot of RKO cells after adriamycin 
(ADR)  treatment  showed  abolishment  of  (p)Ser46  after  HIF‐1α‐ 
Flag overexpression. (G) Luciferase assay of p53AIP1‐luc reporter  in 
C27  cells  showed  induction  of  luciferase  activity  after  HIF‐1α 
silencing with siRNA. 

 
 
 

tary Figure 1a) which is a well established target of p53- 
Ser46 modification and of p53 apoptotic activity [4]. 
Thus, in response to X-ray or to the radiomimetic drug 
bleomycin, both Ser46 phosphorylation, the cleavage of 
the  apoptotic  marker  PARP,  and  p53  apoptotic  gene 
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transcription were impaired in HIF-1α upregulated C27 
cells, compared to C38 cells negative for HIF-1α 
expression under aerobic condition (Figure 1C, 1D). 
Two lines of evidence indicate that the p53 apoptotic 
defect in C27 cells is due to stabilization of HIF-1α 
rather than to alternative mechanism of drug resistance 
or impairment of p53 downstream signalling. First, 
increasing HIF-1α levels in C38 prostate and RKO 
colon cancer cells by protein overexpression also 
conferred resistance to X-ray- or to drug-induced p53 
transcriptional activity (Figure 1E and Supplementary 
Figure S1b, S1c) and inhibited Ser46 phosphorylation 
(Figure 1F). Second, loss of HIF-1 function by HIF-1α 
knock-down, restored the sensitivity to X-ray-induced 
p53AIP1-luciferase activity in C27 cells (Figure 1G). 
These results show that HIF-1α levels are relevant to  
the p53-mediated cellular response because they 
antagonized drug-induced p53Ser46 apoptotic 
transcriptional activity. 

 
P53Ser46 phosphorylation is triggered by several 
kinases including HIPK2 whose knock-down strongly 
inhibits p53 apoptotic activity [5,8]. Therefore, an intact 
HIPK2 function is crucial for the apoptotic activation of 
wtp53 in tumors. We first evaluated whether HIF-1α 
affected HIPK2 mRNA expression. RT-PCR analyses 
of ADR-treated RKO cells showed that endogenous 
HIPK2 messenger RNA levels were not altered by HIF- 
1α upregulation (Supplementary Figure S1c),  although 

HIF-1α inhibited the drug-induced p53(p)Ser46 (Figure 
1F), arguing for HIF-1α-mediated regulation of HIPK2 
at the post-transcriptional level. We then performed 
experiments under conditions of HIF-1α and HIPK2 
overexpression. Expression of increasing amounts of 
HIF-1α in 293 cells correlated with abolishment of 
HIPK2 protein levels (Figure 2A). A test for protein 
degradation showed that HIF-1α-induced HIPK2 
downregulation in prostate C38 cells could be rescued 
by cell treatment with the proteasome inhibitor MG132 
(Figure 2B), confirming a HIPK2 post-translational 
regulation. Thus, HIF-1α co-overexpression did not 
affect HIPK2 gene transcription in RKO colon cancer 
cells (Figure 2C). We next analysed these issues in C27 
prostate cancer cells whereas HIF-1α upregulation 
antagonizes drug-induced p53Ser46 apoptotic 
transcriptional activity, suggesting that they should 
harbour reduced HIPK2 levels. Indeed, western blot 
analysis showed reduced HIPK2 protein levels in 
“constitutively hypoxic” C27 cells compared to the C38 
cells with a phenotype negative for HIF-1α expression 
under aerobic condition (Figure 2D), while the HIPK2 
mRNA levels were comparable expressed between the 
two cell lines (Figure 2E). Was the reduction of HIPK2 
levels caused by HIF-1α upregulation? We addressed this 
issue by silencing of HIF-1α with siRNA that indeed 
rescued HIPK2 protein levels in C27 cells (Figure 2F). 
We thus conclude that HIF-1α regulates HIPK2 stability. 

 
 
 
 

Figure 2. HIF‐1α regulates HIPK2 protein degradation. 
(A)  HIF‐1α‐Flag  (4,  6,  and  8  μg)  and  HIPK2‐GFP  (4  μg) 
expression  vectors  were  co‐transfected  in  293  cells  where 
immunoblot analyses showed  that  increased amounts of HIF‐ 
1α induced HIPK2 abolishment.  (B)  Immunoblot   analysis   of 
C38 cells transfected with HIF‐1α expression and treated with 
proteasome inhibitor MG132 (10 μM for 4 h) or DMSO vehicle. 
The endogenous HIPK2  levels downregulated by HIF‐1α were 
rescued by MG132. (C) RT‐PCR analysis of HIPK2  in RKO colon 
cancer cells co‐transfected with HIF‐1α and HIPK2 expression 
vector.  (D)  Immunoblot of endogenous HIPK2 protein  in C38 
and C27 prostate  cancer  cells,  showing  lower HIPK2  levels  in 
“constitutive  hypoxic”  C27  cells.  (E)  The  HIPK2 mRNA  levels 
were comparable between C38 and C27 cells. (F) Immunoblot 
in C27 cells showed rescue of endogenous HIPK2 protein levels 
after HIF‐1α knock‐down by siRNA. 
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How could HIF-1α inhibit HIPK2? First, being a 
transcription factor, HIF-1 might promote the  
expression of target genes that induce HIPK2 
degradation. Alternatively, HIF-1 might directly interact 
with and regulate HIPK2. To discriminate between  
these two scenarios, exogenous HIPK2 and HIF-1α 
proteins were co-expressed in 293 cells for co-immuno- 
precipitation analysis. We found absence of interaction 
between HIPK2 and HIF-1α (Supplementary Figure 
S2a), suggesting rather a transcription-dependent 
regulation. The latter hypothesis was evaluated by the 
use of a HIF-1α mutant encoding the dominant negative 
form of HIF-1α without DNA binding and trans- 
activation domains (HIF-1αDN) [18]. The results 
unequivocally showed that the HIF-1αDN mutant could 
not inhibit HIPK2 stability (Supplementary Figure S2b). 

Previous studies showed that HIF-1 may induce p53 
transcriptional activity [15], although not the apoptotic 
one [16], and that p53 target genes  such  as  MDM2 
[10] or Siah1 [11] may trigger  HIPK2  degradation 
under hypoxia. Moreover, the putative HIF-1 target 
WD40-repeat/SOCS box protein WSB-1 [19] has been 
shown to trigger HIPK2 degradation [20]. To evaluate 
whether p53 transcriptional activity plays a role in HIF-
1α-induced HIPK2 degradation, HIF-1α and HIPK2 
proteins were co-expressed in H1299 lung  cancer (p53 
null) cells and assayed for western immunoblotting. In 
the absence of p53,  HIF-1α  was still able to reduce 
HIPK2 protein levels  (Supplementary Figure S2c). We  
conclude that HIF-  1α inhibits HIPK2 via 
transcriptional upregulation of one or more target 
genes. 

 

 
 

Figure 3. HIPK2‐induced p53 apoptotic activity is impaired by HIF‐1α. (A) Luciferase assay in 293 cells co‐ 
transfected with Noxa‐luc reporter and HIPK2‐GFP  (4 μg) expression vector alone or  in combination with HIF‐1α‐ 
Flag  (8 μg). Results  represent mean  ±  s.d.  from  three  experiments.  The  expression  of  the  ectopic  proteins was 
assayed by immunoblot. (B) Lysates from RKO cells co‐transfected with HIF‐1α and HIPK2 expression vectors were 
assayed  for RT‐PCR of p53  target gene Noxa. GAPDH  is a  loading  control  (C)  Luciferase assay  in H1299  cells  co‐ 
transfected  with  Noxa‐luc  reporter  and  low  amount  of  wtp53  expression  vector  or  of  p53S46D  mutant,  in 
combination with HIPK2, HIF‐1α or HIF‐1αDN mutant. Results represent mean ± s.d.  from three experiments.  (D) 
Tunel assay of RKO cells where HIF‐1α overexpression significantly reduced the HIPK2‐induced apoptotic cell death. 
*P=0.001.  (E)  Luciferase  assay  in  RKO  cells  stable  transfected with  p53AIP1‐luc  reporter where  the  adryamicin 
(ADR)‐induced luciferase activity was inhibited by HIF‐1α overexpression but not by HIF‐1α dominat negative (DN) 
mutant. Results represent mean ± s.d. from three experiments. (F) Lysates from RKO cells treated as indicated were 
assayed for RT‐PCR analyses of p53 apoptotic target Noxa and for HIPK2 expression. GAPDH is a loading control. 



                      AGING www.aging‐us.com  80
 

The above results demonstrate that HIF-1α upregulation 
reduces both HIPK2 protein levels and p53 apoptotic 
activation. The direct effect of HIF-1α on HIPK2- 
induced p53 activation was then analysed under 
conditions of proteins overexpression. The luciferase 
assay performed in 293 cells clearly showed that the 
positive effect of HIPK2 on endogenous p53 apoptotic 
transcriptional activity was eliminated by HIF-1α co- 
expression that indeed abolished HIPK2 levels (Figure 
3A). The abolishment of p53 transcriptional  activity 
was confirmed in vivo in RKO cells by RT-PCR  
analysis (Figure 3B). We then performed experiments 
with p53 overexpression in H1299 cells. HIF-1α 
abolished the HIPK2 additive effect on p53-induced 
Noxa-luc activity (Figure 3C, compare lane 3 with lane 
2 and lane 4 with lane 3), while HIF-1αDN mutant 
failed to do so (Figure 3C, compare lane 5 with  lane 4), 

suggesting that HIF-1α is acting on HIPK2 function. To 
finally demonstrate this issue, the transcriptional activity 
of a p53S46D mutant, which expresses constitutive Ser46 
phosphorylation, was not inhibited by HIF-1α (Figure 
3C, compare lane 7 with lane 6), confirming that HIPK2 
is indeed the target of HIF-1α-induced p53 regulation. 
Next, we investigated the effect of HIPK2 inhibition on 
apoptosis. The results clearly showed that HIF-1α 
significantly counteracted HIPK2-induced cell death 
(Figure 3D). Finally, HIF-1α overexpression led to 
marked reduction of ADR-induced p53AIP1-luc activity 
in RKO cells, while the HIF-1α-DN mutant did not show 
such effect (Figure 3E), as also tested by in vivo by RT- 
PCR analyses (Figure 3F). These results recapitulate the 
negative effect of constitutive hypoxic phenotype on 
HIPK2-induced p53 apoptotic transcriptional activity and 
cell response to drug. 

 
 

 
 

Figure 4. Zinc reactivates the HIF‐1α‐inhibited HIPK2/p53 signalling. (A) Immunoblot of RKO cells in which 
the  effect  of  HIPK2  overexpression  on  p53Ser46  phosphorylation  was  abolished  by  HIF‐1α co‐expression  and 
restored by concomitant zinc (100 μm for 24 h) treatment. (B) Luciferase assay in RKO cells stable transfected with 
p53AIP1‐luc  reporter  showing  that  the HIPK2‐induced  luciferase activity was  inhibited by HIF‐1α and  rescued by  
zinc treatment (100 μm for 24 h); zinc did not rescued the HIPK2 inhibition triggered by the HIF‐1αP/A mutant and 
the HIF‐1αDNA mutant did not  inhibit HIPK2‐induced  transcriptional activity. Results  represent mean ±  s.d.  from 
three  experiments.  (C)  Lysates  from  RKO  cells  treated  as  indicated  were  assayed  for  RT‐PCR  analyses  of  p53 
apoptotic  target Noxa. GAPDH  is a  loading control.  (D) Tunel assay of RKO cells  showing  that  the HIPK2‐induced 
apoptotic cell death was significantly inhibited by HIF‐1α and strongly rescued by zinc treatment. *P=0.001. 
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We recently reported that zinc inhibits HIF-1α stability 
in vitro and in vivo by acting on prolyl hydroxylation 
and VHL interaction [21]. We also showed that zinc 
inhibits MDM2 ubiquitin ligase activity, counteracting 
MDM2-induced p53 degradation and re-establishing 
HIPK2 stability [22]. Restoration of wtp53 function is 
decisive for the success of anti-tumor therapies and for 
tumor regression in vivo [23,24]. Therefore, zinc 
treatment of tumor cells with HIF-1α upregulation and 
that retain wild-type p53 should result in (i) 
reconstitution of HIPK2-induced p53Se46 
phosphorylation, (ii) activation of p53-apoptotic genes 
and (iii) restoration of drug-induced apoptosis. The 
HIPK2-induced p53(p)Ser46 in RKO  cells,  abolished 
by HIF-1α co-expression, was completely re- 
established by zinc treatment that, as expected, 
concomitantly rescued the HIF-1α-induced HIPK2 
downregulation (Figure 4A). The HIPK2-induced p53 
transcription of p53AIP1-luc reporter, inhibited by HIF- 
1α, was strongly recovered by zinc treatment (Figure 
4B, compare lane 4 with lane 3), while the inhibition 
triggered by a HIF-1α expression vector with prolyl 
mutations P402A and P564A (HIF-1αP/A) was not 
rescued by zinc (Figure 4B, compare lane 6 with lane  
5), in agreement with our findings that the HIF-1αP/A 
mutant is not downregulated by zinc [21]; finally, the 
HIF-1αDN mutant did not inhibit the HIPK2-induced 
p53AIP1-luc activity (Figure 4B, compare lane 7 with 
lanes 5 or 3) that was rather superinduced by zinc 
(Figure 4B, compare lane 8 with lane 7), suggesting 
inhibition of endogenous HIF-1α by the HIF-1αDN 
mutant. The positive effect of zinc on rescue of 
HIPK2/p53 activity in the presence of HIF-1α 
upregulation was confirmed by in vivo RT-PCR  
analysis of p53 apoptotic target genes (Figure 4C) and 
by cell death analysis (Figure 4D). 

 
The above results demonstrate that zinc treatment 
counteracts the HIF-1α-mediated inhibition of HIPK2, 
allowing restoration of p53 response to antitumor 
therapies. Thus, this issue was addressed in C27  
prostate cancer cells in which both HIPK2 and p53 are 
disabled by constitutive HIF-1α upregulation. The 
results clearly showed that zinc restored (i) the 
endogenous p53 transcriptional activity in response to 
X-irradiation, (ii) the in vivo transcription of p53 target 
genes in response to drug and (iii) the cell death to 
genotoxicity (Supplementary Figure S3a-c), again 
implicating the HIF-1α/HIPK2 circuitry as shown by 
rescue of endogenous HIPK2 stability by zinc 
(Supplementary Figure S3d). These results are 
consistent with several observations by us showing that 
zinc supplementation can increase tumor response to 
drugs and counteract the negative effect of hypoxia, by 

acting on several interconnected signalling molecules 
such as HIPK2, HIF-1 and p53 [25]. 

 
Restoration of HIPK2 activity was finally monitored by 
chromatin immunoprecipitation assay as HIPK2 is able 
to modulate the transcription of several factors involved 
in cell survival and apoptosis [1]. The results showed 
that HIPK2 recruitment onto target genes such as Bcl-2 
[26] or CYP1B1 [9] was present in basal condition only 
in C38 cells compared to the C27 cells where it was 
instead rescued by zinc treatment (Supplementary 
Figure S4). HIPK2 recruitment onto Bcl-2 promoter is 
again indicative of functioning p53 as HIPK2 has been 
shown to be involved in the transcriptional repression of 
Bcl-2 promoter exerted by p53 [26]. 

 
HIF-1α stabilization due to low oxygen or because 
genetic alterations is responsible of increased chemo- 
resistance and tumor cell viability in part due to 
inhibition of p53 apoptotic gene transcription [10]. The 
discovery here of the HIF-1α/HIPK2 circuitry gives a 
mechanistic explanation of the p53 apoptotic inhibition 
in response to drug under hypoxia in those tumors that 
retain a not functional wild-type p53. Thus, for the first 
time, it is shown a direct effect of HIF-1α on HIPK2 
protein stability. Moreover, our findings also open  
novel and unexpected scenarios in tumor development 
and ask to whether HIPK2 might participate to the 
regulation of cancer stem cells (SCs). Hypoxia and 
HIFs-α subunits are considered a critical component of 
a cancer stem cell niche in different tumors including 
glioblastoma [27] and stem-like cells may be integral to 
the development and maintenance of human cancers 
[28]. Our data raise the possibility that HIPK2, because 
of the HIF-1α relationship is involved in the 
homeostasis of cancer SCs and in its subversion in 
tumors. Recent findings showed that loss of p53 favours 
symmetric divisions of cancer SCs, contributing to 
tumor growth [29]. As HIPK2 inhibition negatively 
affects p53 activity [8,30] it would be interesting to 
evaluate whether loss of p53 function in cancer SCs 
depends on HIF-1α-induced HIPK2 inhibition and 
propose an additional mechanism of tumorigenesis. 
Identification of the cell types capable of initiating and 
sustaining growth of the neoplastic clone in vivo is a 
fundamental problem in cancer research. Understanding 
the nature of the more quiescent cancer stem-like cells 
and their niches has the potential to development of 
novel cancer therapeutic protocols including 
pharmacological targeting of self-renewal pathways. 
Therefore, our data strengthen the  notion  that 
unleashing the growth suppressor activity of both  
HIPK2  and  p53  by  targeting  HIF-1α  with  zinc  is  a 



                      AGING www.aging‐us.com  82
 

potentially valuable adjuvant strategy for cancer 
treatment. 

 
METHODS 

 
Cell culture and treatments. Human patients-derived 
prostate cancer cell lines C38 and C27, [17,31] (kindly 
provided by A. Farsetti, National Research Council, 
Rome, Italy), human embryo kidney 293, were 
maintained in DMEM (Life Technology-Invitrogen), 
while human lung cancer H1299 (p53 null) and colon 
cancer RKO were maintained in RPMI-1640 (Life 
Technology-Invitrogen), all supplemented with 10% 
heat-inactivated fetal bovine serum plus glutamine and 
antibiotics. 

 
Subconfluent cells were treated with adriamycin (ADR) 
diluted into the medium to a final  concentration  of  1.5 
μg/ml, bleomycin (Bleo) diluted into the medium to a 
final concentration of 120 μM, zinc chloride (ZnCl2) 
diluted into the medium to a final concentration  of  100 
μM, or X-ray irradiated with 40 Gy, for the indicated 
period of time. Proteasome inhibitor MG132 at final 
concentration of 10 μM was added for 4 h. 

 
Western blotting and co-immunoprecipitation. Total cell 
extracts and nuclear extracts were prepared essentially 
as described [13]. Proteins were transferred to a 
polyvinylidene difluoride (PVDF) (Millipore) or 
nitrocellulose (Biorad) membranes. Immunoblottings 
were performed with the following antibodies: mouse 
monoclonal anti-HIF-1α, (Novus Biologicals), mouse 
monoclonal anti-p53 (DO1) (Santa Cruz 
Biotechnology), rabbit polyclonal anti-phospho-Ser46, 
(Cell Signaling Technology), rabbit polyclonal anti- 
HIPK2 (kindly provided by M.L. Schmitz, Justus- 
Liebig-University, Giessen, Germany), mouse 
monoclonal anti-poly(ADP-ribose) polymerase (PARP, 
BD Pharmingen), monoclonal anti-GFP (Roche 
Diagnostic), mouse monoclonal anti-Flag (Sigma), 
mouse monoclonal anti-tubulin (Immunological 
Sciences), and mouse monoclonal anti-Hsp70 
(Stressgene). Immunoreactivity was detected by 
enhanced chemiluminescence kit (ECL; Amersham). 
For HIF-1α/HIPK2 co-immunoprecipitation 293 cells 
were co-transfected with 4 μg HIPK2-GFP and 8 μg 
HIF-1α-Flag expression vector for 24 h. Total cell 
extracts were prepared by incubating at 40 C for 30 min 
in lysis buffer (20 mmol/L Hepes, 100 mmol/L NaCl, 5 
mM EDTA (pH 8.0), 10% glicerol). Following 
preclearing for 1 h at 40 C, immunoprecipitation was 
performed by incubating total cell extracts with anti- 
Flag antibody pre-adsorbed to protein G-Agarose 
(Pierce), rocking for 2 h at 40 C.  The  beads  were  then 

resuspended in 5x Laemmli buffer and subjected to 
Western blot with the indicated primary antibodies. 

 
RNA extraction and reverse transcription (RT)-PCR 
analysis. Cells were harvested in TRIzol Reagent 
(Invitrogen) and total RNA was isolated following the 
manufacturer’s instructions essentially as  described 
[30]. PCR was performed by using gene specific 
oligonucleotides under conditions of linear 
amplification. PCR products were run on a 2% agarose 
gel and visualized by ethidium bromide staining using 
UV light. The housekeeping GAPDH mRNA was used 
as internal control. 

 
Transfection, plasmids and transactivation assay. Cells 
(RKO, C27 C38) were transfected with the cationic 
polymer LipofectaminePlus method (Invitrogen) 
according to manufacturers’ instructions or (293 and 
H1299) with the N,N-bis-(2- hydroxyethyl)-2-amino- 
ethanesulphonic acid-buffered saline (BBS) version of 
the calcium phosphate procedure [32]. 

For luciferase activity the plasmid reporter used were: 
the HIF-1α-pH800-luc promoter (kindly provided by C. 
Michiels, FUNDP-University of Namur, Belgium), the 
p53-dependent promoters Noxa-luc (kindly provided by 
T. Taniguchi, University of Tokyo, Japan) and 
p53AIP1-luc (kindly provided by H. Arakawa, National 
Cancer Center, Tokyo, Japan). The amount of plasmid 
DNA in each sample was equalized by supplementing 
with empty vector. Transfection efficiency was 
normalized with the use of a co-transfected β- 
galactosidase (β-gal) plasmid. Luciferase activity was 
assayed on whole cell extract and the luciferase values 
were normalized to β-galactosidase activity and protein 
content and expressed as relative luciferase unit (RLU). 
The expression vectors used were: the Flag-tagged HIF- 
1α and the Flag-tagged HIF-1α with prolyl mutations 
P402A and P564A [33] (kindly provided by G.L. 
Semenza, The Johns Hopkins University School of 
Medicine, Baltimore, MD, USA), the dominant negative 
form of HIF-1α without DNA binding domain and 
transactivation  domain (pCEP4-HIF-1αDN) [18] 
(kindly provided by B.H. Jiang, Nanjing Medical 
University, China), HIPK2-GFP [2], pCMV-wtp53, and 
the p53Ser46D (constitutively phosphorylated) (kindly 
provided by Dr. L Mayo, Case Western Reserve 
University, Cleveland, Ohio, USA) mutant. 

 
siRNA interference. Cells were plated at semiconfluence 
in 35 mm dishes the day before transfection. Control- 
siRNA and siHIF-1α (Dharmacon) were transfected 
overnight using LipofectaminePlus reagent (Invitrogen) 
and 24 h later  cells  were  trypsinized  and  replated  and 
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transfected for the indicated period before harvesting for 
luciferase activity. 

 
Chromatin Immunoprecipitation (ChIP) assay. 
Chromatin Immunoprecipitation (ChIP) analysis was 
carried out essentially as described [30]. Protein 
complexes were cross-linked to DNA in living cells by 
adding formaldehyde directly to the cell vulture  
medium at 1% final concentration. Chromatin extracts 
containing DNA fragments with an average size of 500 
bp were incubated overnight at 40 C with milk shaking 
using rabbit polyclonal anti-HIPK2 (Santa Cruz 
Biotechnology) antibody. Before use, protein G (Pierce) 
was blocked with 1 μg/μL sheared herring sperm DNA 
and 1 μg/μL BSA for 3 h at 40 C and then incubated 
with chromatin and antibodies for 2 h at 40 C. PCR was 
performed with HOT-MASTER Taq (Eppendorf)  using 
2 μL of immuniprecipitated DNA and promoter-specific 
primers for human Bcl-2 [26], and CYP1B1 [9] 
promoters. Immunoprecipitation with non-specific 
immunoglobulins (IgG; Santa Cruz Biotechnology) was 
performed as negative controls. The amount of 
precipitated chromatin measured in each PCR was 
normalized with the amount of chromatin present in the 
input of each immunoprecipitation. PCR products were 
run on a 2% agarose gel and visualized by ethidium 
bromide staining using UV light. 

 
TUNEL assay. For TUNEL assay, 4x104  cells  were 
spun on a slide by cytocentrifugation and subsequently 
fixed in 4 % paraformaldehyde for 30 min at room 
temperature. After rinsing with PBS the samples were 
permeabilized in a solution of 0.1 % Triton X-100 in 
sodium citrate for  2  min.  Samples,  washed  with  PBS, 
were then incubated in the TUNEL reaction mix for 1 h 
at 370C, according to the manufacturer’s instructions 
(Roche, Germany). Cells were counter-stained with 
Hoechst   33342   before   analysis   with   a  fluorescent 
microscope (Zeiss). Standard deviations of three 
independent experiments were indicated. 

 
Statistics. All experiment unless indicated were 
performed at least three times. All experimental results 
were expressed as the arithmetic mean and standard 
deviation (s.d.) of measurements was shown. Student’s 
t-test was used for statistical significance of the 
differences between treatment groups. Statistical 
analysis was performed using analysis of variance at 5% 
(p<0.05) or 1% (p<0.01). 
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SUPPLEMENTARY FIGURES 
 
 
 

Figure S1. HIF‐1α confers  resistance to drug‐induced p53 apoptotic activation.  (a) 
Luciferase  assay  showed  impaired  p53AIP1‐luc  activity  in  C27  cells  in  response  to  X‐ray 
irradiation, compared to the C38 cells. Results represent mean ± s.d. from three experiments. 
(b) Luciferase assay of RKO cells stable  transfected with p53AIP1‐luc  reporter where HIF‐1α 
overexpression  inhibited  the  adryamicin  (ADR)‐induced  p53  transcriptional  activity.  Results 
represent mean ±  s.d.  from  three experiments.  (c) RT‐PCR  analysis of p53  apoptotic  target 
genes in RKO colon cancer cells where HIF‐1α overexpression inhibited the adryamicin (ADR)‐ 
induced p53 target gene transcription. GAPDH was a loading control. 

 
 
 
 

 

 

Figure S2. HIF‐1α inhibits HIPK2 through its transcriptional activity. (a) 293 cells were 
co‐transfected with 4 μg HIPK2‐GFP and 8 μg HIF‐1α‐Flag and 24 h after later equal amount of 
total cell extracts were immune‐precipitated with anti‐Flag antibody and immunoblotted with 
anti‐GFP antibody to detect protein/protein interaction. Input is 1/10 of the total cell extracts 
used for immune‐precipitation. (b) Immunoblot of 293 cells co‐transfected with HIPK2‐GFP  (4 
μg) alone or  in combination with the HIF‐1αDN (8 μg) expression vectors. The HIPK2 protein 
levels were not abolished by HIF‐1αDN. Anti‐tubulin was used as protein  loading control. (c) 
Immunoblot  in H1299 cells (p53 null) co‐transfected as  in (b). The HIPK2 protein  levels were 
strongly abolished by HIF‐1α. Anti‐tubulin was used as protein loading control. 
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Figure  S3.  Zinc  restores p53  activity  in HIF‐1α‐upregulated  cells.  (a)  Luciferase  assay 
showed  that  the  impaired Noxa‐luc  activity  in  C27  cells  in  response  to  X‐ray  irradiation was 
counteracted  by  zinc  treatment.  Results  represent mean  ±  s.d.  from  three  experiments.  (b) 
Similar  result  was  obtained  in  C27  cells  by  RT‐PCR  analysis  where  zinc  restored  the  p53  
apoptotic  gene  transcription  in  response  to  bleomycin  (Bleo).  GAPDH  was  used  as  internal 
control.  (c)  Tunel  assay  of  C27  cells  showing  increased  apoptotic  cell  death  only  after  zinc 
supplementation  to  Bleo  treatment.  (d)  Immunoblot  showing  increased  endogenous  HIPK2 
levels in C27 after zinc treatment. Anti‐tubulin was used as protein loading control. 

 
 
 
 
 
 
 
 

Figure S4. Zinc  restores HIPK2  recruitment onto  target promoter  in 
HIF‐1α‐upregulated  cells.  Chromatin  immunoprecipitation  (ChIP)  analysis 
performed with anti‐HIPK2 antibody on C38 cells and C27 cells untreated or 
treated with  zinc  (100  μM  for  24  h).  PCR  analyses were  performed  on  the 
immunoprecipitated DNA samples using specific primers for the human Bcl‐2 
and CYP1B1 gene promoters. A sample representing linear amplification of the 
total  input  chromatin  (Input)  was  included  as  control.  Additional  controls 
included  immunoprecipitation performed with non‐specific  immunoglobulins 
(No Ab). 
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Abstract:  In addition  to  its  function as a  tumour  suppressor, p53  is also  involved  in an  increasing number of pathology 
associated with aging. Several activities of p53 appear contribute to its role in aging; one function that might be particularly 
relevant in this context is the regulation of senescence. The control of ROS and senescence by p53 may help to explain how 
p53 can function to both restrain and promote aging. 

 
 

p53 functions as a longevity assurance gene (by virtue  
of its strong tumor suppressor activity) and a regulator  
of aging. In several mouse models, persistent low-level 
activation of p53, either through deregulated expression 
of p53 itself or in response to constitutive stress like 
DNA damage/telomere erosion, leads to premature 
aging [1,2]. However, mice with normal basal p53  
levels that have been engineered to a show a heightened 
ability to mount a p53 response show a very strong 
resistance to tumourigenesis without evidence of 
premature aging [3]. Indeed, in several of these models  
a decreased level of aging related damage is observed, 
indicating that p53 may also help to promote longevity. 
The control of aging reflects numerous activities of p53, 
including the modulation of the IGFR pathway through 
interplay between full-length p53 and N-terminally 
truncated splice variants of p53 [4] and the ability of  
p53 to restrict stem cell function [5]. p53 is also a key 
regulator of senescence, a central stress response that 
plays an important role in tumour suppression, but may 
also help to promote cancer development by inducing  
an inflammatory response [6]. The ability to control 
senescence is consistent with p53’s function in 
restraining cancer development, but can  the 
mechanisms through which p53 regulates senescence 
also contribute to the control of aging? 

 
Induction of senescence by p53 is associated with the 
regulation of p53-dependent genes that can participate  
in cell cycle arrest. While depletion of these 
components can impact senescence induction – 
supporting their role in mediating this response – the 
inhibition of cell cycle progression alone does not 
explain how this arrest can be turned into the definitive 
and permanent proliferation block  that  is characteristic 

of senescence. Furthermore, despite the clear 
documentation of p53’s ability to induce senescence, 
more recent evidence shows that p53 can also function 
to inhibit senescence while promoting cell cycle arrest 
[7]. So how can p53 both suppress and promote 
senescence? An important component of this  may  be 
the ability of p53 to control cell growth and metabolic 
stress through different pathways, including the 
regulation of ROS levels and the activity of mTOR 
(Figure 1). The ability of p53 to promote ROS 
production has been shown to participate in the 
induction of apoptosis by p53 [8]. But ROS are also 
known to be critical for senescence [9] and the p53 
target genes that increase ROS may also play an 
important role in senescence induction. However, p53 
also promotes the expression of a number of  
antioxidant genes, accounting for p53’s  ability  to 
control oxidative stress in cells and mice  [10].  So 
p53’s ability to decrease and increase oxidative stress 
likely contributes to its dual effect on senescence. 
Another factor that influences the outcome to p53 
activation is mTOR. While mTOR is normally 
associated with cell growth, activation of mTOR can 
contribute to and be essential for certain types of 
senescence [11,12], and the maintenance of mTOR 
signalling under conditions of cell cycle arrest leads to 
senescence in cultured cells [13]. p53 inhibits  the 
mTOR pathway at several levels [14], contributing to 
the anti-senescence activity of p53 [15]. Furthermore, 
mTOR can be activated by ROS [16], so p53's 
antioxidant activities may reinforce the dampening of 
mTOR and senescence (Figure 1). 

 
One of the main responses to mTOR inhibition is the 
induction of autophagy, a response that  allows  survival 
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under conditions of nutrient deprivation.  There  are 
several possible links between autophagy and 
senescence. Inhibition of autophagy results in the 
accumulation of protein aggregates, ER stress and 
mitochondrial dysfunction, each of which could promote 
senescence. However, other studies suggest that 
autophagy may be required for an efficient senescence 
response [17]. In either case, the ability of p53 to both 
enhance and inhibit autophagy [18] provides a further 
mechanism for the modulation of senescence. 

 
The activity of p53 is regulated through many 
mechanisms, but of particular interest with respect to  
the control of senescence and aging is a role for the 
histone deacetylase Sirt1, whose expression is strongly 
down regulated in senescent cells [19]. In contrast 
nutrient deprivation, which inhibits mTOR and can 
impede cellular senescence [13], has been shown to 
increase Sirt1 levels [20]. One way in which Sirt1 
functions is to deacetylate p53, modulating p53 activity 
and decreasing senesence [21]. Deactylation inhibits 
p53’s ability to transcriptionally activate some, but not 
all, target genes - including those  involved  in apoptosis 

induction, ROS production [22,23], and presumably  
also senescence (Figure 1). The presence of a chronic 
DNA damage response (as may be seen in cancer cells), 
which is linked to the induction of senescence [24], can 
directly increase p53 acetylation by inducing the 
phosphorylation of the N-terminus of p53 and so 
promoting the interaction with the acetyl transferases 
CBP/p300. Mouse models have shown that expression  
of phosphorylation resistant p53  inhibits the induction 
of senescence [25], while cells harbouring p53 with 
acetyl-mimicking mutations of the last seven lysine 
residues have an accelerated entry into senescence and 
are very resistant to senescence bypass [26], although the 
cell cycle arrest response in these cells remains normal. 
Phosphorylation and acetylation of p53 is also seen to be 
important during Ras-induced or replicative senescence 
[27,28]. Under these circumstances, it would seem that 
deacetylation of p53 by Sirt1 impedes the induction of 
senescence, as well as apoptosis. Taken together there is 
good evidence that acetylation of p53 promotes sense- 
cence and apoptosis, so inhibitors of the deacetylation 
enzymes might be useful drugs for the reactivation of 
these p53 responses for cancer therapy [29]. 

 
 
 

 
 
 
 

Figure 1. A model of how acetylation, oxidative stress and mTOR activity might 
influence the response to p53. Note that this model does not account for all published 
observations (e.g. reduction of the initial burst of mTOR activity during oncogene induced 
senescence [17]) and represents an oversimplification of these signalling pathways. 
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Several of the mechanisms implicated in the induction  
of senescence by p53 have also been linked to the 
regulation of longevity. Induction of mTOR and 
oxidative stress – and the complex interplay between 
them – is associated with aging [16] and Sirt1 is 
emerging as a key supporter of longevity in many 
organisms [30]. The induction of cellular senescence 
itself may result in loss of tissue renewal and 
architecture, organ dysfunction and organismal aging 
[31], while autophagy can protect from aging [32]. So it 
seems reasonable to propose that p53’s ability to 
influence aging is reflected – at least in part - by the 
mechanisms through which p53 controls senescence. 
But as we have discussed, p53 can promote and impede 
both senescence and aging - so which output prevails? 
The answer is not yet clear, but one determining factor 
may be the type or extent of the p53-inducing stress. 
Current models suggest that mild or constitutive stress 
induced by normal growth and proliferation lead to p53- 
induced antioxidant and repair functions, while strong  
or persistent p53 activity may tip the balance towards 
the induction of apoptosis or senescence, thereby 
favoring aging. The mouse models also clearly suggest 
that inappropriate p53 activity promotes aging while a 
robust but normally regulated p53 response protects 
from the aging process. One prediction of this model is 
that the persistent stress encountered in tumors would 
favor p53-induced senescence over a more transient cell 
cycle arrest – and indeed the activation of p53 in 
established tumors has been shown to promote 
senescence in some tissue types [33]. 

 
p53 is emerging as an important, but complex, player in 
the regulation of senescence and longevity. The ability 
of p53 to both activate and inhibit senescence is 
reflected in the ability to promote and inhibit oxidative 
stress and autophagy, and the ultimate establishment of 
senescence or quiescence is highly dependent on 
collaborating factors such as mTOR activity or  
oxidative stress. Ultimately, these bipolar activities of 
p53 become manifest in the contradictory effects on 
longevity and aging. p53 based cancer therapies may be 
rendered more effective by an increased propensity of 
transformed cells to undergo senescence, compared to 
normal cells. However, the idea that p53 can both 
promote and prevent aging adds even more spice to the 
consideration of how to use drugs that can induce or 
inhibit p53 activity. 
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Apoptosis and cellular senescence, two key tumor 
suppression mechanisms, are thought to be 
antagonistically pleiotropic. Antagonistic pleiotropy 
holds that functions that are advantageous for a young 
and reproductively fit organism (eg. cancer protection 
and proper development) can be deleterious when that 
same organism becomes old (eg. loss of stem cell 
proliferation and tissue degeneration leading to diseases 
associated with age) [1]. This theory predicts that in an 
older animal (or human), the activity of tumor 
suppressors would be associated with enhanced aging 
phenotypes. However, confirmation of a direct 
connection between apoptosis, senescence and aging 
remains elusive [2]. In fact, at least in the case of p53 
there is mounting data challenging the antagonistic 
pleiotropy model. 

 
Multiple lines of evidence from animal models suggest 
that a functional p53 pathway favors prolonged  
survival. Aging mice show a decrease in p53 activity 
correlated with increased tumor incidence as well as an 
overall reduction in longevity [3]. On the other hand, 
mice with an extra gene dosage of Arf and p53 show 
significant tumor protection, decreased  oxidative 
damage and delayed aging [4]. Animals  expressing  the 
p53S18A   mutation   present   with   accelerated   aging, 
and   cells from these  mice   undergo  early  senescence 
[5]. As phosphorylation of p53 at Ser18 (Ser15 in 
humans) is associated with activation, these results 
highlight a requirement for intact p53 signaling in 
longevity [6]. In the nematode Caenorhabditis elegans, 
mutations that lead to longevity preferentially  
antagonize tumor growth, likely due to an increase in 
DAF-16/p53–dependent apoptosis [7]. 

 
The mTOR pathway is intimately connected with 
organismal aging. In fact inhibition of mTOR either by 
treatment with rapamycin or by the inhibition of 
upstream signaling molecules, extends lifespan in yeast, 
worms  and flies  suggesting  that  this pathway  may be 

 
one of the main mechanisms that decrease lifespan [8]. 
p53 is able to regulate activity of mTOR following 
DNA damage or oncogenic stress by activation of 
PTEN, AMP kinase and TSC-2, each of which signals  
to diminish the activity of mTOR (Figure 1) [9, 10]. p53 
may also function downstream of mTOR by activating 
antioxidant genes and thus protecting cells against 
increased ROS levels in cells, one of the consequences 
of heightened mTOR activity [11-13]. 

 
As the ability of p53 to increase longevity becomes 
more evident, we should consider the role of its  
negative regulator, Mdm2, if not in the process of aging 
directly, at least in its effects on the activity of mTOR. 
Growth factor and oncogene signaling activate PI-3 
kinase and its downstream effector AKT, a protein 
kinase that activates mTOR via inhibition of TSC-1 
protein. AKT also phosphorylates Mdm2 leading to 
enhanced Mdm2 ubiquitin ligase activity and more  
rapid degradation of p53 (Figure 1) [8,  14]. 
Additionally, AKT stimulates FOXO phosphorylation, 
which results in FOXO nuclear exportation and  
ubiquitin dependent proteasomal degradation [15]. 
FOXO proteins have conserved abilities to increase 
longevity in worms and flies [16]. Indeed, Mdm2 was 
reported to function as an E3 ubiquitin ligase  to  
promote FOXO degradation, following activation of 
AKT, thus forging an additional link between Mdm2 
and changes in longevity [17]. 

 
Additionally, mTOR is able to positively regulate 
Mdm2 through an increase in translation of Mdm2 
mRNA. Consistently, an increase in p53 dependent 
apoptosis in the liver of mouse embryos treated with 
Rapamycin in utero is attributed mTOR’s ability to 
control translation of Mdm2 [18]. However, because the 
interplay between apoptosis and aging is likely to be 
highly context specific, it is important to note that mice 
expressing only ~30% of the wild type Mdm2 levels do 
not have an aging phenotype, while exhibiting  clear  en- 
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Figure 1. Signaling circuitry connecting Mdm2 with the regulation of longevity and metabolism. 
Both mTORC1  and  2  (mammalian  target  of  rapamycin  complex  1/2)  are  able  to  positively  regulate  the 
activity  of Mdm2,  either  through  enhancement  of  translation  of Mdm2 mRNA  or  via  activation  of  AKT. 
Conversely,  Mdm2  can  activate  mTORC1  by  targeting  p53  for  degradation.  p53  negatively  regulates  
mTORC1 by activating TSC1/2  (tuberous sclerosis 1/2) complex, which acts as a GTPase activating protein 
(GAP)  for  Rheb  (Ras  homologue  enriched  in  brain).  p53  can  also  repress  the  activity  of  PI‐3K 
(phosphatidylinositol  3‐kinase)  by  induction  of  PTEN  (phosphatase  and  tensin  homologue),  leading  to 
further  downregulation  of mTORC1. Arrows  represent  up‐regulation. Orange  diamonds  represent  kinase 
activity.  Blue  diamonds  represent  E3  ubiquitin  ligase  activity  of Mdm2.  AMPK,  AMP‐activated    protein 
kinase; FOXO, Forkhead box; PDK1, 3‐phosphoinositide‐dependent protein kinase 1. 

 
 

 
hancement in tumor protection [19]. It would be of 
interest to look at the effects of nutrient deprivation on 
the mice carrying an Mdm2 hypomorphic allele. 

 
In conclusion, as our notion of p53 function in aging  
and senescence changes, it is very tempting to imagine 
that just a slight inhibition of Mdm2 function in cells 
could both prolong full tumor surveillance mechanisms 
of p53, and in some circumstances increase longevity. 
Numerous molecular inhibitors of Mdm2 are in various 
stages of development with the goal of reactivating p53 
activity in cancer [20]. The idea that controlled 
pharmacological modulation of Mdm2 function might 
also have positive consequences in extension of human 
lifespan could be an unexpected benefit and an 
additional incentive for design of new compounds 
targeting Mdm2. 
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Abstract: Members  of  the  signal  transducers  and  activators  of  transcription  (STATs)  family  of  proteins, which  connect 
cytokine  signaling  to  activation  of  transcription,  are  frequently  activated  in  human  cancers.  Suppressors  of  cytokine 
signaling  (SOCS)  are  transcriptional  targets  of  activated  STAT  proteins  that  negatively  control  STAT  signaling.  SOCS1 
expression is silenced in multiple human cancers suggesting a tumor suppressor role for this protein. However, SOCS1 not 
only  regulates  STAT  signaling  but  can  also  localize  to  the  nucleus  and  directly  interact with  the p53  tumor  suppressor 
through  its central SH2 domain. Furthermore, SOCS1 contributes  to p53 activation and phosphorylation on serine 15 by 
forming a ternary complex with ATM or ATR. Through this mechanism SOCS1 regulates the process of oncogene‐induced 
senescence, which is a very important tumor suppressor response. A mutant SOCS1 lacking the SOCS box cannot interact 
with ATM/ATR,  stimulate p53 or  induce  the  senescence phenotype, suggesting  that  the SOCS box  recruits DNA damage 
activated kinases  to  its  interaction partners bound  to  its SH2 domain. Proteomic analysis of SOCS1  interaction partners 
revealed other potential targets of SOCS1 in the DNA damage response. These newly discovered functions of SOCS1 help to 
explain the increased susceptibility of Socs1 null mice to develop cancer as well as their propensity to develop autoimmune 
diseases. Consistently, we found that mice lacking SOCS1 displayed defects in the regulation of p53 target genes including 
Mdm2, Pmp22, PUMA and Gadd45a. The involvement of SOCS1 in p53 activation and the DNA damage response defines a 
novel tumor suppressor pathway and intervention point for future cancer therapeutics. 

 
 

SOCS1, cancer and senescence 
 

Cytokines are secreted proteins that regulate different 
cellular processes including survival, proliferation and 
differentiation. Following binding to their receptors, 
cytokines activate the Janus kinases (JAK1, JAK2, 
JAK3 and Tyk2) leading to the phosphorylation of 
tyrosine residues on the cytoplasmic portion of the 
receptor creating docking sites for signaling molecules 
containing a SH2 domain [1,2].  Members of  the STAT 

family of proteins that are recruited to the 
phosphorylated cytokine receptors themselves become 
phosphorylation substrates for JAK kinases. 
Phosphorylated STAT proteins homo- or hetero- 
dimerize and translocate to the nucleus to activate 
transcription of target genes by binding to specific 
response elements in their promoter regions. Among 
these cytokine-induced proteins, members of the SOCS 
family constitute important negative regulators of the 
JAK/STAT signaling pathway. 

www.aging-us.com            AGING 2010, Vol. 2, No. 7 



                      AGING www.aging‐us.com  95
 

There are eight members of the SOCS family of  
proteins (CIS, SOCS1-7), each of which harbor a  
central SH2 domain and a C-terminal SOCS box  region 
[3] (Figure 1). The suppressor of cytokine signaling 
SOCS1 was initially identified as a cytokine-inducible 
inhibitor of STAT signaling [4,5,6]. Through its SH2 
domain, SOCS1 can directly bind phosphorylated JAK2 
to prevent the phosphorylation of STAT. SOCS1 also 
possesses a kinase inhibitory region (KIR), a domain 
composed of less than 30 amino acids, which shares 
homology with the pseudosubstrate inhibitory region of 
JAK and leads to inhibition of the catalytic activity of 
JAK [7,8]. The SOCS box allows recruitment of elongin 
B/C and Cullin 2 to form an ubiquitin E3 ligase  
complex [9,10]. This allows the SOCS protein to 
operate as an adaptor to trigger ubiquitination and 
degradation of proteins involved in cellular signaling 
including JAK [11], TEL-JAK2 [12], IRS-1/2 [13],  
FAK [14], Vav [15] and Mal [16]. It is currently  
thought that SOCS1 contributes to tumor suppression 
due to its ability to control and terminate the activation 
of STATs [17,18,19,20,21,22,23,24,25]. On the other 
hand, the relationship between  SOCS1  and  other tumor 

suppressor pathways and the cellular mechanisms by 
which SOCS1 might exert its tumor suppression remain 
largely unexplored. 

 
To prevent the formation of cancer, normal cells  
possess intrinsic tumor suppressor mechanisms that are 
triggered upon oncogene activation. Like apoptosis, 
cellular senescence opposes cellular transformation by 
limiting the proliferation of cells expressing oncogenes. 
In normal human diploid cells, oncogene activation 
causes a permanent growth arrest with features of 
cellular senescence [26]. We have recently extended the 
list of oncogenes known to trigger the senescence 
response to include the JAK/STAT5 pathway. The 
transcription factor STAT5 is implicated in tumor 
formation by regulating important cellular processes 
including cell cycle progression, apoptosis,  
angiogenesis and metastasis [27]. However, in normal 
cells, expression of Tel/Jak2 or constitutively activated 
allele of STAT5A and B initiated a cell cycle arrest in 
G1 associated with markers of premature cellular 
senescence and activation of the tumor suppressors Rb 
and p53 [28,29,30]. 

 
 
 

 
 

Figure  1.  The  domain  architecture  of  the  different members  of  the    SOCS 
family of proteins. All eight members of the SOCS family harbor a central SH2 domain 
and  a  C‐terminal  SOCS  box.  Both  SOCS1  and  SOCS3  also  contain  a  kinase    inhibitory 
region (KIR). The region of SOCS1 interacting with p53 and ATM are shown [34]. 
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SOCS box proteins and the regulation of p53 
 

The activation of the p53 pathway following oncogene 
activation is crucial to induce senescence in normal 
cells. In mice, stimulation of p53 is dependent on 
p19ARF (Alternative Reading Frame), which is induced 
by several oncogenes [31,32]. However, the role of  
ARF in oncogene-induced senescence in human cells is 
still unclear [33]. In order to identify new regulators of 
p53 activation following constitutively  activated 
STAT5 expression in normal cells, we performed 
microarray analysis covering the entire human 
transcriptome. We observed that the expression of 
SOCS1 was highly increased at both mRNA and protein 
level during STAT5-induced senescence [34]. 
Unexpectedly, SOCS1 expression in normal human 
fibroblasts was sufficient to trigger a p53-dependent cell 
cycle arrest displaying features of the senescence 
phenotype. This function of SOCS1 was dependent on 
the integrity of its SOCS box. In addition, SOCS1, but 
not a mutant lacking the SOCS box domain, led to the 
accumulation of phosphorylated p53 on serine 15 and 
increased transcription of the p53 target gene p21CIP. 
The knockdown of SOCS1 during STAT5-induced 
senescence reduced the phosphorylation of p53 on 
Ser15, diminished the nuclear accumulation of p53 and 
compromised the development of senescence phenotype 
[34]. The remaining activated p53 and partial bypass of 
the senescence response observed following the 
knockdown of SOCS1 might arise from the ability of 
STAT5 to engage multiple signaling pathways to ensure 
p53 activation. For example, STAT5 can directly 
transactivate the promoter of the PML gene and 
stimulate its expression in a p53-independent fashion 
[30]. The PML protein can then inhibit Mdm2 and 
stimulate p53 [35,36] contributing to the senescence 
phenotype [37,38]. 

 
SOCS1 mediated STAT5-induced senescence via an 
unexpected protein-protein interaction between the SH2 
domain of SOCS1 and the transactivation domain of  
p53 [34]. Because the transactivation domain of p53 
harbors no tyrosine residues, the binding should occur 
independently of tyrosine phosphorylation, as reported 
before for SOCS1 binding to Vav [15] and for  other 
SH2 domains as well [39,40]. The von Hippel-Lindau 
protein (VHL), another SOCS box-containing protein, 
has been recently shown to interact with p53. This 
interaction does not rely on an SH2 domain but on the 
SOCS box domain of VHL. However, like SOCS1,  
VHL facilitates p53 interaction with the DNA damage 
activated kinase ATM [41]. Hence, SOCS1 links DNA 
damage signals stimulated by oncogenic activity to p53. 

Interestingly, SOCS1 is not the only protein  inhibitor  
of STAT implicated in the regulation of p53 activity. 
The protein inhibitors of activated STAT, PIAS1 and 
PIASy both promote the sumoylation and trans- 
criptional activity of p53 [42,43,44]. However, the 
mechanism of activation of p53 by PIAS is  still  
unclear. While the sumoylation of p53 by PIAS1 has 
been demonstrated [43], a mutated PIAS1 lacking the 
RING finger-like domain and defective in promoting 
p53 sumoylation was sufficient to activate p53 [44]. 
Furthermore, by controlling the activity  of  both  p53 
and Rb, PIASy regulates Ras-induced senescence and 
apoptosis [42]. These data suggest that the control of 
STAT signaling is tightly linked to the  activation  of 
p53 to possibly control the JAK/STAT oncogenic 
pathway. 

 
Inhibitors of STATs activity and the DNA damage 
response 

 
The stimulation of p53 during oncogene-induced 
senescence is associated with the activation of the DNA 
damage response [28,45,46]. The DNA damage 
observed in normal cells expressing activated  
oncogenes may be due to reactive oxygen species [47] 
and/or some type of replicative stress [45,46]. SOCS1- 
induced senescence was accompanied by the activation 
of the DNA damage-regulated kinases ATM and Chk2. 
Since the stimulation of p53 reporters by SOCS1 was 
partially blocked in cells depleted of ATM, ATM might 
participate in the SOCS1-dependent activation of p53. 
Using pulldown assays, we demonstrated that SOCS1 
interacted with both ATM and ATR through its SOCS 
box (Figure 1) [34]. ATM is an important mediator of 
the senescence response by activating the p53 pathway, 
mainly through phosphorylation of the Ser 15 residue 
[28,45,46]. Depletion of SOCS1 during STAT5-induced 
senescence caused a dramatic decrease in Ser15 
phosphorylation of p53. In order to form a ternary 
complex with p53 and ATM, SOCS1 must localize to 
the nucleus. We confirmed that SOCS1 is able to 
localize to the nucleus and that endogenous SOCS1 
colocalized to DNA damage foci with ATM during 
STAT5-induced senescence [34], thus reinforcing the 
notion that SOCS1 is a mediator of the DNA damage 
response. Not only SOCS1 but also other proteins 
controlling JAK/STAT signaling are known to localize 
to DNA damage sites. PIAS1 and PIAS4 were also 
shown to localize to DNA breaks and contribute to the 
DNA damage response by sumoylating BRCA1 [48,49]. 
Together, these findings strongly suggest a close link 
between cytokine signaling and the DNA damage 
response. 
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Figure 2. Schematic representation of the cell proliferation control exerted by SOCS1. Following 
activation of the receptor by cytokine binding, JAK phosphorylates the receptor creating a docking site for 
STATs.  JAK  then  phopshorylates  STATs  causing  its  release  from  the  receptor,  allowing  dimerization  and 
translocation to the nucleus to activate the transcription of specific genes  including members of the SOCS 
family. Subsequently, SOCS terminates cytokine signaling by blocking JAK activity and STAT recruitment to 
the  receptor. However, aberrant activation of  STAT5  triggered by oncogenic  fusion  kinases  like TEL‐JAK2 
might result in sustained levels of SOCS1 that can activate p53 by forming a complex with ATM and p53. 

 
 
 
 
 

Cytokines, senescence and SOCS1: an emergency 
switch to control proliferation 

 
Senescent cells secrete numerous cytokines and other 
mediators that modify the tissue microenvironment. The 
sum of these secreted factors constitutes what has been 
named the senescence-associated secretory phenotype 
(SASP) [50]. Among the SASP factors, IL-6 is required 
for the oncogene-induced senescence and induction of 
the tumor suppressor p15INK4B [51]. Furthermore, 
persistent, but not transient, DNA damage signaling 
triggers the ATM-dependent IL-6 secretion, presumably 
to call attention to the presence of damaged cells [52]. 
During oncogene-induced senescence, IL-6 also 
amplifies the secretion of IL-8 [51], which with GROα 
activates the CXCR2 receptor to reinforce senescence 
[53]. Among the factors secreted by senescent cells, 
IGFBP7 [54] and PAI-1 [55] contribute to the growth 
arrest response, while p53 regulates expression of 
chemokines directing the immune system to permit the 
clearance of senescent cells [56]. Collectively, these 
reports suggest that cytokine signaling could prevent 
tumor formation by promoting cellular senescence. 

The capacity of SOCS1 to activate the p53 pathway can 
establish an emergency anti-proliferative program in 
cells exposed to sustain or aberrant cytokine stimulation 
(Figure 2). Following normal activation of the 
JAK/STAT pathway, SOCS1 blocks the phospho- 
rylation of STAT by inhibiting or degrading JAK2. 
However, aberrant and sustained stimulation of STAT 
might induce a molecular switch allowing SOCS1 to 
localize to DNA breaks and stimulate ATM-dependent 
activation of p53. 

 
A general role for SOCS1 in the DNA damage 
response 

 
The localization of SOCS1 to DNA breaks during 
STAT5-induced senescence raises numerous questions. 
First, does the SOCS1 ubiquitin ligase activity 
contribute to the DNA damage response? A novel 
cascade of ubiquitination controlled by the E3 ubiquitin 
ligases RNF8/RNF168 and HERC2 have recently been 
reported to control the recruitment of BRCA1 and 
53BP1 by ubiquitinating the histones H2A and H2AX 
[57,58,59,60,61,62].  The presence of SOCS1 at DNA 
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breaks could not only regulate ATM-mediated p53 
activation but also control the DNA repair process. 
Second, what are the mechanisms underlying  the 
nuclear transport of SOCS1 and its presence at DNA 
damage foci? Since most of its interacting partners were 
localized to the plasma membrane, SOCS1 was 
considered to be mostly a cytoplasmic protein, but 
recent evidences suggest that it can localize to the 
nucleus under certain conditions including STAT5- 
induced senescence [34,63]. A bipartite nuclear 
localization signal (NLS) located between the SH2 
domain and the SOCS box allows nuclear localization  
of SOCS1 [63,64]. However, the mechanism controlling 
the active transport of SOCS1 remains unclear. A  
clearer understanding of the mechanisms controlling 
SOCS1 nuclear localization would be crucial to 
determine how SOCS1 mediates its tumor suppressor 
activity. Post-translational modifications like 
ubiquitination and phosphorylation that have been 
shown to control the nuclear localization of p53 
[65,66,67] and STAT [68] could also control the 
nucleo-cytoplasmic shuttling of SOCS1. Exclusion of 
SOCS1 from  the nucleus  would  prevent  the formation 

of the ternary complex with p53 and ATM, preventing 
the activation of p53. Furthermore, the phospho- 
rylation status of SOCS1 could regulate its activity  
since aberrant SOCS1 phosphorylation is associated 
with cellular transformation. Actually, phospho- 
rylation of SOCS1 triggered by the oncogenic v-Abl 
kinase impedes the SOCS1-Elongin B/C interaction, 
leading to sustained JAK/STAT signaling [69]. v-Abl 
signaling induces multiple serine/threonine kinases 
including members of the Pim kinase  family.  Pim-1 
and Pim-2 are required for efficient cellular 
transformation mediated by v-Abl [70] and are able to 
phosphorylate SOCS1 and disrupt its binding  to  
Elongin C [71]. Because SOCS1 requires  the  SOCS 
box to form a complex with ATM, v-Abl- or Pim 
kinase-mediated phosphorylation could potentially 
interfere with this interaction and block p53 activation. 
Therefore, it appears that aberrant phosphorylation by 
oncogenic kinases could interfere with the tumor 
suppressor activities of SOCS1 by at least  two  
different mechanisms: phosphorylated SOCS1 would  
not be able to inhibit the JAK/STAT pathway and to 
interact with ATM and promote p53  activation. 

 
 

Table 1. Identification of SOCS1 interaction partners by mass spectrometry* 
 

Elongin B Interacts with SOCS box [10] 
Pericentrin Cells depleted of pericentrin enter senescence due to p53 

activation [72] 
SHC (Src homology 2 domain containing) transforming 
protein 1 (SHC1) 

Member of the Shc protein family of molecular 
adaptors, SHC1 promotes apoptosis by its redox  
activity. SHC1 is implicated in the control of oxidative 
stress and life span in mammals [73]. 

Tripartite motif-containing 28 (TRIM28 or KAP1) TRIM28 is implicated in transcriptional control  through 
its interaction with the Kruppel-associated box 
repression domain. TRIM28 contributes to DNA repair 
mechanisms [74]. 

5’-nucleotidase, cytosolic II (NT5C2) NT5C2 hydrolyzes  5-prime-monophosphate (IMP)  and 
other purine nucleotides. NT5C2 is implicated in the 
maintenance of a constant composition of intracellular 
purine/pyrimidine nucleotides [75]. 

BCL2-associated transcription factor 1 (BCLAF1) BCLAF1, a transcriptional repressor that interacts with 
members of the BCL2 family of proteins, promotes 
apoptosis [76]. 

Human positive cofactor 4 (PC4) Suppressor    of    oxidative    mutator    phenotype [77]. 
  Accumulates at DNA damage foci [78].  

 

*For LC‐MS/MS analysis, 3XFlag‐SOCS1 was overexpressed in U2OS cells and immunoprecipitated two days post‐transfection using 
the anti‐Flag M2 Affinity Gel  (Sigma). The  total  immunoprecipitate was send  to  the Proteomics Core Facility of  the  Institute  for 
Research in Immunology and Cancer (IRIC, Montreal, Canada; www.iric.ca) for analysis. 

Protein Function
Elongin C Interacts with SOCS box [10]
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Finally, the role of SOCS1 as a mediator facilitating the 
interactions of ATM and ATR with their targets suggests 
that other interaction partners of SOCS1 could also 
become the substrates of ATM/ATR-dependent phospho- 
rylation during the DNA damage response. Proteomic 
analysis of SOCS1 complexes revealed putative 
interactions with several proteins that play a role in the 
DNA damage response, apoptosis or oxidative stress 
pathways (Table I). Future work will determine which 
functions of SOCS1 apply to every one of its interaction 
partners: ubiquitination followed by proteolytic 
degradation or DNA damage stimulated phosphorylation. 

 
CONCLUSIONS 

 
Studies on molecular mechanisms underlying cellular 
senescence have made significant contributions to the 
discovery of novel regulators of tumor suppressor 
pathways. Using microarrays or cDNA / siRNA  
screens, multiple researchers have identified novel 
regulators of p53 or Rb in controlling tumor formation. 
Using this approach to study STAT5-induced 
senescence, we identified SOCS1 as an important 
activator of the p53 and the DNA damage response. 
Surprisingly, the SOCS box represents a binding motif 
for ATM and ATR [34]. To date, about 40 proteins are 
known to harbor a SOCS box domain. Clearly further 
work will determine whether SOCS box-containing 
proteins also participate in the DNA damage response 
and control oncogenesis. 
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Abstract: Transient induction of p53 can cause reversible quiescence and irreversible senescence. Using nutlin‐3a (a small 
molecule  that  activates  p53 without  causing DNA  damage), we  have  previously  identified  cell  lines  in which  nutlin‐3a 
caused quiescence.  Importantly, nutlin‐3a caused quiescence by actively suppressing the senescence program  (while still 
causing  cell  cycle  arrest).  Noteworthy,  in  these  cells  nutlin‐3a  inhibited  the mTOR  (mammalian  Target  of  Rapamycin) 
pathway, which is known to be involved in the senescence program. Here we showed that shRNA‐mediated knockdown of 
TSC2,  a  negative  regulator  of mTOR,  partially  converted  quiescence  into  senescence  in  these  nutlin‐arrested  cells.    In 
accord,  in melanoma  cell  lines  and mouse  embryo  fibroblasts,  which  easily  undergo  senescence  in  response  to  p53 
activation,  nutlin‐3a  failed  to  inhibit mTOR.  In  these  senescence‐prone  cells,  the mTOR  inhibitor  rapamycin  converted 
nutlin‐3a‐induced senescence  into quiescence. We conclude that status of the mTOR pathway can determine, at  least  in 
part, the choice between senescence and quiescence in p53‐arrested cells. 

 
 

 
INTRODUCTION 

Depending on the cell type and other factors p53 
activation can result in apoptosis, reversible 
(quiescence) and irreversible (senescence) cell cycle 
arrest [1-8]. While the choice between apoptosis and  
cell cycle arrest has been intensively scrutinized, the 
choice between quiescence and senescence was not 
systematically addressed and remains elusive. In order  
to observe whether p53 activation causes either 
senescence or quiescence, others and we employed 
nutlin-3a. Nutlin-3a, a small molecular therapeutic, 
inhibits Mdm2/p53 interaction and induces p53 at 
physiological levels without causing DNA damage [9- 
11]. It was reported that nutlin-3a caused senescent 
morphology and permanent loss of proliferative 
potential [12, 13]. However, in other cell lines nutlin-3a 
caused quiescence so that cells resumed proliferation, 
when nutlin-3a  was  removed  [14-16].   Moreover,  we 

recently reported that in human fibroblasts (WI-38tert) 
and fibrosarcoma cells (HT-1080-p21-9), in which 
nutlin-3a caused quiescence [16], p53 acted as a 
suppressor of senescence [17]. Thus, ectopic expression 
of p21 in these cells caused senescence, while 
simultaneous induction of p53 converted senescence  
into quiescence [17]. In agreement with previous reports 
[18-20], we found that p53 inhibited the mTOR 
pathway [17]. Importantly, the mTOR pathway is 
involved in cellular senescence [21-26]. We suggested 
that p53-mediated arrest remains reversible as long as 
p53 inhibits mTOR. If this model is correct, then 
senescence would occur in those cells, in which p53 is 
incapable of suppressing mTOR. Here we provide 
experimental evidence supporting this prediction and 
demonstrate that irreversibility of p53-mediated arrest 
may result from its failure to suppress the mTOR 
pathway. 
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RESULTS 
 

Depletion of TSC2 favors senescence by p53 
 

We have shown that nutlin-3a caused quiescence in HT- 
p21-9 cells and WI-38tert cells [16]. In these cells, 
nutlin-3a actively suppressed senescence and this 
suppression was associated with inhibition of the mTOR 
pathway by p53 [17]. Next, we investigated whether 
nutlin-3a can cause senescence in cells lacking tuberous 
sclerosis 2 (TSC2) (Figure 1A), given that regulation of 
mTOR by p53 requires TSC2 [18]. The transduced cells 
were transiently treated with nutlin-3a as shown (Figure 
1B). The Tsc2-depleted cells acquired a large/flat 
morphology and could not resume proliferation, 
whereas cells treated with vector and nutlin-3a did not 
become senescent and resumed proliferation, forming 
colonies after removal of nutlin- 3a (Figure 1C-D). The 
potency of shTSC2  with different sequences varied and 
two other shTSC2 were less potent but still depleted 
TSC2 at some time points (Supplemental Figure 1) and 
partially decreased the proliferative potential in nutlin-
3a-arrested cells (Supplemental Figure 1). 

 
We next extended this observation to WI-38tert cells 
transduced with shTSC2  (Figure 2A).  In  control,  nutlin- 

3a caused a lean morphology, a characteristic of 
quiescence [16]. Depletion of TSC2 by shTSC2 
converted quiescent morphology to senescent morpholo- 
gy (Figure 2B). Furthermore, this was associated with 
permanent loss of proliferative potential (Figure 2C). In 
control, cells resumed proliferation after removal of 
nutlin-3a, whereas nutlin-3a caused permanent loss of 
proliferative potential in shTSC2-treated cells (Figure 
2C). In agreement with our results, it was previously 
observed that knockout of Tsc2 cooperates with p53 in 
induction of cellular senescence in MEFs [27]. 

 
Nutlin-3 causes senescence in Mel-10 and -9 cells 

 
We next wished to identify senescence-prone cells, 
which undergo senescence  in  response  to  nutlin-3a. In 
MEL-10 and Mel-9, two melanoma-derived cell lines, 
nutlin-3a induced p53 and p21 (Figure 3A) and caused 
senescent morphology (Figure 3B)  and  cells did not 
resume proliferation, when nutlin-3a was removed 
(Supplemental Figure 2). In contrast, rapamycin did not 
cause senescent morphology and cells resumed 
proliferation, when rapamycin was removed (Figure 3B 
and Supplemental Figure 2). Unlike rapamycin, nutlin-
3a did not inhibit S6 phosphorylation (Figure 3A), a 
marker of rapamycin- sensitive  mTOR activity. 

 

 
 

Figure 1. Depletion of TSC2 converts quiescence  into senescence  in HT‐p21‐9 cells.  (A) HT‐ 
p21‐9 cells were transduced with control lentivirus (pLKO) or lentivirus expressing shTSC2  (sequence # 
10) and selected with puromycin for 5 days and then immunoblot was performed. (B) Schema: Testing 
the  reversibility of nutlin‐3a effects.  (C) HT‐p21‐9 cells were  transduced with control pLKO or  shTSC2  
and 5000 cells were plated in 24‐well plates and, the next day, were treated with 10 uM nutlin‐3a for 3 
days. Then nutlin‐3a was washed out and the cells were cultivated in fresh medium for 3 days and then 
stained  for  beta‐Gal  and microphotographed.  Bars  50  um.  (D) HT‐p21‐9  cells were  transduced with 
control pLKO or shTSC2 (and selected for 4 days with puromycin). Then 1000 cells were plated per 60‐ 
mm dishes and, the next day, were treated with nutlin‐3a  for 3 days. Then nutlin‐3a was washed out  
and cells were cultivated in fresh medium for 8 days. Colonies were stained with crystal violet. 
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Figure  2.  Depletion  of  TSC2  converts  quiescence  into  senescence  in WI‐ 
38tert cells. (A)  Immunoblot. WI‐38tert cells were transduced with shTSC or control 
pLKO  and  cultured  for 5 days.  (B) WI‐38tert  cells were  transduced with  lentiviruses. 
Next day, medium was replaced and Nutlin  (10 uM) with our without rapamycin was 
added. After 4 days cells were washed and stained  for beta‐Gal. Bars 50 um.  (C) WI‐ 
38tert  cells were  transduced with  lentiviruses. Next  day, medium was  replaced  and 
Nutlin (10 uM) was added. After 4 days cells were washed and counted after 6 days. 

 
 

 
 
 
 

Figure 3. Effects of nutlin‐3a and  rapamycin on melanoma cells.  (A) Mel‐10 
and Mel‐9 cells were incubated with 10 uM nutlin (N) and 500 nM rapamycin (R) for 1 
day and immunoblot was performed. (B) Mel‐10 and Mel‐9 cells were incubated with 
10 uM nutlin and 500 nM rapamycin for 4 days, then drugs were washed out and cells 
were incubated for additional 4 days and stained for beta‐Gal. Bars 50 um. 
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Figure 4. Effect of rapamycin on nutlin‐induced senescence in melanoma cells. (A) Mel‐10 
cells were incubated with 2.5 and 10 uM nutlin with or without 500 nM rapamycin for 1 day 
and  then  immunoblot was performed.  (B) Beta‐Gal  staining. Mel‐10  cells were  incubated 
with 10 M nutlin alone and 500 nM rapamycin for 4 days, then drugs were washed out and 
cells were incubated for additional 3 days and stained for beta‐Gal. Bars 50 um. 

 
Rapamycin suppresses nutlin-3a-induced senescence 

 
To establish a causal link between mTOR and 
senescence, we next investigated whether inhibition of 
the mTOR pathway by rapamycin could convert nutlin- 
3a-induced senescence into quiescence. Rapamycin did 
not affect p53 and p21 induction caused by nutlin-3a  
but abrogated S6 phosphorylation (Figure 4A), 
associated with conversion from senescent morphology 
to quiescent morphology  (Figure  4B).  Importantly, 
cells were capable to resume proliferation following 
removal of nutlin-3a and rapamycin, indicating that the 
condition was reversible (Figure 4C). Similar results 
were obtained with Mel-9 cells (data not shown). 

 
Next, we extended this observation to cells of different 
tissue and species origin. As shown previously, nutlin- 
3a caused senescence in mouse embryonic fibroblasts 
(MEFs) [13]. Here we showed that nulin-3a failed to 
inhibit mTOR pathway in MEF (Figure 5A), and caused 
senescence (Figure 5 B). Rapamycin inhibited the 
mTOR pathway and converted senescent morphology to 
quiescent morphology (Figure 5). This suggests that 
failure to suppress a rapamycin-sensitive pathway 
determines nutlin-3a-induced senescence instead of 
quiescence. 

 
DISCUSSION 

 
The role of p53 in organismal aging and longevity is 
complex [28-32], indicating that p53 may act as anti- 
aging factor in some conditions.  We  have  recently  de- 

 
 

 
 
 
 
Figure 5. Effect of rapamycin on nutlin‐induced senescence in 
melanoma  cells.  (A)  Immunoblot. MEF  cells were  incubated 
with 10 nutlin‐3a with or without 10 nM rapamycin  for 1 day 
and  immunoblot  using  rabbit  anti‐phospho‐S6  (Ser240/244) 
and (Ser235/236) and mouse anti‐S6 was performed. (B) Beta‐ 
Gal staining. MEF cells were incubated with 10 uM nutlin alone 
or with 500 nM rapamycin for 4 days, then drugs were washed 
out and cells were incubated for additional 4 days and stained 
for beta‐Gal. Bars 50 um. 
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monstrated that p53 can suppress cellular senescence, 
converting it into quiescence [17]. In these quiescence- 
prone cells, p53 inhibited the mTOR pathway, which is 
involved in senescence program (Figure 6A). Still p53 
induces senescence in numerous cell types. Here we 
showed that in those cell types, in which nutlin-3a 
caused senescence, it failed to inhibit the mTOR 
pathway (Figure 6B). The role of active mTOR as a 
senescence-inducing factor in these cells was 
demonstrated by using rapamycin, which partially 
converted nutlin-3a-induced senescence into quiescence 
(Figure 6B, lower panel). This indicates that rapamycin- 
sensitive mTOR activity is necessary for senescence 
during nutlin-3a-induced cell cycle arrest. And vice 
versa, in quiescence-prone cells, depletion of TSC2 
converted quiescence into senescence (Figure 6A, lower 
panel).  Taken together, data suggest  that  activation  of 

the mTOR pathway favors senescence (Figure 7). In 
agreement, Ras accelerated senescence in nutlin- 
arrested cells [13]. Similarly, activation of Ras and 
MEK in murine fibroblasts converted p53-induced 
quiescence into senescence [33]. Interestingly, p53 
levels did not correlate with the senescence phenotype, 
suggesting that factors other than p53 may determine 
senescence [33]. These important observations are in 
agreement with our model that senescence requires two 
factors: cell cycle arrest caused by p53 and simul- 
taneous activation of the growth-promoting mTOR 
pathway (Note: Ras is an activator of the mTOR 
pathway). And vice versa it was observed that induction 
of p53 maintains quiescence upon serum starvation, 
without causing senescence [34]. In agreement, our 
model predicts that, by deactivating mTOR, serum 
starvation prevents senescence. 

 
 
 
 
 

 
 
 
 
 
 
 
 

Figure  6.  p53  causes  senescence  by  failing  to  suppress  senescence.  (A) 
Quiescence‐prone  cells.  Upper  panel.  P53  causes  cell  cycle  arrest  and  inhibits  the 
mTOR  pathway,  thus  ensuring  quiescence.  Lower  panel.  Transduction  of  cells with 
shTSC2 activates mTOR thus converting quiescence  into senescence. (B) Senescence‐ 
prone  cells. Upper  panel.  P53  causes  cell  cycle  arrest without  inhibiting  the mTOR 
pathway,  thus  ensuring  senescence.  Lower  panel.  Rapamycin  inhibits  mTOR  thus 
converting senescence into quiescence 
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Figure 7. Activation of the mTOR pathway favors senescence in nutlin‐3a‐arrested cells. 

 
 
 
 

Another factor that favors senescence is the duration of 
cell cycle arrest [13, 35]. Importantly, the duration of 
the arrest may exceed the duration of treatment with 
nutlin-3a because of persistent induction of p21 even 
after removal of nutlin-3a in some cancer cell lines [35]. 
Additional pathways may be involved in the senescence 
program. For example, nutlin-3a induces cytoskeletal 
rearrangement [36]. We speculate that p53 affects not 
only rapamycin-sensitive mTORC1 but also the 
mTORC2 complex, given that mTORC2 controls the 
actin cytoskeleton [37]. Also, p53 inhibits downstream 
branches of the mTOR pathway [38, 39]. P53 stimulates 
autophagy [18, 40], which in turn is essential for life- 
extension by pharmacological manipulations (see [41- 
44]). Finally, p53 affects cellular metabolism [45-48] 
and this effect may contribute to suppression of cellular 
senescence and synergistically potentate metabolic 
changes caused by mTOR inhibition. The relative 
contribution of all these mutually dependent factors 
needs further investigations. The key role of mTOR in 
cellular senescence links cellular and organismal aging 
and age-related diseases. 

 
MATERIAL AND METHODS 

 
Cell lines and reagents. HT-p21-9 cells are derivatives  
of HT1080 human fibrosarcoma cells, where p21 
expression can be turned on or off using a 
physiologically neutral agent isopropyl--thio- 
galactosidase (IPTG) [16, 49-51]. HT-p21-9 cells 
express GFP. WI-38-Tert, WI-38 fibroblasts 
immortalized by telomerase were described previously 
[16, 17]. Melanoma cell lines, MEL-9 (SK-Mel-103) 
and MEL-10 (SK-Mel-147), were described previously 
[52, 53]. RPE cells were described previously [21, 22]. 
MEF, mouse fibroblasts isolated from 13-day embryos, 
were provided by Marina Antoch (RPCI) and 
maintained in DMEM supplemented with 10% FCS. 
Rapamycin (LC Laboratories, MA, USA), IPTG  (Sigma- 

 
Aldrich, St. Louis, MO), nutlin-3a (Sigma-Aldrich) 
were used as previously described [17]. 

 
Lentiviral shRNA construction. Bacterial glycerol  
stocks [clone NM_000548.2-1437s1c1 (#10), 
NM_000548.x-4581s1c1    (#7)    and    NM_000548.2- 
4551s1c1 (#9)] containing lentivirus plasmid vector 
pLKO.1-puro with shRNA specific for TSC2 was 
purchased from Sigma. The targeting sequences are: 
CCGGGCTCATCAACAGGCAGTTCTACTCGAGTA 
GAACTGCCTGTTGATGAGCTTTTTG (#10), CCGG 
CAATGAGTCACAGTCCTTTGACTCGAGTCAAAG 
GACTGTGACTCATTGTTTTTG (#7) and CCGGCG 
ACGAGTCAAACAAGCCAATCTCGAGATTGGCTT 
GTTTGACTCGTCGTTTTTG (#9). 

 
pLKO.1-puro lentiviral vector without shRNA  was  
used as a control. Lentiviruses were produced in 
HEK293T cells after co-transfection of lentivirus 
plasmid vector with shRNA or control vector with 
packaging plasmids using Lipofectamine2000 
(Invitrogen). After 48h and 72h medium containing 
lentivirus was collected, centrifuged at 2000g and 
filtered through 0.22 uM filter.  Filtered  virus 
containing medium was used for cell infection  or  
stored at  -80 C. Cells were transduced with lentivirus  
in the presence of 8 mg/ml polybrene  and  selected  
with puromycin (1-2 mg/ml) for 4-6 days. Cells were 
treated with drugs either 24h after transduction or after 
puromycin selection for infected  cells. 

 
Colony formation assay. Plates were fixed and stained 
with 1.0 % crystal violet (Sigma-Aldrich). 

 
Immunoblot analysis. The following antibodies were 
used: anti-p53 and anti-p21 antibodies from Cell 
signaling and anti-actin antibodies from Santa Cruz 
Biotechnology, rabbit anti-phospho-S6  (Ser240/244) 
and (Ser235/236), mouse anti-S6,  mouse  anti-phospho- 
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p70 S6 kinase (Thr389), mouse anti-p21, rabbit anti- 
phospho-4E-BP1 (Thr37/46) from Cell Signaling; 
mouse anti-4E-BP1 from Invitrogen; mouse anti-p53 
(Ab-6) from Calbiochem. 

 
Beta-galactosidase staining. beta-Gal staining was 
performed using Senescence -galactosidase staining kit 
(Cell Signaling Technology) according to 
manufacturer’s protocol. 
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SUPPLEMENTAL FIGURES 
 
 

 
 
 

Supplemental  Figure  1.  Depletion  of  TSC2  converts 
quiescence into senescence in HT‐p21‐9 cells. (A) HT‐p21‐9 
cells were transduced with control lentivirus (pLKO) or lentivirus 
expressing  shTSC2  (sequence  #  7,  8,  9)  and  selected  with 
puromycin for 10 days and then immunoblot was performed. (B) 
HT‐p21‐9  cells  were  transduced  with  control  pLKO  or  shTSC2 
(and selected for 4 days with puromycin). Then 1000 cells were 
plated per 60‐mm dishes and,  the next day, were  treated with 
nutlin‐3a  for  3  days.  Then  nutlin‐3a was washed  out  and  cells 
were  cultivated  in  fresh  medium  for  8  days.  Colonies  were 
stained with crystal violet. 

 
 

 
 

Supplemental  Figure  2.  Irreversible  and  reversible  effects  of 
nutlin‐3a and rapamycin: Mel‐10 and Mel‐9 cells were  incubated 
with 10 uM nutlin  (N)  and 500 nM  rapamycin  (R)  for 4 day  and  
then nutlin‐3a was washed. After a week, cells were counted. 
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Abstract: Truncated and mutant forms of p53 affect life span in Drosophila, nematodes and mice, however the role of wild‐ 
type  p53  in  aging  remains  unclear.  Here  conditional  over‐expression  of  both wild‐type  and mutant    p53    transgenes 
indicated  that,  in  adult  flies,  p53  limits  life  span  in  females  but  favors  life  span  in males.  In  contrast,  during  larval 
development, moderate over‐expression of p53 produced both male and female adults with increased life span. Mutations 
of the endogenous p53 gene also had sex‐specific effects on life span under control and stress conditions: null mutation of 
p53 increased life span in females, and had smaller, more variable effects in males. These developmental stage‐specific and 
sex‐specific effects of p53 on adult life span are consistent with a sexual antagonistic pleiotropy model. 

 
 
 

INTRODUCTION 
 

The p53 gene encodes a transcription factor that 
regulates apoptosis and metabolism and is mutated in 
the majority of human cancers [1, 2]. The p53 protein 
functions as a tetramer with various protein domains 
mediating oligomerization, DNA binding and transcrip- 

 
tional transactivation.  Drosophila  contains  a  single 
p53 gene with a structure similar to humans [3-6] 
including two promoters, and the major protein products 
are of similar size: 393 amino acid residues for the 
human protein, Hp53, and 385 amino acid residues for 
the Drosophila protein, Dmp53 (Drosophila protein 
diagrammed in Figure 1A).  The  central  DNA binding 
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Figure 1. Summary of Drosophila p53 locus, mutations, transgenes and life span effects. (A) Diagram of p53 locus and major protein 
product Dmp53. The p53 gene is indicated in blue, including the two promoters, indicated by black arrows. The internal intron/exon structure of 
p53  is omitted here  for  clarity, but  is  shown below  in  (B). The pink arrows  in  indicate  the genes  that  flank p53 on  the 5’ and 3’  side, genes 
CG17119  and  CG17121,  respectively.  The  orange  arrow  indicates  the  gustatory  receptor  gene Gr94a,  located  in  the  p53  intron.  The  385  aa  
Dmp53 protein  is diagrammed using black and gray boxes,  including the N‐terminal transcriptional activation domain, the central DNA binding 
domain,  and  the  C‐terminal  oligomerization  domain  and  basic  region.    (B)  Diagram  of  endogenous  p53  transcripts  and  mutations.  The 
intron/exon structure of the A and B variant transcripts is indicated. The Gr94a gene is indicated in orange with an arrow indicating orientation. 
The location of insertion of the P element P{EPgy2}p53EY14108 in the second exon of the B isoform is indicated by a triangle, with an arrow indicat‐ 
ing  the  orientation  of  the  insert.  The  lower  black  bracket  indicates  the  breakpoints  of  the  3.3kb  deletion  in  the  p53[5A‐1‐4] mutation.  (C)  
Diagram of transgenic p53 constructs.  (D) Summary of p53 effects on adult life span.  The effect on adult life span of p53 wild type (A variant) 
over‐expression during larval development and in adults is diagrammed: Bars represent negative effects of p53 wild‐type on adult life span, while 
arrows represent positive effects on adult life span; thickness of the lines indicates relative strength of the effect. “Sum effect of p53” is the expe‐ 
cted summation of effects of p53 on adult life span, which is consistent with the life span phenotype of p53 null mutation (p53‐/‐), as indicated. 
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domain of Dmp53 protein shows partial sequence 
conservation with Hp53 [3]. The other domains of 
Dmp53 show less obvious sequence similarity to Hp53, 
but appear conserved in function. Similar to the N- 
terminal transcriptional activation domain of Hp53, the 
N-terminus of Dmp53 contains a high proportion of 
acidic residues, and Dmp53 has been shown to bind to 
conserved p53 response elements and activate 
transcription [3]. The C-terminus of Hp53 contains a 
basic region (9/26 residues) that can bind either DNA or 
RNA, and the C-terminus of Dmp53 is also relatively 
basic (6/24 residues). Finally, the oligomerization 
domain is located in the C-terminal portion of  Hp53, 
and the corresponding region of Dmp53 contains a 
conserved critical Gly “hinge” residue, and appears 
active in oligimerization based on yeast two hybrid 
assays. The p53 message is expressed at  very  low 
levels in adult tissues, with some enrichment indicated 
for the eye, malphigian tubule (similar to mammalian 
kidney), and female germ cells [7, 8]. 

 
Mutant forms of p53 lacking function of a particular 
domain can have powerful dose-dependent effects that 
are often dependent upon the presence of wild-type p53 
[3, 9-11]. For example, specific truncated forms of 
mouse p53 can cause enhanced cancer resistance and 
accelerated aging phenotypes, generally interpreted as a 
state of p53 hyperactivation [12]. Based on studies in 
mammals it has been suggested that p53 may exhibit 
antagonistic pleiotropy between life-cycle stages, in that 
it favors normal development, fecundity and cancer  resis- 

tance in young animals, but may promote aging in old 
animals [9, 13-15]. Recently p53 gene activity  was  
found to limit the life span of C. elegans hermaphrodites, 
and this effect was dependent upon the activity of the 
insulin/IGF1-like signaling (IIS) transcription factor gene 
Daf-16/FOXO [16]. In  Drosophila,  several  dominant 
p53 mutations and transgenes have been characterized, 
that generally appear to antagonize p53 activity [3]. 
Nervous-tissue expression of one of these dominant p53 
transgenes (p53 point mutation 259H) was found to 
inhibit IIS and extend life span in females [17, 18]. 
However it remains unclear if and how p53 might 
normally affect the life span of Drosophila males and 
females. Here the wild-type form of p53, as well as 
mutant forms, were assayed for effects on Drosophila life 
span, in both male and female flies. 

 
RESULTS 

Transgenic manipulation of p53 in adult flies 
 

Drosophila p53 transgenes were assayed for effects on 
life span both in adults and during larval development 
(see below). The conditional transgenic system 
Geneswitch [19-21] was used to over-express both wild-
type and mutant forms of p53. With the Geneswitch 
system transgene expression is triggered by feeding flies 
(or larvae) the drug RU486/Mifepristone.  A 
Geneswitch driver strain called Act-GS-255B was used 
(Table 1, strain 9), where the tissue-general actin5C 
promoter drives expression of the Geneswitch 
transcription factor. In the presence of RU486,  the Act- 

 
 
 

Table 1. Drosophila strains. 
 

Strain # Genotype Group (notes) 
2 w[1118] ; + ; Df(3R)Exel6193, P{XP-U}Exel6193 /TM6B, Tb (BL7672) - (Chromosomal Def uncovers p53)
3 y[1] w[1118] ; + ; p53[5A-1-4] (BL6815) - (deletion of p53 gene) 
4 y[1] w[1118] ; + ; p53[11-1B-1] (BL6816) M  (pt mutant) 
5 w[1118] ; p53[1] / TM6B, Tb M  (the same pt mutant as line 4)
6 w[1118] ; + ; + +
7 Oregon R ( + ; + ; +) +
8 y[1] w[67c23]; P{EPgy2}p53[EY14108] (BL 20906) M  (the P-insertion disrupts the B variant)
9 w ; P{Switch}Actin 255B (GeneSwitch Act-GS-255B driver)
16 y[1]w[1118]; P{w[+mC]=UAS-p53.Ex}3/T(2;3)TSTL, CyO:TM6B, Tb (UAS-p53 wild type) 
17 w ; P{w[+mC]=GUS-p53}2.1 (UAS-p53 wild type - CDM26)
18 w; P{w[+mC]=GUS-p53.Ct}AF51 (C-terminal p53 - AF51) 
19 w[1118]; +; P{w[+mC]=GUS-p53.Ct}B440/TM6B, Tb (C-terminal p53 - B440) 
20 w[1118]; P{w[+mC]=GUS-p53.259H} (p53 point mutation - 259H) 
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Figure 2. Conditional over‐expression of wild‐type p53 trans‐ 
genes  using  Geneswitch  system.  All  flies  were  the  progeny  of 
either Oregon R control (A) or p53‐WT transgenic strain (B, C) crossed 
to  the  tissue‐general Geneswitch  driver Act‐GS‐255B.  The  flies were 
cultured in the presence and absence of drug, as  larvae or adults, as 
indicated: M = males, F =  females, +  indicates culture  in presence of 
drug,  ‐  indicates  culture  in  absence of  drug.  The  number of  flies  in 
each group are indicated in parentheses. (A, B) Blue diamonds indicate 
male adults plus drug, pink squares  indicate male adults minus drug, 
orange triangles  indicate female adult plus drug, turquoise x  indicates 
female adults minus drug. (A) Control flies, progeny of Oregon R wild‐ 
type  and Act‐GS‐255B.  (B)  p53 wild‐type  transgene  over‐expression. 
Note male  larvae plus drug produced no adult  flies, whereas  female 
larvae  plus  drug  produced  only  three  escapers.  (C)  Titration  of  p53 
wild‐type  over‐expression  during  female  larval    development    and 
effect  on  subsequent  adult  life  span.  EtOH  indicates  the  ethanol 
solvent  for  the drug alone  (vector  control,  indi‐cated with  light blue 
diamonds).  Repeats  of  the  titration  experiments,  including  data  for 
males are presented in Supplementary Figure S1. 

GS-255B driver produces expression of UAS- 
containing target constructs in all the tissues of either 
larvae or adults [19, 22]: detailed characterization of the 
system using UAS-GFP reporter constructs  
demonstrates that the Act-GS-255B driver produces 
abundant transgene expression throughout all of the 
tissues of both adult flies and larvae, for both male and 
female animals, with slightly less (but still abundant) 
expression in adult males relative to females [22]. All of 
the flies examined in this study are the progeny of a 
cross; for example “16-9” flies are the progeny of  a 
cross of males of strain 16 (containing the UAS-p53 
wild-type transgene) with females of strain  9 
(containing the Act-GS-255B Geneswitch driver) to 
generate progeny containing both constructs (strains 
summarized in Table 1); in all cases crosses are 
indicated with the male parent genotype first, and the 
female parent genotype second. The RU486 drug itself 
had no significant effect on male or female life span 
when administered to adults (Figure 2A; statistical 
analyses summarized in Supplementary Table S1). 
When wild-type p53 was over-expressed specifically in 
adult flies, it had a negative effect (-16%) on mean life 
span in females (cross 16-9: 95% bootstrap CI for the 
ratio of the means [-21.11 - 11.61], log-rank p-value = 
2.21 ×10-6), and a positive effect (+6%) on mean life 
span in males (cross 16-9: 95% bootstrap CI [2.36 - 
10.37], log-rank p-value = 6.97 ×10-3) (Figure 2B; 
Supplementary Table S1).  Slightly larger changes were 
observed for median life spans (Supplementary Table 
S1), and similar results were obtained with multiple 
independent transgenic insertions of p53 wild-type (data 
not shown). In contrast, adult-specific over-expression  
of the dominant mutant p53 (point mutation p53-259H) 
transgene did not have a negative effect on female life 
span, and instead female life span tended  to  be 
increased (cross 20-9: +7%, 95% bootstrap CI [4.09 - 
9.72], log-rank p-value = 4.05 ×10-8) (Supplementary 
Figure S1B; Supplementary Table S1) [22], and similar 
results were obtained with p53 dominant mutant 
transgene p53-Ct[B440] (Supplementary Figure S1C; 
Supplementary Table S1). Because these Drosophila 
p53 dominant mutation transgenes are generally 
expected to antagonize the activity of wild-type p53, the 
data are consistent with wild-type p53 having a negative 
effect on adult female life span. The negative effect on 
life span of wild-type p53 over-expression in adult 
females and the lack of negative effect with dominant 
mutant p53 transgenes was also confirmed using the 
FLP-out conditional system [23] to cause transgene 
over-expression (data not shown). Taken together, these 
data indicate that in adult flies, p53 inhibits life span in 
females and favors life span in males. 



                      AGING www.aging‐us.com  115
 

Transgenic manipulation of p53 during development 
 

A strikingly different set of results was obtained when 
Drosophila p53 transgenes were expressed specifically 
during larval development. When administered only 
during larval development, the drug RU486 itself had  
no effect on subsequent adult female life span, and a 
small negative effect on subsequent adult male life span 
(~-4%; Supplementary Table S1). Over-expression of 
wild-type p53 at high levels during larval development 
was toxic to both males and females, in that no male 
adults were produced, and only three female adults 
(escapers) were obtained (Figure 2B). Intriguingly, the 
three female escapers had unusually long life spans: 86 
days, 92 days, and 96 days, respectively. To determine  
if this apparent life span increase was significant, and to 
investigate the developmental effects of wild-type p53 
over-expression in greater detail, the over-expression 
was modulated by titration of the RU486/Mifepristone 
drug, in replicated experiments. Titration of wild-type 
p53 over-expression during development again 
indicated toxicity at high levels of expression, with 
greater toxicity evident for males (Supplementary Table 
S2). Strikingly, at lower levels of induction, wild-type 
p53 produced both female and male adults with 
increased mean and maximal life span (Figure 2C; 
Supplementary Figure S1E-F; Table S2; female: +14%, 
95% bootstrap CI [9.29 – 19.27]; log-rank p-value ≈ 0; 
male: +15%, 95% bootstrap CI [10.54 – 19.30]; log- 
rank p-value = 4.97 × 10-7).  These data demonstrate  
that high-level expression of p53 can be toxic during 
development, whereas moderate over-expression of p53 
during development can cause increased life span in the 
resulting male and female adults. Consistent with this 
conclusion, expression of the dominant mutant 
transgenes during development tended to decrease the 
life span of the resultant male and female adults 
(Supplementary Figure S1A-D, Table S1). 

 
Effect of mutations in the endogenous p53 gene 

 
To confirm the effects of p53 on Drosophila life span, 
flies were examined that had a deletion or mutation of 
the endogenous p53 gene (mutations diagrammed in 
Figure 1B; strains listed in Table 1) [24]. Multiple trans- 
heterozygous p53 wild-type and mutant allele 
combinations were assayed for life span simultaneously 
as a control for genetic background effects and environ- 
mental effects (the “L” cohort, data summarized in 
Supplementary Tables S3, S4). This was done using two 
p53 wild-type strains (called the “+” group; strains 6  
and 7), two strains containing p53 null mutation (called 
the “-” group; strains 2 and 3), and three strains con- 
taining  p53 dominant mutations  (called the “M” group; 

strains 4, 5 and 8), and crossing each strain to each of 
the others in a “round-robin” approach.  In this way  
each of the various p53 genotypes (+/+, -/-, +/-, +/M, - 
/M, M/M) represents the average of multiple specific 
genetic backgrounds. This approach avoids  the  
potential complication of identifying p53 effects that 
might be specific to only one particular genetic 
background, such as would be created by using a 
backcrossing strategy. 

 
In flies with mutations of the endogenous p53 gene, the 
effect on life span should be the sum of the effects of 
p53 at various life-cycle stages, both positive and 
negative (diagrammed in Figure 1D); and indeed, p53 
mutations were found to have a significant effect on life 
span in both sexes (ANOVA, p < 0.0001; 
Supplementary Table S5): Null mutation (-/-)  of the  
p53 gene increased mean female life span by +13% 
(95% bootstrap CI [9.00 -17.28]; log-rank p-value ≈ 0) 
relative to wild-type (+/+) controls (Figure 3A; 
Supplementary Figure S2A; Supplementary Table S4). 
In the heterozygous p53 mutant genotype (-/+) average 
female life span was also increased relative to wild-type 
controls by +11% (95% bootstrap CI [8.41 - 13.59]; log-
rank p-value ≈ 0).  In male flies null mutation (-/-)  of 
the p53 gene increased mean life span by +12% (95% 
bootstrap CI [4.92-14.50]; log-rank p-value ≈ 0), 
whereas the effect of heterozygous mutation was 
smaller, yielding mean life span increases of +5.5% 
(95% bootstrap CI [2.15 – 7.53]; log-rank p-value ≈ 0) 
(Figure 3B; Supplementary Figure S2B; Supplementary 
Table S4). However, as seen below (Figure 4A, 
Supplementary Figure S4), the life span  increases  in 
p53 mutant males were not consistently observed when 
crosses were done in the opposite direction, and 
therefore may not be biologically significant. Similar 
effects of p53 null (-/-) and heterozygous (+/-)  
genotypes were obtained when the experiments were 
repeated using different culture conditions (richer food 
source and presence of mates) that yield shorter overall 
life spans (the “W” cohort; Supplementary Figure S3; 
Supplementary Tables S6, S7). Taken together, these 
data with endogenous p53 gene mutations support the 
conclusion that, in sum, p53 limits the life span of 
female flies, with smaller and more variable effects in 
male flies. 

 
Several Drosophila p53 dominant mutations (M) were 
examined and found to have complex effects on adult 
life span, depending upon the particular allele, and 
whether or not a wild-type copy of p53 was present in 
the background (Figure 3; Supplementary Figures S2, 
S3). Some of the variability in life span across geno- 
types is expected to  result  from  differences  in  genetic 
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background. Indeed, the complexity of p53 dominant 
mutations and their interactions with genetic background 
has recently been reviewed [25]. Strikingly, when  the 
data for the various p53 genotypes in the L cohort were 
grouped to control for genetic background effects, the 
dominant mutations tended to increase life span in 
females (+/M, -/M, M/M), and to decrease life span in 
males (+/M, M/M) (Figure 3; Supplementary Figure S2; 
Supplementary Table S4). Since the Drosophila p53 
dominant mutations are generally expected to antagonize 
wild type p53 function, the increased life span of +/M 
females relative to wild type (+/+) is consistent with the 
results obtained above suggesting that, in sum, p53 limits 
the life span of females. However, for the M/M genotype 
flies, a wild-type copy of the entire p53 gene is not pre- 
sent, and these genotypes produced the greatest increase 

in life span in females and the greatest decrease in life 
span in males. Therefore, these data suggest that the 
mutant forms of p53 may have sexually antagonistic 
effects on Drosophila life span that are not necessarily 
dependent upon the presence of a wild-type p53. 
Strikingly, these effects of dominant mutations on life 
span were highly dependent upon environment, since in 
the W cohort the dominant mutations tended to decrease 
life span in both males and females (Supplementary 
Figure S3; Supplementary Table S7). It will be of interest 
in the future to determine what is the mechanism for 
these opposite effects of dominant p53 mutations in  
males versus fe-males, and to determine if the dramatic 
gene-by-environ-ment effect of p53 dominant mutations 
in females is due to the presence of mates, the richer food 
source, or both. 

 

 
 

Figure  3.  Effect  of  p53 mutations  on  life  span.    Cumulative  survival  curves  for  L 
cohort. A key of p53 genotypes  is presented below the graphs. Males are  indicated with 
solid symbols and females are indicated with open symbols. (A) Females. (B) Males. 
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Controls for maternal effects and X chromosome 
effects 

 
In an effort to control for possible maternal effects and 
X chromosome effects, several life span assays were 
repeated with the crosses done in both directions 
simultaneously, i.e., varying which strain serves as 
mother or father for the cross (Supplementary Figure 
S4). An increase in life span of p53 null mutant (-/-) 
flies relative to wild-type (+/+) controls was obtained in 
female progeny regardless of cross direction 
(Supplementary Figure S4; Supplementary Table S8), 
thereby ruling out a primary effect of maternal 
genotype. In males a consistent change in life span was 
not observed, in that although the null mutants exhibited 
slight differences in life span compared to controls, the 
direction of change differed depending on the direction 
of the cross. Furthermore, while the survival curves of 
many of the reverse cross pairs differed from one 
another in both sexes (log-rank test, data not shown), in 
females there was strong concordance and highly 
significant results from comparisons of survival curves 
in both cross directions and relative to both controls, 
while this was not the case for males (Supplementary 
Table S8). These results demonstrate that the increased 
life span in females due to p53 mutation cannot be 
simply due to maternal or X chromosome effects, and in 
conjunction with the above findings, these data again 
suggest that p53 preferentially limits the life span of 
female flies. 

 
Sex-specific effects p53 on fly stress resistance 

 
Drosophila p53 is required for normal resistance of 
larval cells and tissues to certain kinds of stress, for 
example, ionizing radiation and UV toxicity [26, 27], 
and third-instar larvae that are null for p53 exhibit 
decreased survival when challenged with 4,000 Rads of 
ionizing radiation [28]. To determine if p53 genotype 
might have sex-specific effects on stress resistance in 
adult flies, male and female flies that were either wild- 
type or mutant for p53 were subjected to two types of 
life-shortening stress, ionizing radiation and 100% 
oxygen atmosphere, in replicated experiments (Figure 4, 
Supplementary Table S9). Treatment with 90,000 Rads 
of gamma-irradiation on day 10 of adult age reduced 
adult life spans by half, and p53 mutant female flies 
were again found to have greater mean life span than 
wild-type controls (+/-: +18%, 95% bootstrap CI [13.13 
-   23.36];   log-rank   p-value   =   0;     -/-:   +13%, 95% 
bootstrap  CI  [9.09  -  16.71];  log-rank  p-value  = 2.98 
×10-4). In contrast, p53 mutations were found to  
slightly reduce the survival of female flies subject to 
100% oxygen atmosphere (-/+: not significantly 
different  than  wild-type;   -/-:  -4%,  95%  bootstrap CI 

[−5.06 - −3.34]; log-rank p-value = 1.28 ×10-13). In 
males, p53 null mutants subject to ionizing radiation  
had significantly reduced mean life span, whereas 
heterozygotes fared slightly better than wild-type (+/-: 
+4%, 95% bootstrap CI [1.80 – 6.00]; log-rank p-value 
=  2.02  ×10-7;  -/-:  -19%,  95%  bootstrap  CI  [−20.68 - 
−17.06]; log-rank p-value ≈ 0). As with females, p53 
gene mutations tended to reduce male survival in 
response to a 100% oxygen environment (+/-:  −4%, 
95% bootstrap CI [−4.38 - −3.05]; log-rank p-value = 
4.44  ×  10-16;  -/-:  −15%,  95%  bootstrap  CI  [−16.13 - 
−14.10]; log-rank p-value ≈ 0). Therefore, wild-type  
p53 tended to favor the survival of both sexes under 
100% oxygen stress conditions, yet was detrimental to 
female life span in flies subject to ionizing radiation. 
Therefore the results for adults subject to ionizing 
radiation were similar to those observed during normal 
aging: normal p53 function increased survival of males 
and decreased survival of females. The fact that p53 
favored the survival of both sexes under the more  
severe life-shortening condition of 100% oxygen stress 
may be indicative of a threshold effect on survival that 
is sex-specific. 

 
DISCUSSION 

 
In these experiments a combination of genetic and 
transgenic approaches were used to study how p53 
affects the life span of male and  female  Drosophila. 
The conditional transgenic system Geneswitch was 
employed to produce tissue-general expression of p53, 
either during development or specifically in adults. 
Detailed characterization of the Geneswitch driver  
strain (“Actin-GS-255B”) using GFP reporter constructs 
demonstrated that the system yields truly tissue-general 
expression during larval development, as well as tissue- 
general expression in both male and female adults [22]. 
The data indicate that Drosophila p53 has effects on 
adult life span that are antagonistically pleiotropic 
between developmental stages and sexes  (summarized 
in Figure 1A). One advance of the present study is that 
life span effects were identified using transgenes 
encoding the full length, wild-type form of Drosophila 
p53 protein, as well as ones encoding mutant forms. In 
adults, wild-type p53 over-expression limited life span 
in females and favored life span in males. In contrast, 
during development, p53 over-expression acted in a 
dose-dependent manner to either reduce or increase the 
subsequent longevity of both male and female adults: 
high level expression during development was 
detrimental, whereas moderate over-expression 
produced increased life span. The dominant mutation 
transgenes generally produced the opposite effect of 
wild type p53 transgenes, in both males and females. 
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This indicates that the opposing effects of p53 
transgenes on male and female life span cannot be 
simply due to some cryptic difference in the efficiency of 

transgene expression in males versus females, or to 
some differential toxicity of the encoded proteins in 
males versus females. 

 
 
 
 

 
 
 

Figure 4. Survival  curves  for  the  indicated genotypes under  stress  conditions.  (A) 
Ionizing radiation.  (B) 100% oxygen survival. A key of p53 genotypes  is presented below the 
graphs. Males are indicated with solid symbols and females are indicated with open symbols. 
Survival curves for replicate experiments (cohort 2) are presented in Supplementary Figure S5. 
Survival statistics for these and replicate experiments are summarized in Table S9. 
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Results consistent with the transgenic manipulations 
were obtained from analysis of the endogenous p53 
gene: Null mutation of the endogenous p53 gene 
increased life span in females, and had smaller, more 
variable effects on male life span. The effects of p53 on 
adult fly survival under stress conditions were also sex- 
biased: wild-type p53 was found to favor the survival  
of both sexes under 100% oxygen stress conditions, yet 
to be detrimental to female life span in flies subject to 
ionizing radiation. In these experiments p53 expression 
and function is being altered in all of the tissues of the 
animal simultaneously, and therefore the effects 
observed are the sum of any possible tissue-specific 
effects of p53. Indeed our results suggest that the 
positive and negative effects of p53 on life span 
observed here with tissue-general alterations are 
comprised of a mix of both positive and negative tissue- 
specific effects, that combine to result in the observed 
opposite effects in males versus females (J.S. and J.T., 
2009 Experimental Gerontology, in press). 

 
The data presented here indicate that p53 null mutation 
increases life span in female flies, with smaller, more 
variable increases observed for male flies. Helfand and 
coworkers have previously reported that p53 null  
mutant male and female flies were sickly, with a 
shortened life span, however, statistical analysis was not 
presented [17]. One possibility is that the apparent 
reduction in life span and vigor previously reported for 
p53 null flies may have resulted from inbreeding 
depression in the homozygous mutant flies used in that 
study. In contrast, in the experiments presented here, 
multiple trans-heterozygous p53 null mutant genotypes 
were examined, so as to reduce possible inbreeding 
effects, and thereby reveal the life span benefit of p53 
null mutations. Helfand and coworkers also analyzed  
the effect on life span of nervous system-specific 
expression of two p53 dominant mutant transgenes, a C- 
terminal fragment transgene (p53-Ct), and the point 
mutant (p53-259H). They found that nervous system 
expression of p53-Ct throughout both development and 
adulthood increased female life span by +58%, and 
increased male life span by +32% [17]. Because the 
dominant mutations are generally expected  to 
antagonize p53 activity, their results are consistent with 
our conclusion that, in sum, p53 limits life span in 
females, with smaller effect in males (summarized in 
Figure 1D). Using the Elav-Geneswitch driver to restrict 
expression to the adult nervous system, Helfand and 
coworkers found that the p53-Ct transgene increased 
female life span by +18% to +26%, and the p53-259H 
transgene increased female life span by +11% to +13%, 
again consistent with our finding that p53 limits the life 
span of adult females. Indeed, using the tissue-general 
Act-GS-255B driver to restrict transgene expression to 

adults, we also found that the p53-Ct and p53-259H 
transgenes produced an increase in median life span in 
females (Supplementary Figure S1A-D) [22]. For adult-
specific expression in male nervous system, Helfand 
and coworkers reported life span data for only two 
assays, both using the p53-Ct transgene: using a high-
calorie food condition, male life span was reported to be 
increased by +13%, whereas using a low-calorie food, 
male life span was unchanged, and results for normal 
food were not presented [17]. That result might at first 
appear to be partly inconsistent with our conclusion that 
p53 favors life span in adult males, however, there are 
several possible explanations that might reconcile these 
results. First, the previous experiment involved the p53-
Ct transgene, encoding the p53 C-terminal fragment, 
and data from mammals suggests that certain dominant 
p53 mutants are capable of either antagonizing or 
promoting p53 activity, depending upon the level of 
expression and the cellular context [11]. Second, the life 
span increase was observed only under a high-calorie 
food condition, and our data suggest sex-specific 
interactions between dominant p53 mutations and 
diet/environment with regard to life span (Figure 3, 
Supplementary Figure S2). Under our conditions and 
using tissue-general expression, we found that adult-
specific expression of the dominant mutant p53 
transgenes tended to decrease male life span 
(Supplementary Figure S1, Table S1), consistent with 
our conclusion that p53 normally favors adult male life 
span. Finally, the effects of tissue- general expression, 
as tested here, will be the sum of all tissue-specific 
effects, be they positive or negative. Indeed our results 
suggest that the positive and negative effects of p53 on 
life span observed here with tissue- general alterations 
are comprised of a mix of both positive and negative 
tissue-specific effects (J.S. and J.T., 2009 
Experimental Gerontology, in press), that combine to 
result in opposite effects in males versus females 
(summarized in Figure 1D). Therefore, the previous 
results from the Helfand group (with the possible 
exception of a single assay of males under a high-
calorie food condition), are generally consistent with 
the results presented here. 

 
One possible mechanism by which p53 might act in 
adult flies to preferentially limit female life span is by 
stimulating IIS, since IIS appears to preferentially limit 
life span in females of Drosophila and other species  
[29, 30]. Studies in mammals provide precedent for 
crosstalk between p53 and the IIS pathway, including 
the target transcription factor FOXO, in regulating both 
aging and cancer [31, 32].  Consistent with this idea,   
life span extension in Drosophila females produced by 
nervous system-specific expression of the dominant 
mutant p53-259H transgene was found to correlate with 
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a reduction in IIS signaling [18]. In C. elegans,  
mutation of the p53 homolog cep-1 increased life span 
of adult hermaphrodites, and this increase required the 
function of the IIS target transcription factor gene Daf- 
16/FOXO [16]. To definitively rule in (or out) a role for 
IIS in Drosophila p53 life span effects will require 
future assays in the presence and absence of the Foxo 
transcription factor. 

 
Another possible mechanism by which p53 might affect 
life span is by altering proliferation or causing apoptosis 
in particular cell types. For example, ablation of germ- 
line cells in adult animals by forced over-expression of 
the bam gene caused increased life span in males and 
females [33]. However, while germ line ablation might 
be attractive as a possible mechanism for the increased 
life span observed in p53-over-expressing males, it is 
not consistent with the life span decrease observed in 
females. Alternatively, over-expression of  wild-type 
p53 specifically in adult diploid cells using an escargot- 
GAL4 driver caused ablation of most stem cells in the 
gut, and gut stem cell proliferation appears to be more 
rapid in females than in males [34]. While this might be 
attractive as a possible mechanism for the life span 
decrease observed in p53-over-expressing females, it is 
not consistent with the life span increase observed in 
males; indeed other experiments involving disruption of 
adult diploid cell function caused an equally dramatic 
decrease in life span in both sexes [35]. It will be of 
interest in the future to ask if p53 might be affecting life 
span through highly sex-specific or sexually opposite 
effects on cell proliferation and survival. Notably, over- 
expression of strong caspase inhibitors and other 
apoptosis and senescence regulatory genes in adult flies 
did not yield increased life span in either sex, and where 
negative effects on life span were observed, such  as 
with wingless and activated Ras, the negative effects 
were similar in males and females [22]. Those results 
tend to suggest that p53 may be acting through some 
other mechanisms, such as alterations in metabolism or 
autophagy. Additional possible mechanisms by which 
p53 might affect life span include sex-specific 
alterations in behavior, such as food intake, or 
potentially costly activities such as movement or 
aggression. 

 
In these experiments Drosophila p53 was also found to 
have sex-specific effects on survival under stress 
conditions. Wild-type p53 favored the survival of both 
sexes under 100% oxygen stress, yet was detrimental to 
female life span in flies subject to ionizing radiation. 
This may be indicative of a threshold effect on survival 
that is sex-specific. Mechanistically the ability of p53 to 
either favor survival or mortality may be related to  
p53’s  ability  to  regulate  both  repair  and  apoptotic 

pathways [1, 36-38], and perhaps the functional 
connection between p53 and FOXO in response to 
oxidative stress [25]. In line with our findings, C. 
elegans hermaphrodites that are long-lived due to p53 
(cep-1) mutation did not demonstrate increased 
resistance to oxidative (or UV) stress [16], however 
resistance to gamma irradiation was not examined. 
Strikingly, in C. elegans hermaphrodites, p53 has 
recently been found to increase life span in response to 
mild mitochondrial stress, and to decrease life span in 
response to severe mitochondrial stress, consistent with 
a threshold effect on survival [39] ; however effects in 
males have not been reported. In mice, reduced p53 
function results in resistance to lethality caused by 
moderate gamma irradiation and increased sensitivity to 
severe irradiation [40,41], again suggestive of a 
threshold effect, however any potential sex-bias has not 
been reported. Finally, long-lived female Drosophila 
that over-expressed dominant-mutant p53 in neurons 
exhibited increased resistance to the oxidative stressor 
paraquat [17]; however effects in males were not 
reported. Taken together the data are consistent with a 
model in which p53 has a threshold effect on survival 
under stress, and the threshold for the transition from 
favorable to detrimental depends upon the type of stress 
and the sex of the animal. Such a threshold model is 
consistent with extensive data from mammals and  
model systems demonstrating that p53 can either favor 
oxidative stress resistance and cell survival, or favor 
oxidative stress and cell death, depending upon the 
cellular and environmental context, and the degree of 
activation of p53 [38]. In mammals,  physiological  
levels of p53 activity appear to maintain normal cellular 
redox status, through sustained expression of  
antioxidant genes (e.g., Sesn1&2, GPX1, AIF) and 
metabolic genes (e.g., SCO2, PGM, TIGAR).  In 
contrast, hypo-physiological levels of p53 activity can 
suppress expression of antioxidant genes (e.g., 
Sesn1&2, GPX1) and cause increased oxidative stress. 
Similarly, hyper-physiological levels of p53 activity can 
induce pro-oxidant and apoptosis-promoting genes (e.g., 
NQO1, POX, BAX, PUMA, p66shc), and/or cause an 
imbalance in expression of antioxidant genes (e.g., 
MnSOD, PIG12, ALDH4, GPX), and again cause 
increased oxidative stress [38]. 

 
Antagonistic pleiotropy of gene function between 
younger and older animals is generally accepted as one 
of the most likely genetic mechanisms underlying aging 
[42]; however, specific genes exhibiting such pleiotropy 
have generally not been identified. One notable 
exception is data from mammals that suggests p53 
exhibits antagonistic pleiotropy between developmental 
stages. At young ages p53 favors fecundity and favors 
survival by acting as a tumor suppressor, yet at late ages 



                      AGING www.aging‐us.com  121
 

it may limit survival by promoting cell senescence, or 
through other mechanisms [13, 43]. Increasing evidence 
suggests that genes can also exhibit antagonistic 
plieotropy of function between the sexes, affecting a 
variety of traits including reproductive fitness and life 
span [30, 44-47]. The data presented here suggest that 
Drosophila p53 exhibits a combination of both 
developmental stage-specific and sex-specific 
antagonistic pleiotropy with regard to life span. If this 
result were to translate to humans, it would have 
implications for human aging related diseases such as 
cancer. Consistent with our results using flies, the 
effects of human p53 and p53-interacting genes such as 
MDM2 on cancer incidence and longevity are often sex- 
biased [48], and p53 has recently been implicated in 
regulating mammalian maternal fecundity [49]. 
Moreover, during mouse development, p53 null 
mutations cause a high frequency of neural tube defects 
and lethality that preferentially affects female embryos 
[50, 51], and interestingly, this sex difference appears to 
result from the number of X chromosomes rather than 
the presence or absence of the Y [52]. The sex-specific 
effects of p53 may be related to recent observations that 
in humans the X-chromosome dosage-compensation 
gene MOF can regulate p53 [53]; and notably the MOF 
gene is conserved and also X-linked in flies. Taken 
together the data support a sexual antagonistic 
pleiotropy model in which p53 function may be 
maintained by positive selection for fecundity and/or 
survival benefit during development, in young animals, 
and under certain stress conditions, despite acting at 
another stage of the life cycle and in the other sex to 
limit adult life span (summarized in Figure 1D). 

 
METHODS 

 
Drosophila culture. Drosophila culture and life span 
assays were performed as previously described [19]. 
Briefly, crosses were conducted in 250 ml urine- 
specimen bottles (Genessee Scientific) containing 35 ml 
of medium. Adult flies were maintained in narrow 
polystyrene vials (Genesee Scientific) containing 5 ml 
medium. Drosophila culture media contained cornmeal, 
agar, dextrose, yeast, and propionic acid to inhibit 
bacterial growth and tegosept to inhibit fungal growth 
[54]; except for the W cohort which were cultured on an 
older  recipe  containing  molasses  rather  than dextrose 
(food recipes summarized in Supplementary Table  
S10). Flies were maintained at 25oC and on a 12:12 
dark/light cycle, and were removed to room temperature 
for  less  than  1  hour  every  2  days  to  provide  fresh 
medium and remove and enumerate dead flies. To 
estimate life expectancy, single-sex mortality vials were 
established, with ~25 flies per vial (sample sizes were 
occasionally reduced due to rare escapers)  and  5 or  10 

replicate vials (depending on the experiment) per sex  
for every cohort. The L  cohort  deletion  experiment 
used 10 replicate vials per sex, the reverse-cross 
experiments used 5 vials per sex, the stress experiments 
used 5 vials per sex, the Geneswitch experiments used 5 
vials per sex, and the drug-titration experiments used 5 
vials per sex. Note that for each line in the W cohort 
~125 flies were maintained at ~25 flies per vial with 
mates. 

 
Drosophila strains. All Drosophila strains and 
genotypes are listed in Table 1, and several mutants and 
transgenes are diagrammed in Figure 1. Wild-type (A- 
isoform) and dominant-mutant p53 transgene stocks 
were obtained from Michael Brodsky [3] and 
Bloomington Drosophila Stock Center. P{UAS- 
p53.Ex}, p53 wild-type. P{GUS-p53.Ct}AF51, C- 
terminal fragment AA285-385, chromosome 2. P{GUS- 
p53.Ct}B440, C-terminal fragment AA285-385, 
chromosome 3. P{GUS-p53.259H}, AA substitution, 
chromosome 3. The p53 mutant strains were obtained 
from Kent Golic and Bloomington Drosophila Stock 
Center [55]. Df(3R)slo3 is deletion of entire p53 gene 
(“-”). Df(3R)Exel, P{XP-U}Exel is deletion of entire 
p53 gene (“-”). p53[5A-1-4] is 3.3kb internal deletion 
(“-”), and it’s structure was confirmed by PCR 
amplification and sequencing (diagrammed in Figure 
1B). p53[11-1B-1] is a point mutation that introduces a 
stop codon at nucleotide residue 211, and is predicted to 
yield a 70AA truncated protein (“M”). 
P{EPgy2}p53[EY14108] is a P element insert mutation 
obtained from Bloomington Drosophila Stock Center 
(BL 20906), and the insertion was mapped to the first 
exon of the p53 B-variant using inverse PCR 
(diagrammed in Figure 1B) [56]. Because the 
p53[EY14108] mutation is predicted to produce an 
altered complement of p53 protein isoforms, it is 
grouped here with the dominant mutants (“M”). 

 
Geneswitch conditional gene expression system. 
Geneswitch strains and protocols are as previously 
described [19-21]. The strain Act-GS-255B [19, 22] 
contains two inserts on the second chromosome of a 
construct in which the actin5C promoter drives 
expression of the Geneswitch coding region. RU486 
(Mifepristone, Sigma) was fed to adult flies or 
developing larvae by adjusting the food to ~160ug/ml 
final concentration. A stock solution of 3.2mg/ml of 
RU486 was prepared by dissolving drug in ethanol 
(100%). Control food received ethanol solvent alone. In 
certain experiments RU486 concentrations were titrated 
as  indicated.     All  ages  are  expressed  as  days  from 
eclosion at 25oC. To generate flies containing both the 
Act-GS-255B  driver  and  the  UAS-transgenes, virgins 
from  the  Act-GS-255B  strain  were  crossed  to  males 
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from each transgenic strain and the Oregon R wild-type 
strain as a control. Certain crosses were done in the 
opposite direction, as indicated in the “reverse cross” 
experiments. The life span assay result for p53-259H 
transgene over-expression in adult flies using Act-GS- 
255B driver has been previously published [22], and is 
included here with additional statistical analysis for 
comparison purposes (Supplementary Table S1). 

 
Statistical analyses. Initial cohort size was taken to be 
the number of flies in the vials at the beginning of the 
second two-day interval. Deaths during the first interval 
after transfer were considered to be due to injury during 
collection and therefore were excluded from the 
calculations. Survivorship was scored every other day 
and final cohort size was taken as summed deaths. The 
effect of p53 deletion, mutation, and over-expression on 
Drosophila life span was assayed in multiple trials for 
several lines. Life span summary statistics for each of 
the experiments (data pooled across replicate vials) and 
detailed statistical analyses are presented in the 
Supplementary Materials (Tables S1-S9). A non- 
parametric log-rank test was employed to compare the 
survival functions between p53 deficient or over- 
expression  genotypes  and  controls  [57].  To  further 
assess the effect of p53 on mean, median, and “maximal 
lifespan” (defined operationally here as the 90th 

percentile of life span), 95% double bootstrap-t 
confidence intervals for the ratio of the means (or ratio 
of the percentiles) of the experimental and control 
samples were computed using a custom Fortran script. 
Mixed effects models were  fit  to  data  from  each  sex 
separately to ascertain the effects of mutation type (M) 
and genotype (G) (fixed main effects) on life 
expectancy, with replicate vials (R) treated as a random 
effect using the nlme package in R. Mixed-effects 
models allow for a flexible representation of the 
covariance structure due to the grouping of the data and 
enabled the variation induced in the survival response  
by replicate vials to be characterized. As appropriate,  
the models were y = μ + M + R(M) + ε (where M = +/+, 
+/-, etc and G = 6-7, 2-6, etc was treated as an “inner” 
grouping) and y = μ + G + R(G) + ε, where ε indicates 
the within vial error variance. Post-hoc Tukey tests  
were performed to assess significant differences among 
means after correcting for multiple testing. Analyses 
were performed using the R statistical environment  
[58], unless otherwise noted. 
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Supplementary  Figure  S1.  Conditional  over‐ 
expression  of  wild‐type  and  dominant‐mutant 
p53  transgenes  using Geneswitch    system.    All 
flies  were  the  progeny  of  the  indicated  transgenic 
strains  crossed  to  the  ubiquitous  Geneswitch  driver 
Act‐GS‐255B.  The  flies were  cultured  in  the presence 
and absence of drug, as  larvae or adults, as  indicated: 
M  = males,  F  =  females,  A  =  adults,  L  =  larvae,  “+” 
indicates  culture  in  presence  of  drug,  “‐”  indicates 
culture  in  absence  of  drug.  (A)  Controls:  progeny  of 
Act‐GS‐255B  driver  crossed  to  Or‐R  wild  type.  (B‐D) 
p53  dominant‐mutant  transgene  over‐expression.  (B) 
UAS‐p53‐259H.  (C) UAS‐p53‐B440.  (D) UAS‐p53‐AF51. 
(E‐G). Titration of p53 wild‐type  (UAS‐p53WT‐CDM26) 
over‐expression  during  development  and  effect  on 
subsequent  adult  life  span.  (E)  Males,  cohort  1. 
Females of cohort 1 are shown  in Figure 2.  (F) Fema‐ 
les, cohort 2.  (G) Males, cohort 2. 
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Supplementary Figure S2.  Survival data for each genotype in cohort L. Survival curves. 
                                       (A) Females. (B) Males. 
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Supplementary Figure S2. Survival data  for each genotype  in  cohort L.  (C) Box  
plot  presentation  of  survival  data  for  each  genotype  in  cohort  L.  Blue  boxes  indicate  
males, pink boxes indicate females. 
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Supplementary  Figure  S3.  Survival  curves   for  flies  in   cohort   W. 
Grouped data. (A) Females.  (B) Males. 
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Supplementary Figure S3. Survival curves for flies in cohort W. Survival curves for 
each genotype.  (C) Females. (D) Males 
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Supplementary Figure S4. Reciprocal crosses. (A) Females, (B) Males. 
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Supplementary  Figure S4. Reciprocal crosses. (C‐G) Comparisons of reciprocal crosses for specific  genotypes. 
X and Y chromosomal composition of the flies is summarized to the right, along with the maternal p53 genotypes. 
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Supplementary Figure S4. Reciprocal crosses. (H) Box plot presentation of survival data for reciprocal crosses. 
Blue boxes indicate males, pink boxes indicate females. 
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Supplementary  Figure  S5.   Survival data for  flies  subjected to stress. 
(A) Irradiation, cohort 2.  (B) 100% oxygen atmosphere, cohort 2. 
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Supplementary Figure S5. Survival data for flies subjected to stress.  Box  plot 
presentation of survival data for flies subjected to stress; data is the sum of cohorts  1 and 
2. (C) Irradiation. (D) 100% oxygen atmosphere. Blue boxes indicate males, pink boxes 
indicate females. 
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Table S1. Summary of the effect on life span of wild‐type p53 over‐expression using the GeneSwitch system. 
 

p53 GeneSwitch over-expression experiments Male 
M-F Target 

transgene 
Gr N ± SD Mean life span 

Mean CI  %⊗ 
Med life span 

Med CI %⊗ 
 

Max
Max life span 

CI %⊗ 
P-val Sig 

7-9 + L-A- 120 14.25 84.6 NA 90 NA 98 NA NA NA
  L+A- 123 22.48 78.44 −4.77 - −2.78 86 −9.58  - −1.58 98 −3.67  - −2.28 0.204  
  L-A+ 119 10.94 83.08 −4.76 - 1.25 86 −7.34  - −1.95 94 −8.41  - −1.59 6.58 ×10-3

 * 
16-9 p53- L-A- 122 14.76 71.11 NA 72 NA 86 NA NA NA

 WT[Ex]            

  L+A- 0⊗ NA NA NA NA NA NA NA NA NA 
  L-A+ 117 12.54 75.38 2.36 - 10.37 78 5.83 - 15.51 90 1.67 – 10.11 6.97 ×10-3

 * 
18-9 p53- L-A- 123 13.77 82.05 NA 86 NA 95.6 NA NA NA

 Ct[AF51]            

  L+A- 121 14.59 79.72 −6.11 - 0.77 80 −14.59 - −6.97 96 −4.65 - 6.52 0.159 _ 
  L-A+ 118 11.15 79.71 −5.73 - 0.55 78 −12.89 - −9.30 96 −4.01 - 4.57 0.032 _ 

19-9 p53- L-A- 99 13.05 76.71 NA 78 NA 90 NA NA NA
 Ct[B440]            

   125 18.47 61.7 −23.45 - 66 −18.34 - −10.18 80 −19.48 - 8.16 ×10-
 ***

  L+A-    −15.28    −5.97 12  
  L-A+ 127 16.1 73.1 −8.26 - −0.79 76 −6. 88 - −1.93 88.8 −7.08 - 9.28 0.194    

20-9 p53-259H L-A- 118 13.86 71.54 NA 72 NA 88 NA NA NA
  L+A- 119 16.92 67.73 −10.46 - −0.72 70 −5.33 - 0.00 84 −10.19 - 2.22 0.069    
   125 10.41 68.9 −7.11 - −0.02 70 −2.77 - 1.76 78 −15.77 - 2.11 ×10-3

 * 
  L-A+        −5.53   

 
p53 GeneSwitch over-expression experiments Female 
M-F Target 

transgene 
Gr N ± SD Mean life span 

Mean CI  %⊗ 
Med life span 

Med CI %⊗ 
 

Max
Max life span 

CI %⊗ 
P-val Sig 

7-9 + L-A- 116 9.64 92.02 NA 94 NA 102 NA NA NA
  L+A- 124 8.61 91.97 −3.33 - −0.72 94 −2.88 - 2.79 106 −1.41 - 3.62 2.55 ×10-2

 
  L-A+ 121 15.74 94.69 0.866 - 2.72 94 −4.76 - 0.00 104 2.33 – 7.41 3.10 ×10-3

 * 
16-9 p53- L-A- 119 16.09 88.35 NA 94 NA 100 NA NA NA

 WT[Ex]            

  L+A- 3⊗ 5.03 91.33 NA 92 NA 95.2 NA NA NA 
   101 22.07 74.02 −21.11 - 80 −23.06 - −8.69 98 −3.39- 2.09 2.21 ×10-6

 *** 
  L-A+    −11.61       

18-9 p53- L-A- 123 8.861 92.2 NA 94 NA 102 NA NA NA
 Ct[AF51]            

   123 20.08 81.82 −14.90 - 86 −12.87 - −5.66 100 −5.59 - 3.40 ×10-3
 * 

  L+A-    −8.03    −1.96   
  L-A+ 125 16.53 89.18 −6.71 - −0.35 94 0.00 - 3.19 104 −3.83 - 2.28 8.57 ×10-1

 

19-9 p53- L-A- 127 13.54 86.3 NA 90 NA 98 NA NA NA
 Ct[B440]            

   125 22.35 64.56 −29.62 - 70 −26.06 - 85.2 −16.43 - 0 *** 
  L+A-    −20.83  −18.68  −7.00   
  L-A+ 125 14.39 89.31 1.96 - 6.81 94 4.38 - 9.12 100 0.35 - 4.09 4.72 ×10-2

 

20-9 p53-259H L-A- 119 8.495 75.39 NA 76 NA 84 NA NA NA
   125 22.02 70.24 −11.94 - 76 −3.71 - 5.72 88 1.80 - 8.56 2.02 ×10-1

 
  L+A-    −2.49       
  L-A+ 119 10.98 80.66 4.09 - 9.72 82 4.52 - 14.04 92 4.26 - 13.18 4.05 ×10-8

 *** 
 

95% double bootstrap‐t confidence intervals for the ratio of the means (or ratio of the percentiles) of the mutant and wild‐type samples were 
computed as listed. The mean, median, and maximal life span values are reported for each genotype as well as the P‐values representing the 
significance of the log‐rank test of the null hypothesis that there is no difference in the probability of death between functions between wild‐ 
type untreated and p53 over‐expressing  flies. Note  that *  indicates 1.00 ×10‐3 < P < 5.00 ×10‐2, **  indicates 1.00 ×10‐8 P < 1.00 ×10‐3, *** 
indicates P < 1.00 ×10‐8. 
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Table S2. Summary of the effect of wild‐type p53 over‐expression titrated at various levels during development on 
Drosophila life span. 

 

p53  wild-type dilution experiment, cohort 1 and cohort 2 combined, Male
Gr M-F N ± SD Mean   life span 

Mean CI %⊗ 
Med life span 

Med CI  %⊗ 
Max  life span 

Max CI %⊗ 
P-val Sig 

No Drug 17-9 200 17.75 59.08 NA 64 NA 74 NA NA NA
1:1000 17-9 204 9.92 67.68 10.54 – 19.30 68 3.63 - 8.99 78 2.48 – 8.52 4.97 ×10-7

 ** 
1:100 17-9 209 11.23 65.13 6.12 – 15.09 68 6.07 - 11.26 74 −4.77 - 3.03 1.73×10-2

 * 
1:10 17-9 203 65.13 67.89 7.60 – 19.77 70 6.84 – 12.35 78 1.27 – 8.37 2.68 ×10-10

 ***
1:1 17-9 1⊗ NA NA NA NA NA NA NA NA NA 

p53  wild-type dilution experiment, cohort 1 and cohort 2 combined, Female
Gr M-F N ± SD Mean   life span 

Mean CI  %⊗ 
Med  life span 

Med CI  %⊗ 
Max  life span 

Max CI %⊗ 
P-val Sig 

No Drug 17-9 230 18.97 59.56 NA 68 NA 76 NA NA NA
1:1000 17-9 221 18.39 68.15 9.29 – 19.27 72 −0.78 – 5.88 84 5.51 -10.53 6.66 ×10-16

 *** 
1:100 17-9 217 12.90 72.26 16.92 – 26.49 74 5.29 - 12.74 84 6.79 - 13.81 0 ***
1:10 17-9 205 12.40 67.89 9.33 – 18.73 70 −0.33 – 5.89 78 −0.52 - 4.92 1.35 ×10-4

 ** 
1:1 17-9 16 16.69 57.62 −21.09 – 8.51 62 −26.15 - −2.34 74 −11.67  - 7.36 0.17  

 
Wild‐type p53 over‐expression was induced using the GeneSwitch system and titrated at various levels with the drug RU486. 
Note that for the 1:1 dilution, only 1 male pupae eclosed. 95% double bootstrap‐t confidence intervals for the ratio of the  means 
(or  ratio  of  the  percentiles)  of  the mutant  and wild‐type  samples  in  each  condition were  computed  as  listed  for  each  p53 
concentration  in  the  combined  data  from  two  trials.  The mean, median,  and maximal  lifespan  values  are  reported  for  each 
genotype  as well  as  the  P‐values  representing  the  significance  of  the  log‐rank  test  of  the  null  hypothesis  that  there  is    no 
difference in the probability of death between functions between wild‐type untreated and p53 over‐expressing flies. Note that * 
indicates 1.00 ×10‐3 < P < 5.00 ×10‐2, ** indicates  1.00 ×10‐8 P < 1.00 ×10‐3, *** indicates P < 1.00 ×10‐8. 
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Table S3. Summary of the significance of p53 deletion or mutation on life span. 
 

L cohort b Male 
M-F Gr N ± SD Mean life span 

Mean CI %⊗ 
Med life span 

Med CI %⊗ 
Max life span 

Max CI %⊗ 
P-val Sig 

6-7 +/+ 234 14.82 74.05 NA 76 NA 88 NA NA NA 
3-2 -/- ⊗178 24.53 83.07 7.13 - 16.53 90 14.26 - 23.92 98 8.84 - 11.36 0 *** 
2-6 -/+ ⊗210 13.03 73.97 −3.15 - 2.80 77 −6.11 - 4.74 86.2 −5.04 - −2.27 0.39    
2-7 -/+ 195 19.83 86.86 13.22 - 21.24 92 14.31 - 24.91 100 11.88 - 15.32 0 *** 
3-6 -/+ 236 13.19 73.69 −3.26 - 2.47 74 −6.92 - 0.51 88 −1.80 - 2.91 0.13  

3-7 -/+ 97 23.28 80.29 2.31 - 13.61 86 6.61 - 19.99 100 10.76 - 15.32 6.47 ×10-10
 *** 

5-6 M/+ 211 16.95 58.93 −23.65 - −17.35 62 −22.11 - −11.32 82 NA 0 ***
5-7 M/+ 187 14.93 76.47 −0.25 - 6.59 78 −0.35 - 7.45 90.8 2.35 - 8.69 0.074    
8-6 M/+ 241 13.77 66.85 −12.58 - −6.90 68 −13.15 - −5.58 82 −7.74 - −5.90 1.32 ×10-11

 *** 
8-7 M/+ 231 17.79 76.44 −0.36 - 6.88 82 4.69 - 12.06 92 0.46 - 7.46 3.20 ×10-3

 *
2-8 -/M 227 17.53 73.43 −4.19 - 2.36 78 −3.37 - 5.65 88 −1.78 - 2.03 0.92    
5-3 M/- 202 16.83 60.09 −22.03 - −15.76 60 −26.13 - −14.92 81.8 −6.82 - −1.26 0 ***
5-2 M/- 235 16.79 78.09 −5.00 - 1.51 82 4.83 - 11.49 95.2 9.10 - 15.26 6.94 ×10-6

 ** 
8-3 M/- 211 17.47 72.72 −4.98 - 2.52 74 −5.63 - 0.65 92 −2.43 - 11.30 0.92    
8-5 M/M 226 16.05 59.09 −23.01 - −17.26 60 −23.30 - −15.94 78 −16.17 - −7.75 0 *** 

 
L cohort b Female 
M-F Gr N ± SD Mean life span 

Mean CI %⊗ 
Med life span 

Med CI %⊗ 
Max life span 

Max CI %⊗ 
P-val Sig 

6-7 +/+ 238 14.54 74.68 NA 76 NA 90 NA NA NA
3-2 -/- 242 22.22 84.47 9.00 - 16.99 88 13.07 - 21.08 102 10.47 - 19.52 0 *** 
2-6 -/+ 237 9.92 79.11 3.40 - 8.62 82 7.89 - 13.22 88 −4.63 - −0.15 0.05 * 
2-7 -/+ 238 20.11 81.39 5.29 - 12.64 86 10.36 - 16.84 96 3.85 - 8.92 0 *** 
3-6 -/+ 225 19.67 84.29 8.96 - 16.55 88 12.47 - 19.58 96 2.24 - 8.88 0 *** 
3-7 -/+ 126 14.82 89.03 15.20 - 22.93 92 15.58 - 28.32 100 8.41 - 13.49 0 *** 
5-6 M/+ 212 15.32 65.82 −14.91 - −8.90 68 −13.10 - −7.01 81.8 −10.96 - −4.47 6.53 ×10-14

 *** 
5-7 M/+ 227 19.18 91.32 18.39 - 26.10 96 23.53 - 30.09 106 15.00 - 21.18 0 *** 
8-6 M/+ ⊗208 21.00 89.36 15.18 - 23.80 96 23.93 - 31.21 106 14.98 - 22.09 0 *** 
8-7 M/+ 210 15.27 92 19.74 - 26.56 94 NA 104 NA 0 *** 
2-8 -/M 215 20.74 89.01 15.09 - 23.10 94 23.68 - 30.52 102 8.87 - 15.67 0 *** 
5-3 M/- 225 18.15 78.90 1.89 - 9.10 84 10.53 - 13.95 92 −0.165 - 4.88 4.28 ×10-7

 ** 
5-2 M/- 221 16.31 74.37 −3.69 - 2.68 78 −0.026 - 8.22 88 −4.65 - 0.11 0.95    
8-3 M/- 231 17.70 93.8 21.72 - 29.48 98 28.95 - 33.40 102 16.92 - 22.64 0 *** 
8-5 M/M 231 22.60 86.94 12.14 - 20.48 92 18.42 - 25.00 102 10.14 - 15.88 0 *** 

 
To assess the effect of p53 mutation on mean, median, and maximal lifespan, 95% double bootstrap t confidence intervals for the 
ratio of the means (or ratio of the percentiles) of the mutant and wild‐type samples were computed as listed for the combined data 
for  the L‐cohort and stress assays. The  log‐rank  test was employed  to  test  the null hypothesis  that  there  is no difference  in  the 
probability  of  death  between  wild‐type  and  p53  mutant  flies.  P‐values  indicating  the  significance  of  the  tests  are reported. 
Indicates exclusion of an outlier vial. 
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Table S4. Summary of the effect p53 deletion or mutation on life span in grouped data. 
 

L cohort  grouped Male 
Gr N ± SD Mean  lifespan

Mean CI %⊗ 
Med  life span
Med CI  %⊗ 

Max  life span 
Max CI %⊗ 

P-val Sig 

+/+ 234 14.82 74.05 NA 76 NA 88 NA NA NA
-/- ⊗178 24.53 83.07 4.92 - 14.50 90 13.09 - 22.05 98 8.84 - 11.36 0 ***
-/+ ⊗738 17.60 78.12 2.15 - 7.53 82 4.53 - 12.49 98 11.36 - 12.39 2.04 ×10-8

 ***
+/M 870 17.48 69.54 −8.41 - −3.61 72 −7.82 -0.18 88 −1.20 - 0.00 5.00 ×10-3

 *
-/M 875 18.35 71.43 −5.86 - −0.91 74 −7.57 -0.29 90 −0.28 - 3.94 0.73  

M/M 226 16.05 49.09 −23.06 - −17.11 60 −23.27 - −15.95 78 −16.07 - −8.02 0 *** 
 

L cohort  grouped Female 
Gr N ± SD Mean  lifespan

Mean CI  %⊗ 
Med  life span
Med CI  %⊗ 

Max  life span 
Max CI %⊗ 

P-val Sig 

+/+ 238 14.54 74.68 NA 76 NA 90 NA NA NA
-/- 242 22.22 84.47 9.00 -17.28 88 13.09 - 20.58 102 10.50 – 19.74 0 ***
-/+ 826 17.14 82.69 8.41 - 13.59 86 13.16 - 16.86 96 1.90 – 8.85 0 ***
+/M ⊗ 857 20.90 84.7 10.65 - 16.25 92 21.05 - 26.32 104 12.78 – 18.12 0 ***
-/M 892 19.83 84.07 10.01 - 15.28 88 15.79 - 21.45 104 12.82 – 18.70 0 ***
M/M 231 22.60 86.94 12.19 - 20.76 92 18.42  - 24.16 102 10.26 – 15.97 0 *** 

 
To  assess  the  effect  of  p53 mutation  on mean, median,  and maximal  lifespan,  95%  double  bootstrap  t 
confidence  intervals  for  the  ratio of  the means  (or  ratio of  the percentiles) of  the mutant and wild‐type 
samples were computed as listed for the grouped L‐cohort data. The mean, median, and maximal lifespan 
values are reported for each genotype as well as the P‐values for the log‐rank test of the null hypothesis of 
identical survival functions between wild‐type and p53 mutant flies.   Note that * indicates 1.00 �10‐3 <   P  < 
5.00 �10‐2, **  indicates 1.00 �10‐8 P < 1.00 �10‐3, ***  indicates P < 1.00 �10‐8.  �  Indicates exclusion of an 
outlier vial. 
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Table S5. Effect of p53 mutation on Drosophila life span. 
 

a. Mutation type Male 
Effects DF Num DF 

Den 
F-val P-val Sig 

(Intercept) 
Mutation type 

1 
5 

3106 
3106 

23222.526 
57.277 

<0.0001 
<0.0001 

*** 
*** 

Mutation type Coef DF Std.Error t-value P-val Adj P-val Sig 
(+/+) (Intercept) 74.033 3106 1.223 60.543 <<0.0001  *** 
(-/+) 4.065 3106 1.345 3.023 0.0025 0.028 * 

(-/-) 8.831 3106 1.787 4.943 <<0.0001 <0.001 *** 
(M/+) -4.521 3106 1.320 -3.426 0.0006 0.007 ** 
(M/-) -2.610 3106 1.320 -1.978 0.0480 0.338 -- 
(M/M) -14.940 3106 1.672 -8.938 <<0.0001 <0.001 *** 

 
b. Genotype Male 
Effects DF num DF den F-val P-val Sig
(Intercept) 
Mutation type 

1 
14 

3097 
3097 

27262.577 
49.205 

<0.0001 
<0.0001 

*** 
*** 

  

Genotype Coef DF Std.Error t-value P-val Adj P-val Sig 
6-7 (intercept) 74.0435 3097 1.153 64.194 <<0.0001  *** 
3-2 -0.139 3097 1.614 -0.086 0.931 1.000 -- 
2-6 -0.362 3097 1.565 -0.231 0.817 1.000 -- 
2-7 12.803 3097 1.647 7.775 <<.0001 <0.001 *** 
3-6 6.501 3097 2.061 3.154 0.002 0.0186 * 
3-7 8,860 3097 1.691 5.238 <<0.0001 <0.001 *** 
5-6 -15.088 3097 1.611 -9.364 <<0.0001 <0.001 *** 
5-7 -7.187 3097 1.557 -4.615 <<0.0001 <0.001 *** 
8-6 2.288 3097 1.666 1.373 0.170 0.840 -- 
8-7 2.397 3097 1.573 1.523 0.128 0.694 -- 
2-8 4.064 3097 1.568 2.593 0.010 0.0931 -- 
5-3 -13.976 3097 1.632 -8.566 <<0.0001 <0.001 *** 
5-2 -1.370 3097 1.612 -0.850 0.395 0.993 -- 
8-3 -0.646 3097 1.581 -0.409 0.683 1.000 -- 
8-5 -14.952 3097 1.583 -9.448 <<0.0001 <0.001 *** 

 
c. Mutation type Female 
Effects DF Num DF

Den 
F-val P-val Sig  

(Intercept) 1 3271 37307.36 <0.0001 ***  

Mutation type 5 3271 12.41 <0.0001 ***  

Mutation type Coef DF Std.Error t-value P-val Adj P-val Sig 
(+/+) (Intercept) 74.667 3271 1.294 57.726 <<0.0001 <0.001 *** 
(-/+) 8.040 3271 1.437 5.595 <<0.0001 <0.001 *** 

(-/-) 9.817 3271 1.783 5.506 <<0.0001 <0.001 *** 
(M/+) 10.068 3271 1.431 7.034 <<0.0001 <0.001 *** 
(M/-) 9.412 3271 1.425 6.605 <<0.0001 <0.001 *** 
(M/M) 12.282 3271 1.804 6.810 <<0.0001 <0.001 *** 
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Table S5. (cont.) 
 

d. Genotype Female 
Effects DF num DF den F-val P-val Sig
(Intercept) 
Mutation type 

1 
14 

3262 
3262 

28493.444 
40.714 

<0.0001 
<0.0001 

*** 
*** 

  

Genotype Coef DF Std.Error t-value P-val Adj P-val Sig 
6-7 (intercept) 74.662 3262 1.240 60.228 <<0.0001  *** 
3-2 9.601 3262 1.694 5.669 <<0.0001 <0.001 *** 
2-6 4.442 3262 1.671 2.658 0.008 0.0776 -- 
2-7 6.714 3262 1.669 4.038 0.0001 <0.001 *** 
3-6 14.751 3262 2.017 7.312 <<0.0001 <0.001 *** 
3-7 9.823 3262 1.662 5.909 <<0.0001 <0.001 *** 
5-6 -8.906 3262 1.721 -5.172 <<0.0001 <0.001 *** 
5-7 14.672 3262 1.731 8.478 <<0.0001 <0.001 *** 
8-6 16.652 3262 1.689 9.856 <<0.0001 <0.001 *** 
8-7 17.510 3262 1.726 10.146 <<0.0001 <0.001 *** 
2-8 -0.291 3262 1.701 -0.171 0.8644 1.000 -- 
5-3 4.183 3262 1.694 2.470 0.0136 0.124 -- 
5-2 19.126 3262 1.682 11.372 <<0.0001 <0.001 *** 
8-3 14.410 3262 1.714 8.410 <<0.0001 <0.001 *** 
8-5 12.294 3262 1.682 7.309 <<0.0001 <0.001 *** 

 
ANOVA results for differences in mean life span in Drosophila with differing p53 mutation types, 
where the main effect is the mutation type, comprised of grouped genotypes, and replicate vials 
are treated as a random effect  in males (a) and females (c). Similar tests were also performed 
where the main effect is genotype in males (b) and females (d). Significant differences in group 
means were identified using Tukey’s Honestly Significant Difference (HSD) multiple comparison 
and  adjusted  p‐values  based  on  the  single‐step  method  are  reported  for  the  relevant 
comparisons of various mutation types to wild‐type. 
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Table S6. Summary of the significance of p53 deletion or mutation effects on life span in W cohort. 
 

W cohort c Male 
M-F Gr N ± SD Mean life span 

Mean CI %⊗ 
Med life span 

Med CI %⊗ 
Max life span 

Max CI %⊗ 
P-val Sig 

6-7 +/+ 123 10.48 53.64 NA 54 NA 69.2 NA NA NA
2-3 -/- 125 18.89 63.2 11.33 - 24.50 60 1.89 – 21.56 86 6.72 – 26.42 2.62 ×10-10

 ***
2-6 -/+ 122 11.7 66.18 18.72 - 28.60 66 12.94 – 30.20 80 1.64 -18.95 0 ***
2-7 -/+ 130 9.27 79.11 42.19 -52.75 80 41.55 – 54.53 88 9.94 -29.94 0 ***
3-6 -/+ 114 15.55 43.33 −24.71 - −14.15 46 −20.74 - −11.38 57.4 −27.18 - −12.22 1.30 ×10-8

 **
3-7 -/+ 127 11.33 67.54 21.00 - 30.88 70 23.40 – 34.64 78.8 0.34 – 19.58 0 ***
4-6 M/+ 120 9.617 23.3 −59.34 - −53.76 20 −65.84 - −61.16 38 −53.86 - −35.26 0 ***
4-7 M/+ 119 15.74 43.14 −24.28 - −13.92 42 −29.24 - −14.46 66 −17.60 - −2.42 1.60 ×10-4

 **
5-6 M/+ 124 9.25 32.02 −43.68 - −37.22 34 −39.34 - −31.90 40 −51.62 - −38.42 0 *** 
5-7 M/+ 126 9.38 56.98 2.01 - 10.35 58 2.87 – 11.76 68 −14.53 - 1.27 0.038 *
2-4 -/M 120 9.66 39.97 −28.86 - −22.20 40 −30.94 - −22.77 52 −35.37 - −22.50 0 ***
2-5 -/M 125 7.96 59.12 6.31 – 14.34 60 6.94 – 19.48 70 −12.64 - 2.11 7.69 ×10-4

  
** 

3-4 -/M 98 15.58 26.53 −55.51 - −45.30 27 −57.20 - −49.80 50 −37.31 - −22.61 0 ***
3-5 -/M 120 10.56 50.28 −10.41 - −2.46 52 −7.44 - 3.31 62 −20.46 - −6.79 1.32 ×10-3

 *
4-5 M/M 72 10.77 19.89 −66.79 - −58.37 20 −64.24 - −58.24 35.4 −57.32 - −28.56 0 *** 

 
W cohort c Female 
M-F Gr N ± SD Mean life span

Mean CI %⊗ 
Med life span

Med CI %⊗ 
Max life span 

Max CI %⊗ 
P-val Sig 

6-7 +/+ 121 8.00 55.8 NA 56 NA 66 NA NA NA
2-3 -/- 125 6.83 63.86 11.65 - 17.66 66 11.08 – 24.48 70 −0.19 - 10.22 2.22 ×10-16

 ***
2-6 -/+ 125 7.76 55.7 −3.17 - 2.87 56 −8.38 - 3.75 62 −14.66 - −0.93 0.736 ---
2-7 -/+ 126 11.67 60.81 4.73 - 12.84 62 1.63 - 14.65 73 4.97 - 22.97 9.69 ×10-10

 ***
3-6 -/+ 121 10.29 50.38 −13.09 - −6.07 52 −15.61 - −3.58 60 −15.45 - −5.63 1.38 ×10-4

 **
3-7 -/+ 126 10.35 67.44 17.10 - 24.67 68 11.41 – 25.88 79 13.61 - 28.76 0 ***
4-6 M/+ 121 10.58 25.19 −57.65 - −51.46 24 −63.50 - −51.89 40 −45.03 - −32.68 0 ***
4-7 M/+ 116 14.03 42.78 −27.51 - −19.19 42 −30.78 - −22.13 61 −12.87 - 5.36 1.39 ×10-10

 ***
5-6 M/+ 121 9.88 38 −34.90 - −28.56 36 −44.66 - −32.95 50 −29.34 - −18.38 0 ***
5-7 M/+ 122 11.15 65.11 12.61 - 20.35 67 6.01 – 21.98 76 9.90 – 21.58 0 ***
2-4 -/M 121 13.23 43.09 −26.96 - −18.55 48 −21.58 - −10.11 56 −20.64 - −11.77 0 ***
2-5 -/M 125 7.80 56.77 −1.19 - 4.95 58 −3.89 - 7.78 66 −8.45 – 7.60 0.282  

3-4 -/M 117 7.14 23.5 −60.12 - −55.36 24 −58.54 - −51.52 32.8 −52.38 – −39.97 0 *** 
3-5 -/M 120 8.53 68.77 19.78 - 26.57 68 12.29 – 25.49 78 11.42 – 26.35 0 ***
4-5 M/M 110 9.68 27.45 −53.79 - −47.70 28 −52.55 - −46.49 38 −48.59 – −39.77 0 *** 

 
To assess the effect of p53 mutation on mean, median, and maximal lifespan, 95% double bootstrap t confidence 
intervals for the ratio of the means (or ratio of the percentiles) of the mutant and wild-type samples were computed as 
listed for the W-cohort. The log-rank test was employed to test the null hypothesis that there is no difference in the 
probability of death between wild-type and p53 mutant flies. P-values indicating the significance of the tests are 
reported. 
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Table S7. Grouped life span data from W cohort experiments with log rank, average, standard deviations, medians and 
standard deviations of medians. 

 

Group Genotype Sex N Mean Life span phenotypea
 Median Life span phenotypeb

 Log Rank (vs +/+)
W cohort  

-/- 
 

Male 
 

127 
 

63.2±20.25
 

60±20.66
 

2.62e-10
 M/- Male 492 44.68±18.88 48±19.23 5.65e-05
 +/- Male 504 64.65±19.73 68±19.91 0.00
 M/M Male 72 19.89±10.84 20±10.82 0.00
 +/M Male 492 39.02±17.21 36±17.78 8e-09
 +/+ Male 123 53.64±10.58 54±10.52  

 -/- Female 125 63.9±6.49 66±6.18 2.22e-16 
 M/- Female 490 48.27±19.90 54±20.34 0.947
 +/- Female 498 58.67±12.00 58±12.13 8.27e-07
 M/M Female 111 27.45±10.38 28±9.96 0.00
 +/M Female 480 42.82±18.56 42±18.67 0.000628
 +/+ Female 121 55.80±8.15 56±8.10  

 
a   Mean life span, days +/‐ SD. 
b   Median life span, days +/‐ SD Life Span, days. 
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Table  S8.  Summary  of  the  effect  of  p53  deletion  or mutation  on  life  span  for  the 
reverse‐cross data. 

 

Reverse cross Male 
M-F Gr N ± SD Mean Med Max P-vala

 Siga
 P-valb

 Sigb
 

6-7 +/+ 124 17.89 75.19 78 92 NA NA 1.96 ×10-3
 * 

7-6 +/+ 126 21.08 66.4 72 88 1.96 ×10-3
 * NA NA 

2-3 -/- 120 16.81 72.08 74 88 2.74 ×10-2
 * 2.64 ×10-1

 -- 
3-2 -/- ⊗ 71 26.35 78.65 86 102 6.43 ×10-5

 ** 1.58 ×10-8
 *** 

3-7 -/+ 131 16.95 82.15 86 98 7.14 ×10-6
 * 2.90 ×10-12

 *** 
7-3 -/+ 120 13.94 85.85 90 100 1.11 ×10-9

 *** 2.22 ×10-16
 *** 

6-8 +/M 115 18.34 59.04 60 83.2 5.35 ×10-11
 *** 4.15 ×10-4

 ** 
8-6 +/M 129 13.99 67.64 66 84 2.89 ×10-6

 ** 2.06 ×10-1
 -- 

7-8 +/M 122 17.02 81.25 84 100 9.69 ×10-6
 ** 7.28 ×10-11

 *** 
8-7 +/M 117 22.92 74.97 76 102 3.77 ×10-3

 * 3.33 ×10-6
 *** 

3-8 -/M 125 21.50 75.98 78 102 2.80 ×10-2
 * 5.31 ×10-6

 *** 
8-3 -/M 125 17.39 65.10 66 80 1.92 ×10-7

 ** 5.74 ×10-2
 -- 

5-8 M/M 119 22.11 61.28 62 88 1.85 ×10-6
 ** 1.07 ×10-1

 -- 
8-5 M/M 122 16.77 58.21 59 79.6 1.70 ×10-13

 *** 3.31 ×10-5
 ** 

 
Reverse cross Female 
M-F Gr N ± SD Mean Med Max P-vala

 Siga
 P-valb

 Sigb
 

6-7 +/+ 123 21.24 72.44 74 92 NA NA 4.09 ×10-4
 ** 

7-6 +/+ 125 11.62 82.54 86 94 4.09 ×10-4
 ** NA NA 

2-3 -/- 122 21.9 88.23 94 103.8 0 *** 1.35 ×10-14
 *** 

3-2 -/- 121 15.84 95.77 98 110 0 *** 0 *** 
3-7 -/+ 123 27.64 84.59 92 101.6 0 *** 1.58 ×10-14

 *** 
7-3 -/+ 126 5.985 90.94 92 100 0 *** 2.96 ×10-10

 *** 
6-8 +/M 124 31.88 87.37 100 108 0 *** 0 *** 
8-6 +/M 116 15.76 97.45 100 108 0 *** 0 *** 
7-8 +/M 125 15.99 93.94 98 106 0 *** 0 *** 
8-7 +/M 122 14.68 94.84 96 107.8 0 *** 0 *** 
3-8 -/M 123 25.27 96.6 104 114 0 *** 0 *** 
8-3 -/M 121 22.74 101.3 108 112 0 *** 0 *** 
5-8 M/M 122 19.76 96.49 100 111.8 0 *** 0 *** 
8-5 M/M 118 24.12 88.34 94 106.6 0 *** 2.32 ×10-13

 *** 
 

The mean, median, and maximal lifespan values are reported for each genotype as well as P‐values 
for the log‐rank test of the null hypothesis of identical survival functions between wild‐type (+/+; 
6‐7) or  the  reverse cross wild‐type  (+/+; 7‐6) and p53 mutant  flies are denoted by superscript a  
and b, respectively. 
 Indicates exclusion of an outlier vial. 
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Table S9. Summary of the effect of p53 deletion on life span when flies were subject to ionizing radiation 
or a 100% oxygen environment. 

 

Stress experiments Male 
M-F Gr N ± SD Mean life span 

 
Mean CI %⊗ 

Med life span 
 

Med CI  %⊗ 

Max life span 
 

Max CI  %⊗ 

P-val Sig 

Standard conditions 
6-7 +/+ 129 17.12 79.81 NA 82 NA 98 NA NA NA
2-3 -/- 117 13.14 75.56 −9.12 - −1.15 78 −7.64 - −1.03 88 −14.36 – 7.09 7.84 ×10-6

 **
3-7 -/+ 124 15.96 79.81 −4.18 - 4.43 82 −5.30 - 4.00 98 −5.52 – 3.24 0.73 ---

Ionizing radiation  

6-7 +/+ 274 5.78 40.82 NA 42 NA 46 NA NA NA
2-3 -/- 273 5.43 33.12 −20.68 - −17.06 34 −25.54 - −19.05 38 −22.65 - – 12.41 0 *** 
3-7 -/+ 273 6.15 42.39 1.80 - 6.00 42 −7.48 - 0.00 47.6 −1.24 – 11.02 2.02 ×10-7

 **
100% O2  

6-7 +/+ 238 0.56 17.83 NA 18 NA 18 NA NA NA
2-3 -/- 232 1.56 15.16 −16.13 - −14.10 16 −11.11 - −11.11 16 −11.11 - −11.11 0 ***
3-7 -/+ 244 1.05 17.16 −4.38 - −3.05 18 NaN - NaN 18 NaN-NaN 4.44 ×10-16

 *** 
 

Stress experiments Female 
M-F Gr N ± SD Mean life span 

 
Mean CI %⊗ 

Med life span 
 

Med CI  %⊗ 

Max life span 
 

Max CI  %⊗ 

P-val Sig 

Standard conditions 
6-7 +/+ 126 19.49 82.78 NA 88 NA 96 NA NA NA
2-3 -/- 123 13.13 89.17 3.77 – 12.09 90 −2.90 -4.99 100 1.29  - 6.42 9.02 ×10-5

 ** 
3-7 -/+ 123 19.56 88.34 1.60 -11.64 92 −0.21 - 6.87 100 1.21 - 7.20 2.10 ×10-7

 **
Ionizing radiation  

6-7 +/+ 280 13.79 48.27 NA 50 NA 60 NA NA NA
2-3 -/- 270 9.22 54.38 9.09 – 16.71 56 7.67 – 16.15 62 −3.92 - 4.63 2.98 ×10-4

 **
3-7 -/+ 271 17.12 51.17 13.13 – 23.36 62 18.57 – 28.81 72 12.21 - 21.04 0 ***

100% O2  

6-7 +/+ 238 0.367 17.97 NA 18 NA 18 NA NA NA
2-3 -/- 242 1.49 17.22 −5.06 - −3.34 18 NaN - NaN 18 NaN - NaN 1.28 ×10-13

 *** 
3-7 -/+ 233 0.95 17.85 −1.56 - −0.19 18 NaN - NaN 18 NaN - NaN 0.09 ---

 
95% double bootstrap‐t confidence intervals for the ratio of the means (or ratio of the percentiles) of the mutant and wild‐type 
samples  in  each  condition were  computed  as  listed.  The mean, median,  and maximal  lifespan  values  are  reported  for  each 
genotype  as well  as  the  P‐values  representing  the  significance  of  the  log‐rank  test  of  the  null  hypothesis  that  there  is  no 
difference in the probability of death between wild‐type and p53 mutant flies. 
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Table S10.  Summary of food (fly culture media) recipes. 
 

For One Liter Old Food     New Food 

Water (L) 1 1 
Sucrose (g) 0 0 
Dextrose (g) 0 105 
Molasses (ml) 100 0 
Agar (g) 9 8 
Yeast (g) 41 26 
Cornmeal (g) 100 50 
Tegosept (g) 2.5 1.7 
95% Ethanol (ml) 22.5 8.6 
Propionic Acid (ml) 8 1.9 
phosphoric acid 0 0 

 
The W cohort was cultured on “Old food” recipe, as were all flies 
in  experiments  in  Tower  laboratory  prior  to  September  2005. 
The  L  cohort  and  all  other  experiments  presented  here  were 
conducted using “New food” recipe. 
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Abstract:  Oncogene‐induced  senescence  acts  as  a  barrier  against  tumour  formation  and  has  been  implicated  as  the 
mechanism preventing  the  transformation of benign melanocytic  lesions  that  frequently harbour oncogenic B‐RAF or N‐ 
RAS mutations. In the present study we systematically assessed the relative importance of the tumour suppressor proteins 
p53,  p21Waf1,  pRb  and  p16INK4a  in mediating  oncogene‐induced  senescence  in  human melanocytes. We  now  show  that 
oncogenic N‐RAS induced senescence in melanocytes is associated with DNA damage, a potent DNA damage response and 
the  activation  of  both  the  p16INK4a/pRb  and  p53/p21Waf1  tumour  suppressor  pathways.  Surprisingly  neither  the 
pharmacological  inhibition  of  the DNA  damage  response  pathway  nor  silencing  of  p53  expression  had  any  detectable 
impact on oncogene‐induced senescence in human melanocytes. Our data indicate that the pRb pathway is the dominant 
effector of senescence  in  these cells, as  its  specific  inactivation delays  the onset of  senescence and weakens oncogene‐ 
induced proliferative arrest. Furthermore, we show that although both p16INK4a and p21Waf1 are upregulated in response to 
N‐RASQ61K, the activities of these CDK  inhibitors are clearly distinct and only the  loss of p16INK4a weakens senescence. We 
propose that the ability of p16INK4a to inhibit the cyclin D‐dependent kinases and DNA replication, functions not shared by 
p21Waf1, contribute to its role in senescence. Thus, in melanocytes with oncogenic signalling only p16INK4a can fully engage 
the pRb pathway to alter chromatin structure and silence the genes that are required for proliferation. 

 
 

INTRODUCTION 
 

Fewer than 5% of patients with distant visceral 
metastases from cutaneous melanoma survive 12 
months and there are no effective drug treatments [1]. 
The early molecular steps in formation of melanoma are 
therefore the subjects of intense scrutiny. Cutaneous 
melanoma arises from benign melanocytic lesions 
(benign naevi) or de novo from melanocytes of the skin 
[2]. Mutations activating the N-RAS or B-RAF kinase 
components of the mitogen-activated protein kinase 
(MAPK) pathway are found in approximately 15% and 
60% of human melanomas, respectively  [3-5].   Greater 

 
than 89% of B-RAF mutations in melanoma alter a 
single amino acid (V600E and V600K), whereas highly 
recurrent mutations affecting  Gly-12,  Ala-18  and  Gln- 
61 account for approximately 12%, 5% and 70% of 
melanoma-associated N-RAS mutations, respectively 
[6]. The B-RAFV600E and N-RASQ61K mutations are  also 
found in up to 80% and 55% of benign naevi, 
respectively [7, 8] and benign naevi display several 
markers of senescence, including positive senescence- 
associated    ß-galactosidase   (SA-ß-Gal)    activity  and 
p16INK4a expression [9, 10]. Although the presence of 
senescent    cells    in    human    benign    naevi remains 
controversial   [11],   accumulating   evidence   suggests 
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that senescence occurs in vivo and acts as an effective 
barrier to tumour formation (Reviewed in [12]). 
Defining the relationship between oncogene activation, 
melanocyte senescence and escape from senescence 
remains an essential step in understanding 
melanomagenesis. For  this reason we have sought to 
dissect the regulation of senescence in melanocytes. 

 
The senescence program is established and maintained 
by the p53 and p16INK4a/retinoblastoma (pRb) tumour 
suppressor pathways. p53 engages a formidable 
proliferative   arrest   primarily   in   response   to DNA- 
damage checkpoint signals triggered by telomere dys- 
function and activated oncogenes [13-16]. For instance, 
the stable knockdown of p53-regulators (including 
ataxia telangiectasia mutated (ATM) and checkpoint-2 
(CHK2) kinases) or p53 itself overcame RAS-induced 
sensecence in BJ human foreskin fibroblasts [15] (Table 
1). Similarly, inactivation of the upstream p53 activator, 
ARF  (p19ARF  in  mouse  and  p14ARF  in  human), 
overcame oncogene-induced senescence in mouse 
embryo fibroblasts (MEFs) [17, 18], and loss of p21Waf1, 
a CDK inhibitor, activator of pRb and critical down- 
stream  target  of  p53  transactivation,  caused  cells   to 
bypass telomere-dependent replicative and oncogene- 
induced senescence in normal human fibroblasts and 
MEFs, respectively (Table 1) [19-21]. 

 
Although inactivation of the p53 pathway can reverse 
the senescence in some cells, there is an emerging 
consensus that it fails to do so in cells with an activated 
p16INK4a/pRb pathway [14, 22, 23]. Active, hypo- 
phosphorylated  pRb  interacts  with  E2F   transcription 
factors and facilitates chromosome condensation at E2F 
target promoters. The reorganization of chromatin leads 
to the formation of senescence associated hetero- 
chromatin foci (SAHF) and the stable repression of E2F 
target genes that are involved in the irreversible cell 
cycle arrest associated with senescence [24]. Each  
SAHF contains portions of a single condensed chromo- 
some, which is enriched for common markers of 
heterochromatin, including HP1γ, histone H3 
methylated at lysine 9 (H3K9Me) and the non-histone 
chromatin protein, HMGA2 (reviewed in [25]) 

 
p16INK4a is a positive regulator of pRb, via cyclin 
dependent kinase inhibition, and is crucial in generating 
SAHF [24]. Not surprisingly, p16INK4a also acts as a 
tumour suppressor and is frequently inactivated in 
established human tumours. Inherited inactivating 
mutations in p16INK4a are associated with melanoma 
susceptibility in melanoma-dense kindreds [26]. In fact, 
p16INK4a-deficient human melanocytes, derived from 
melanoma affected individuals, show an extended 
lifespan and are immortalized by ectopic  expression  of 

telomerase reverse transcriptase, whereas normal 
melanocytes display neither of these features [27, 28]. 
Furthermore,      replicative      and     oncogene-induced 
senescence are accompanied by accumulation of 
p16INK4a in primary human cells [29-31] and ectopically 
expressed p16INK4a initiates a senescence program 
characterized by cell cycle arrest, senescence-associated 
changes in cell morphology, increased SA-ß-Gal  
activity and the appearance of SAHF [32, 33]. 

 
The senescent states induced by the p53 and pRb 
pathways may be distinct and whether cells engage one 
or the other pathway appears to reflect the type of stress 
signal, the tissue and species of origin. The relative 
contribution of the p53 and p16INK4a/pRb pathways in 
melanocyte senescence remains unclear, and recent data 
suggest  the  possibility  of  p53-  and  pRb-independent 
senescence pathways in these cells. For instance, N- 
RAS induced melanocyte senescence was associated 
with the activation of the p16INK4a/pRb and p53 path- 
ways, but did not require expression of p16INK4a or 
p14ARF [34]. Similarly, neither p53 nor p16INK4a were 
required for H-RAS induced senescence in human 
melanocytes. Instead, H-RAS-driven senescence was 
mediated by the endoplasmic reticulum-associated 
unfolded protein response [35]. In another report, 
senescence induced by B-RAFV600E or N-RASQ61R did 
not depend on p16INK4a or p53 but could be partially 
overcome by expression of the oncogenic transcription 
factor c-MYC [36]. In contrast, p53 was found to be one 
of 17 genes (also included IGFBP7) required for 
BRAFV600E-mediated senescence of human melanocytes 
and p53 was also required for the induction of p16INK4a 

following B-RAFV600E expression [37] (Table 1). 
 

In this study we systematically assessed the relative 
importance of the tumour suppressor proteins p53, 
p21Waf1, pRb and p16INK4a in mediating oncogene- 
induced senescence in human melanocytes. We confirm 
that N-RASQ61K induced senescence in melanocytes is 
associated with DNA damage, a potent DNA damage 
response and the activation of both the p16INK4a/Rb and 
p53/p21Waf1 tumour suppressor pathways. In melano- 
cytes, the pRb pathway was the dominant effector of 
senescence, as its specific inactivation delayed the onset 
of senescence and weakened oncogene-induced pro- 
liferative arrest, as shown by the reduced formation of 
SAHF. Although p53-deficient melanocytes underwent 
a senescence response that was indistinguishable from 
that seen in wild-type melanocytes, the p53 pathway did 
contribute to the senescence program. In particular, the 
p53 pathway initiated a delayed arrest in pRb-deficient 
melanocytes, whereas melanocytes lacking both p53  
and pRb continued to proliferate in  response  to 
oncogenic N-RAS.  We also  show that, although p21Waf1
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and p16INK4a [34] are not required for N-RAS induced 
senescence, both can activate pRb and promote sense- 
cence but only p16INK4a triggers chromatin reorganization 

and the formation of SAHF. These data help to explain 
the observation that whereas p16INK4a mutations are com- 
mon in human cancer, p21Waf1 mutations occur rarely [38]. 

 
 
 
 

Table 1. Requirements of oncogene‐induced senescence in human and mouse cells. 
 

  

Human Cells Mouse Cells 

 

 IMR90 Lung Fibroblasts1
 BJ Foreskin 

Fibroblasts1
 

Fibroblasts from 
melanoma-prone 

individuals2
 

Melanocytes MEFs 

p53-DNA damage 
response 

     

 Required[16]/Not     

1. ATM required[61] Required [15, 16] Not studied Not studied Not studied
2. Chk2 

 
3. p53 

Not studied 
Partial3[62]/ 
Not required [24, 29, 61, 63] 

Required [15] 
Required [15, 64]/ 
Partial3 [62] 

Not studied 
 

Not studied 

Not studied 
Required [37]/ 
Not required [35, 36] 

Not studied 
 

Required [29] 
4. ARF Not required [65] Not required [64] Not required [66] Not required [34] Required [18, 67] 
5. p21Waf1

 Not required [63] Not studied Not studied Not required (this work) Not required [21] 

pRb pathway      
 

1. pRb 

2. p107 

3. pRb and p107 

4. p107 and p130 
5. pRb, p107 and 

p130 

Partial3,4 [24, 62]/ 
Not Required [61] 

Not studied 

Not studied 

Not studied 

Not studied 

Partial4[62]/ 
Not required[64] 

 
Not studied Partial3,4 (this work) 

Not required [45, 
68] 

Not studied Not studied Not studied Not required [68] 
Not studied Not studied Not studied Required [68] 
Not studied Not studied Not studied Not required [45] 

Not studied 
Partial3 [15] / 

Not  studied 
Required[39, 66, 69, 70]/ 

Not studied 
Partial4[34]/ 

Required [45, 68] 
Required [29]/ 

6. p16INK4a 
Partial4[24]/ 
Not required [16] Not required [64] Not required [71] Not required [35, 36] Not required [18]

p53 and pRb Required [61, 62] Required [62] Not studied Required (this work) Required [29] 
p53- and pRb- 
independent 

     

1. ER-stress response Not studied Not studied Not studied Required [35] Not studied 
2. IL-6 Required [72] Not studied Not studied Not studied6 [72] Not studied 

3. IGFBP7 Not studied Not studied Not studied Required [37] Not studied 
4. C-MYC Not studied Not studied Not studied Partial5 [36] Not studied 

 
Not required, gene expression is dispensable for oncogene‐induced cell cycle arrest and senescence 

Required, loss of gene expression overcame oncogene‐induced cell cycle arrest 
1IMR90 cells senesce with longer telomeres and have higher basal levels of p16INK4a than BJ cells [64, 73] 
2Fibroblasts from melanoma prone individuals with germline mutations inactivating p16INK4a 
3Loss of gene expression delayed or reduced oncogene‐induced cell cycle arrest or SA‐ß‐Gal activity 
4Loss of gene expression reduced oncogene‐induced formation of SAHF 
5Overexpression of gene partially suppresses oncogene‐induced SA‐ß‐Gal activity 
5IL‐6 expression is induced by oncogenic B‐RAF in human melanocytes 
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RESULTS 

The response of primary human melanocytes to the 
oncogenic, melanoma-associated N-RASQ61K mutant was 
evaluated by stably transducing N-RASQ61K into human 
epidermal melanocytes. Accumulation  of  N-RASQ61K 

was detected three days post-transduction and the impact 
of N-RAS on melanocyte proliferation was monitored 
over 15 days. As expected, 15 days post-transduction the 
majority of N-RASQ61K transduced  melanocytes  displayed 

several markers of oncogene-driven senescence, namely 
cell flattening, increase in cellular size, significantly 
reduced Ki67 expression, increased  SA-ß-Gal  activity 
and the formation of SAHF (Figure 1A). As expected 
these foci were enriched for histone H3 methylated at 
lysine 9 (H3K9Me), a common marker of hetero- 
chromatin [24] (Figure 1B). In contrast, melanocytes 
accumulating the co-expressed Copepod GFP (copGFP) 
did not arrest, showed no evidence of chromatin 
condensation nor increased SA-ß-Gal activity (Figure 1A). 

 
 
 

 
 

Figure 1. Oncogenic N‐RASQ61K induces proliferative arrest and senescence of human melanocytes. (A) Human melanocytes 
were  transduced with  lentiviruses expressing N‐RASQ61K or  copGFP  control. The efficiency of  transduction was  controlled with  the  co‐ 
expression of copGFP and was consistently above 90%. Cell proliferation (Ki67), chromatin condensation (DAPI), and the appearance of 
increased SA‐ß‐Gal activity were analyzed and quantitated 15 days after infection. Percentage of cells positive for the indicated marker is 
shown in histograms, which correspond to the mean ± s.d. of at least two independent transduction experiments from a total of at least 
300 cells. Cells enlarged to show DAPI‐stained chromatin foci are indicated with arrows (bar =10 μm). LM, light microscopy (bar=100μm). 
Human epidermal melanocytes infected with lentiviruses expressing N‐RASQ61K or copGFP were stained with DAPI and antibodies to 
H3K9Me, 15 days post transduction (bar =10 μm). (C) Expression of the indicated proteins was determined by western blot analysis 15 
days after infection of human epidermal melanocytes with lentiviruses expressing N‐RASQ61K or copGFP control. 
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N-RASQ61K induced melanocyte senescence was also 
associated with activation of the MAPK and AKT 
pathways, as shown by the increased phosphorylation of 
ERK (p-ERK), and AKT (p-AKT) at 5, 10 (data not 
shown) and 15 days post infection (Figure 1C). In 
addition,  expression  of  oncogenic  N-RAS  led  to p53 
induction,   increased   expression   of   the p16INK4a   and 
p21Waf1 cyclin dependent kinase inhibitors and reduced 
accumulation of pRb phosphorylated at serine residues - 
807 and -811 (p-pRb) (Figure 1C). As previously  reported, 

induced p14ARF was not detectable by Western blot 
analysis [34]. Oncogenic N-RAS also induced a robust 
DNA damage response in melanocytes that was associa- 
ted with the accumulation of senescence-associated DNA 
damage foci, which contain phosphorylated histone 
H2AX (γ-H2AX) and are not equivalent to SAHF [15] 
(Figure 2A). Further, there was a marked increase in the 
phosphorylation of CHK2 on Thr-68 (p-CHK2) and 
increased p53 phosphorylation on Ser-15 (p-p53), two 
events associated with DNA damage (Figure 2B). 

 
 

 
 
 

Figure 2. Oncogenic N‐RASQ61K  induces DNA damage  response  in human melanocytes.  (A) Human  epidermal melanocytes 
infected with lentiviruses expressing N‐RASQ61K or copGFP were stained with DAPI and antibodies to the DNA damage marker γ‐H2AX, 15 
days post  transduction  (bar =10 μm).  (B) Human melanocytes were  transduced with  lentiviruses expressing N‐RASQ61K or  copGFP and 
cultured for 15 days in the presence (+) or absence (‐) of 4mM caffeine. Expression of the indicated proteins was determined by western 
blot analysis 15 days after infection. (C) Melanocytes transduced with lentivirus expressing N‐RASQ61K or copGFP and cultured for 15 days 
in the presence (+) or absence (‐) of 4mM caffeine were stained with DAPI and antibodies against the phosphorylated forms of p53 (p‐ 
p53) or CHK2  (p‐CHK2)  (bar=100μm). Enlarged  images of  representative cells  (marked with arrow) are also shown. The percentage of 
transduced  melanocytes  positive  for  p‐p53  and  p‐CHK2  expression  was  quantitated  from  at  least  two  independent  transduction 
experiments from a total of at least 300 cells. The graph corresponds to the mean percentage of transduced cells treated with caffeine (+) 
or left untreated (‐) ± s.d. 
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Figure  2.  Oncogenic  N‐RASQ61K  induces  DNA  damage 
response  in  human melanocytes.  (D)  Human melanocytes 
were  transduced  with  lentiviruses  expressing  N‐RASQ61K  or 
copGFP and cultured for 15 days in presence (+) or absence (‐) of 
4mM  caffeine.  The  efficiency  of  transduction  was  controlled  
with  the  co‐expression  of  copGFP  and was  consistently  above 
90%.  Cell  proliferation  (Ki67),  chromatin  condensation  (DAPI), 
and the appearance of increased SA‐ß‐Gal activity were analyzed 
and  quantitated  15  days  after  infection.  Percentage  of  cells 
positive for the  indicated marker  is shown  in histograms, which 
correspond  to  the  mean  ±  s.d.  of  at  least  two  independent 
transduction experiments from a total of at least 300 cells. Cells 
enlarged to show DAPI‐stained chromatin foci are indicated with 
arrows (bar =10 μm). LM, light microscopy (bar=100μm). 

 
 

To examine the contribution of the DNA damage 
response to RAS-induced melanocyte senescence we 
suppressed  ATM  and  ATR  kinase  activity  with  the 
addition of 4mM caffeine for 15 days. As expected, in 
the presence of N-RASQ61K, the addition of caffeine 
markedly inhibited phosphorylation of the ATM targets 
CHK2 and p53 (Figures 2B, 2C). Nevertheless, 
suppression  of   the  DNA   damage  response   had   no 

detectable impact on the N-RAS induced melanocyte 
senescence program. In particular, melanocytes 
accumulating N-RASQ61K, regardless of exposure to 
caffeine,  underwent  potent  cell  cycle  arrest  (reduced 
Ki67 staining) that was associated with increased SA-ß- 
Gal activity an the appearance of SAHF (Figure 2D). In 
addition, inhibition of the DNA damage checkpoint 
response did not impact on the N-RASQ61K-mediated 
induction of total p53, p21Waf1, p16INK4a and 
hypophosphorylated pRb (Figure 2B). 

 
Considering that the p53 pathway remained active 
(increased p53 and p21Waf1 expression; see Figure 2B)  
in N-RASQ61K-expressing melanocytes with a dimin- 
ished DNA damage response, we examined whether 
oncogene-induced senescence of human melanocytes 
required the p53 protein. To silence p53 expression we 
utilised lentiviral shRNA vectors that specifically target 
p53 and to minimise confounding effects of shRNA off- 
target silencing two independent p53 silencing 
molecules were generated (Supplementary Figure 1). 
HEM1455 melanocytes were transduced with these 
shRNA molecules and three days post-infection the  
cells    were    re-transduced    with    lentiviral    vectors 
expressing N-RASQ61K or copGFP. In all experiments  
we  also  applied  a  negative  control  shRNA  molecule 
without homology to any human gene. 

 
The inhibition of p53 expression did not alter the cell 
cycle arrest induced by oncogenic N-RASQ61K (15 days 
after infection only 5% of N-RASQ61K melanocytes 
showed positive Ki67 staining regardless of p53 
expression and this can be compared to 23% Ki67 
positive p53-null melanocytes infected with the copGFP 
control; Figure 3A). Similarly, cellular senescence was 
initiated  and maintained  in  the  presence or absence of 
p53 expression; increased SA-ß-Gal activity appeared in 
48% of p53-null cells compared to 38% in the p53- 
positive control cells, 15 days post transduction (Figure 
3A) and the two different p53-specific shRNAs exerted 
similar effects (data not shown). In fact no markers of 
senescence, including cell morphology, SA-ß-Gal 
activity, appearance of SAHF or Ki67 incorporation 
discriminated     between     p53-intact     and    p53-null 
senescent melanocytes. It is important to note, however, 
that p21Waf1 expression was not induced by oncogenic 
N-RAS in p53-deficient melanocytes (Figure 3B). 

 
In p53-null N-RAS melanocytes the induction of 
p16INK4a and hypophosphorylation of pRb was main- 
tained (Figure 3B), and it seemed likely that the 
activation   of   pRb   was   dominant   and   sufficient to 
establish melanocyte senescence. Certainly silencing 
expression of both p53 and pRb bypassed N-RAS 
induced cell cycle arrest and senescence in this cell type 



                      AGING www.aging‐us.com  151
 

(15 days after infection only 5% of N-RASQ61K 

melanocytes showed positive Ki67 staining, compared to 
24% of N-RASQ61K melanocytes lacking both p53 and 
pRb and 23% of melanocytes expressing only control 
shRNA/copGFP; Figure 3A). To examine the individual 
role of pRb, HEM1455 melanocytes were transduced  
with a pRb-specific shRNA molecule and three days post-
infection   the   cells  were  re-transduced  with   lentiviral 
vectors expressing N-RASQ61K or copGFP. pRb-null 
melanocytes responded to oncogenic N-RAS with delay- 

ed onset of cell cycle arrest and senescence. In particular, 
10 days post infection with oncogenic N-RAS, 16% of 
pRb-null melanocytes remained positive for the 
proliferation  marker  Ki67  compared  to only 5% of  the 
pRb-positive melanocytes. Similarly, SA-ß-Gal activity 
was detected in only 19% of pRb-deficient N-RASQ61K 

melanocytes compared to 35% in the pRb-positive N- 
RASQ61K cells. Further, the percentage of N-RASQ61K 

expressing cells with SAHF was clearly reduced, and 
remained so in the absence of pRb (Figure 3C). 

 
 
 

 
 

Figure  3.  Relative  contributions  of  the  p53  and  pRb  tumour  suppressor  pathways  in  N‐RASQ61K‐induced 
melanocyte senescence. (A) Melanocytes were transduced with lentiviruses containing the indicated shRNA constructs. 
Three  days  post  infection  the  cells  were  re‐transduced  with  lentiviruses  expressing  N‐RASQ61K  or  copGFP,  as  shown. 
Representative examples at 15days after infection are shown. Cell proliferation (Ki67), chromatin condensation (DAPI), and 
the  appearance  of  increased  SA‐ß‐Gal  activity  were  analyzed  and  quantitated.  Percentage  of  cells  positive  for  each  
indicated marker are shown in histograms, which correspond to the mean ± s.d. of at least two independent transduction 
experiments from a total of at least 300 cells. Cells enlarged to show DAPI‐stained chromatin foci are indicated with arrows 
(bar =10 μm). LM, light microscopy (bar=100μm). 
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Figure  3.  Relative  contributions  of  the  p53  and  pRb  tumour  suppressor  pathways  in  N‐RASQ61K‐induced melanocyte 
senescence.  (B)  Expression of  the  indicated proteins was determined by western blot  analysis  at  15 days  after  infection of human 
epidermal melanocytes with  the  indicated shRNA constructs and either  lentivirus expressing N‐RASQ61K or  the copGFP control.  (C) The 
impact of pRb‐silencing on the N‐RASQ61K induced senescence was determined by quantitating key senescence markers (Ki67 expression, 
SAHF formation, SA‐ß‐Gal activity) at 10 and 15 days post N‐RAS transduction. Percentage of cells positive for each  indicated marker  is 
shown in histograms, which correspond to the mean ± s.d. of at least two independent transduction experiments from a total of at least 
300 cells. 

 
 
 
 

These data suggest that the activation of pRb is the 
dominant effector of oncogene-induced melanocyte 
senescence, and thus upstream regulators of pRb 
function may represent critical melanoma tumour 
suppressors.   For   instance,   loss   of   the   melanoma 
predisposition gene p16INK4a, detectably weakened the 
pRb-pathway     and     the     senescence     program   in 
melanocytes by inhibiting the pRb-dependent 
development of SAHF [34]. Considering that the CDK 
inhibitors p16INK4a and p21Waf1 were both  potently 
induced in melanocytes in response to N-RASQ61K 

expression (see Figure 1C), we wanted to establish 
whether the function of p16INK4a in the formation of 
SAHF was specific to this CDK inhibitor or whether 
another senescence-associated CDK inhibitor p21Waf1 

was equivalent in activity. The role of p21Waf1 was 
examined utilising two, highly effective p21Waf1- 
specific lentiviral shRNA vectors (Supplementary 
Figure 1). HEM1455 melanocytes were transduced with 
these shRNA molecules and three days post-infection 
the cells were re-transduced with lentiviral vectors 
expressing N-RASQ61K or copGFP. In all experiments  
we also applied a negative control shRNA molecule 
without homology to any human gene. 

 
Depletion of p21Waf1 did not detectably alter N-RAS 
induced cell cycle arrest or senescence in human 
melanocytes. The p21Waf1-deficient melanocytes respon- 

ded to oncogenic N-RAS by accumulating hypo- 
phosphorylated pRb, p16INK4a and p53 (Figure 3B), they 
enlarged, acquired increased SA-ß-Gal activity and  
were negative for the proliferation marker Ki67  (Figure 
3A). Unlike pRb-null melanocytes, there was no detect- 
able delay in N-RAS induced arrest and senescence in 
p21Waf1-deficient melanocytes. Importantly, in the 
absence of the p21Waf1 CDK inhibitor, the formation of 
SAHF was not altered 10 and 15-post transduction  
(29% foci in p21Waf1-null, vs 11% foci in pRb-null vs 
26% foci in shRNA control cells, 15 days post infection 
with N-RASQ61K; Figure 3A). The second p21Waf1-spe- 
cific shRNA exerted similar effects (data not shown). 

 
To further investigate whether p16INK4a was unique in 
promoting SAHF formation we developed a transient 
melanoma model to rapidly assess the functions of the 
p21Waf1 and p16INK4a. The functionally impaired 
p16INK4a_R24P mutant that is unable to bind and inhibit 
CDK4 but retains CDK6 inhibitory activity was used as 
a  control  [34,  39].  The  WMM1175  melanoma  cells 
were transiently transfected with plasmids encoding  
each of these CDK inhibitors along with a plasmid 
encoding the enhanced green fluorescent protein 
(EGFP), which was used as a marker of transfection. 
The cell cycle proliferation, SAHF formation and SA-ß- 
Gal activity of transfected WMM1175 cells was then 
assessed over 5-days. This was enough  time  to  observe 
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the induction of senescence and protein expression from 
the transiently transfected plasmids was still detectable. 
As expected, ectopic expression of wild-type p16INK4a 

and p21Waf1, but not p16INK4a_R24P promoted rapid cell 
cycle arrest (Figure 4A). Similarly, p16INK4a and p21Waf1 

but not the R24P variant induced cell  enlargement,  and 

increased SA-ß-Gal activity by five days post  transfec- 
tion (Figure 4B). The only detectable difference between 
the two wild type CDK inhibitors was the induction of 
SAHF; only p16INK4a accumulation led to the appearance 
of   these   distinctive   foci,   which   were   enriched   for 
H3K9Me (Figure 4C). 

 
 
 

 
 
 

Figure 4.  Impact of p16INK4a or p21Waf1 expression on the cellular senescence program. WMM1175 melanoma cells were co‐ 
transfected with plasmids encoding p16INK4a, p21Waf1 or  the melanoma‐associated p16INK4a_R24P along with pCMV‐EGFPN1, which was 
used as a marker of  transfection.  Five days post  transfection  cells were  fixed, permeabilized and analyzed.  (A) Cell proliferation was 
monitored by Ki67  immunostaining and the percentage of transfected WMM1175 cells with positive Ki67 staining  is  indicated and was 
determined from at least two separate transfection experiments and from a total of at least 300 cells. All standard deviations were less 
than ±5%  (bar=100μm).  (B) Transfected WMM1175 cells were analyzed  for SA‐β‐Gal activity, and  the percentage of positive SA‐ß‐Gal 
transfected  cells  is  indicated,  and  was  determined  as  detailed  above  (bar=100μm).  (C)  The  appearance  of  SAHF  was  analyzed  by 
immunostaining with antibodies to H3K9Me and co‐staining DNA with DAPI. The percentage of transfected cells with detectable foci  is 
indicated, and was determined as detailed above (bar=100μm). 
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DISCUSSION 
 

The molecular mechanisms that trigger oncogene- 
induced senescence have been studied extensively, and 
yet the relative contribution of the p16INK4a/pRb and the 
p53/p21Waf1 pathways in initiating and maintaining the 
senescence program remains poorly understood. In this 
study, we show that N-RASQ61K induces senescence in 
human melanocytes that was associated with markers of 
DNA damage response, and involved the activation of 
both the p53 and pRb pathways. Surprisingly neither the 
pharmacological inhibition of the DNA damage 
response pathway with caffeine nor silencing of p53 
expression had a detectable impact on the N-RASQ61K 

induced senescence of human melanocytes. In fact, no 
markers of senescence, including cell morphology, SA- 
ß-Gal  activity,  appearance  of  SAHF  or  Ki67  incor- 
poration discriminated between p53-intact and p53-null 
senescent melanocytes. Interestingly, caffeine 
diminished the phosphorylation of p53 on Ser-15, but 
did not reduce the overall levels  of  p53,  or  its  activity 
(as measured by p21Waf1 induction; Figure 2B) in 
melanocytes. Several other reports have also shown that 
inhibition of p53 phosphorylation at Ser-15 did not 
correlate with diminished p53 activity and this is 
indicative of p53 stabilization via multiple mechanisms 
[40, 41]. It is tempting to suggest that the melanoma 
tumour suppressor p14ARF is the critical activator of 
p53 in melanocytes. p14ARF stabilizes p53 by binding 
and inhibiting the p53 specific ubiquitin ligase, mdm2 
[42], rather than inducing p53 phosphorylation. We 
have previously shown however that p14ARF is only 
weakly induced by oncogenic N-RAS in human 
melanocytes, and is not required for p53 activation in 
response to N-RAS [34]. In fact, the ARF tumour 
suppressor appears to contribute to oncogene-induced 
senescence only in mouse cells (Table 1). 

 
It is reasonable to assume that in the absence of p53 the 
activated p16INK4a/pRb pathway was sufficient to  
initiate and maintain senescence, and this appears to be 
the case in melanocytes. Not only did oncogenic N- 
RAS potently induce p16INK4a in melanocytes, pRb 
existed in its active hypophosphorylated form, and 
silencing of pRb significantly delayed the onset of 
senescence.  Ultimately,  the  senescence  program  was 
activated in pRb-null melanocytes and this required the 
p53 pathway, as the simultaneous loss of p53 and pRb 
completely overcame N-RAS induce senescence in 
melanocytes. This is the first demonstration  showing 
that melanocytes senesce in response to oncogenic 
signaling by engaging both the p53 and pRb pathways. 

 
It has been suggested that p53, p21Waf1 and pRb act in a 
linear  pathway,  with   p53-induced   p21Waf1   activating 

pRb to regulate cell entry into replicative senescence 
[43]. This model does not adequately account for the 
fact that pRb-null melanocytes ultimately senescence in 
response to oncogenic N-RAS. It is possible that the 
pRb homologues, p107 and p130 participate in 
oncogene-induced senescence as they can functionally 
compensate for pRb loss and, like pRb, are activated  by 
p21Waf1 and p16INK4a [44].  Certainly,  pRb-deficient 
MEFs senesce in culture, whereas MEFs with targeted 
deletion of all three pRb family members (pRb, p107 
and p130) do not [45]. Furthermore, p53 was capable of 
inducing senescence in pRb-null prostate cancer cells, 
but not in p107 and pRb depleted cells [46]. Although 
such compensation clearly exists, the fact that pRb 
mutations are common in human cancer, whereas p107 
and p130 mutations occur rarely [47], suggests that 
functional compensation for pRb loss must be context 
dependent. In the case of melanocytes, pRb (not p107 
and p130) is required for normal mouse melanocyte 
proliferation although arrest in response to growth  
factor deprivation was associated with the formation of 
pRb- and p130-transcription repressor complexes in 
human melanocytes (reviewed in [48]). We are cur- 
rently exploring whether the response of human 
melanocytes to oncogenic signalling involves the pRb 
homologues, p107 and p130 and whether the 
contribution of p53 to melanocyte senescence is strictly 
dependent on the pRb family of proteins. 

 
Our data clearly demonstrate that oncogenic  N-RAS 
acts primarily through the pRb pathway in melanocytes. 
Activation of this pathway involves both p21Waf1 and 
p16INK4a, and these were the only CDK inhibitors 
potently induced by oncogenic N-RAS in melanocytes 
(data not shown). We confirm that both p16INK4a and 
p21Waf1 can induce senescence, but their activities are 
clearly distinct. p16INK4a expression promoted the 
formation of DAPI-stained heterochromatin foci that 
were enriched for the H3K9Me marker of SAHF. In 
contrast, ectopic p21Waf1 expression had no detectable 
impact on chromatin structure even though cells were 
clearly arrested. Similarly, loss of p16INK4a reduced the 
formation of SAHF in melanocytes [34], whereas loss  
of p21Waf1, either via direct silencing or by silencing 
p53, had no detectable effect on SAHF formation. 
Although both p16INK4a and p21Waf1 can activate  pRb 
their actions are not equivalent. p16INK4a is a potent 
inhibitor of the cyclin D-dependent kinases, CDK4 and 
CDK6, whereas p21Waf1 is sequestered by and acts as a 
positive regulator of these kinases. This pool of tethered 
p21Waf1 is released as p16INK4a accumulates and p21Waf1 

redistributes to bind and inhibit cyclin E-CDK2 
complexes and induce G1 arrest [49]. The ability of 
p16INK4a to inhibit the cyclin D-dependent kinases also 
enables  it  to  block  the  assembly  of  DNA replication 
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complexes onto chromatin and thus inhibit DNA 
replication, a function not shared by p21Waf1 [50]. Thus, 
in melanocytes with oncogenic signalling only p16INK4a 

can fully engage the pRb pathway to alter chromatin 
structure and silence the genes that are required for 
proliferation. Melanocytes undergoing replicative 
senescence also rely on the p16INK4a/pRb axis, as p53 
and p21Waf1 levels remain low in these arrested 
melanocytes [27]. We suggest that inhibition of cyclin 
D-dependent kinases and induction by senescence- 
causing stimuli necessitate p16INK4a inactivation in 
human cancers and distinguish this CDK inhibitor as a 
tumour suppressor. 

 
 

MATERIALS AND METHODS 
 

Cell culture and transfections. Human WMM1175 
melanoma cells (ARF-null, p53-null, pRb+/+; [51]) and 
U20S osteosarcoma cells were grown in Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco BRL, 
Carlsbad, CA, USA) supplemented with 10% foetal 
bovine serum and glutamine. Human epidermal 
melanocytes (HEMs) were obtained from Cell 
Applications (Cell Applications, San Diego, CA, USA) 
and grown in HAM’s F10 media (Sigma, St.  Louis. 
MO, USA), supplemented with ITS premix (Becton 
Dickinson, Franklin Lakes, NJ, USA), TPA, IBMX, 
cholera toxin, 20% fetal bovine serum and glutamine 
(modified from [52]). All cells were cultured in a 37°C 
incubator with 5% CO2. Caffeine (Sigma) was used at 
4mM for 15 days. 

 
For p16INK4a, p21Waf1, p16INK4a_R24P transfections, 
WMM1175 cells (1 × 105) were seeded on coverslips in 
six-well plates and transfected with 2µg plasmid 
encoding p16INK4a, p21Waf1, or p16INK4a_R24P  and 
100ng pEGFPN1 (Clontech, Mountain View,  CA, 
USA), as a transfection marker, using Lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA). 

 
Lentivirus transductions. Lentiviruses were produced in 
HEK293T cells using the pSIH1-H1-copGFP (Copepod 
green fluorescent protein) shRNA expression vector or 
the pCDH-CMV-MCS-EF1-copGFP lentiviral vector 
(Systems Biosciences, Mountain View, CA, USA) 
encased in viral capsid encoded by three packaging 
plasmids as described previously [53]. Viruses were 
concentrated as  described previously  [54].  Viral  titres 
were determined using 1 x 105  U2OS  cells/well  in six- 
well plates, transduced with serial dilutions of the 
concentrated viral stocks in the presence of Polybrene  
(8 µg/ml; Sigma). Cells were harvested 48 h post- 
transduction, analysed by flow cytometry for GFP 
expression   and   viral   titre   calculated.   Cells   were 

infecting using an MOI of 5-10 to provide infection 
efficiency above 90%. 

 
Constructs. The N-RAS lentiviral construct and p16INK4a 

plasmids have been described elsewhere [33, 55]. The 
p21Waf1 cDNA was kindly provided by Dr B. Vogelstein 
and subcloned into the pFLAG-CMV5b mammalian 
expression  vector  (Sigma).  The  p53-directed  shRNA 
sequences correspond to nucleotides 956-974 and 1026- 
1044 [56, 57] (Genbank accession number 
NM_000546). The p21Waf1-directed shRNA sequences 
correspond    to    nucleotides    560-578    and  569-587 
(Genebank accession number NM_078467) [58]. The 
shRNA sequence targeting pRb corresponded to 
nucleotides 662-680 (Genebank accession number 
NM_000321.1) [59]. The non-silencing negative control 
shRNA did not show complete homology to any known 
human transcript and had the following sequence: 5’- 
TTAGAGGCGAGCAAGACTA-3’. 

 
Western Blotting. Total cellular proteins were extracted 
at 4°C using RIPA lysis buffer containing protease 
inhibitors (Roche, Basel, Switzerland). Proteins (30- 
50µg) were resolved on 12% SDS-polyacrylamide gels 
and transferred to Immobilon-P membranes (Millipore, 
Bedford, MA, USA). Western blots were probed with 
antibodies against p16INK4a (N20, Santa Cruz, CA, 
USA),  p21Waf1  (C-19,  Santa  Cruz),  ß-actin  (AC-74, 
Sigma-Aldrich), p53 (DO-1, Santa Cruz), p-p53 (#9284, 
Cell Signalling, Danvers, MA, USA), p-ERK (E4, Santa 
Cruz), ERK (137F5, Cell Signalling), p-AKT (L32A4, 
Cell Signalling), AKT (11E7, Cell Signalling), c-MYC 
(A14, Santa Cruz), H3K9Me (Millipore) and 
phosphorylated p-pRb (#9308, Cell Signalling). 

 
Indirect immunofluorescence. Cultured cells (3-4 x 104) 
seeded on coverslips in 12-well plates were washed in 
PBS and fixed in 2% formaldehyde, 0.2% gluta- 
raldehyde, 7.4 mM Na2HPO4, 1.47 mM KH2PO4, 137 
mM NaCl, and 2.68 mM KCl. Cells were then rinsed 
three times with PBS and SA-ß-Gal activity was 
detected as previously described [60]. Cells fixed in 
3.7% formaldehyde were immunostained for 50 min 
with primary antibody followed by a 50 min exposure  
to Alexa Fluor 594-conjugated secondary IgG 
(Molecular Probes, Carlsbad, CA, USA). 
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Supplementary Figure 1. Lentiviruses containing the  indicated shRNA constructs 
cloned into the pSIH‐H1‐copGFP vector (System Biosciences) were used to infect the 
U20S osteosarcoma cells. Approximately three‐four days post infection, p21Waf1, p53 
and pRb protein expression was analysed by western blot as indicated. 
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Abstract: While half of all human  tumors possess p53 mutations,  inactivation of wild‐type p53 can also occur through a 
variety of mechanisms  that do not  involve p53 gene mutation or deletion. Our  laboratory has been  interested  in  tumor  
cells possessing wild‐type p53 protein and elevated  levels of HdmX and/or Hdm2, two critical negative regulators of p53 
function.  In this study we utilized RNAi to knockdown HdmX or Hdm2  in MCF7 human breast cancer cells, which harbor 
wild‐type p53 and elevated levels of HdmX and Hdm2 then examined gene expression changes and effects on cell growth. 
Cell cycle and growth assays confirmed that the loss of either HdmX or Hdm2 led to a significant growth inhibition and G1 
cell cycle arrest. Although the removal of overexpressed HdmX/2 appears  limited to an anti‐proliferative effect  in MCF7 
cells, the loss of HdmX and/or Hdm2 enhanced cytotoxicity in these same cells exposed to DNA damage. Through the use  
of Affymetrix GeneChips and subsequent RT‐qPCR validations, we uncovered a subset of anti‐proliferative p53 target genes 
activated  upon  HdmX/2  knockdown.  Interestingly,  a  second  set  of  genes,  normally  transactivated  by  E2F1  as  cells 
transverse  the G1‐S phase boundary, were  found  repressed  in a p21‐dependent manner  following HdmX/2 knockdown. 
Taken together, these results provide novel insights into the reactivation of p53 in cells overexpressing HdmX and Hdm2. 

 
 

INTRODUCTION 
 

Only half of all human tumors contain mutations in the 
p53 tumor suppressor gene [1], with the other half 
retaining wild-type p53 but possessing defects in the 
expression of p53 regulatory proteins and pathways. 
Under non-stress conditions, p53 protein is maintained 
at a low basal level by constant ubiquitination and 
proteasomal degradation [2]. Upon DNA damage or 
various types of cellular stress, p53 is stabilized and 
functions as a transcription factor to induce genes 
involved in cell cycle arrest, apoptosis, and DNA repair 
[3].  The stringent regulation of p53 involves a  complex 

network of proteins, and is critical for maintaining 
genomic stability and suppressing tumor formation. 

 
Hdm2 and its structural homologue HdmX  represent 
two essential negative regulators of p53  as 
demonstrated by their embryonic lethality in knockout 
mice and subsequent rescue by concurrent elimination  
of p53 [4]. Hdm2 inactivates p53 function  through 
direct association resulting in an inhibition of 
transactivation [5] and, through its E3 ligase activity 
targeting p53, by ubiquitin-mediated proteasome 
degradation [6, 7]. While HdmX shows conservation in 
the Hdm2 E3 ligase ring finger domain through which it 
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can heterodimerize with Hdm2 [8, 9], HdmX lacks the 
ability to ubiquitinate p53 in vivo [10, 11] and thus can 
only antagonize p53 transactivation [12]. The 
heterodimerization of Hdm2 and HdmX also plays a 
critical role in the response to DNA damage enabling 
Hdm2 to promote the ubiquitination and rapid 
proteasomal degradation of HdmX, thereby facilitating 
the tumor suppressor activity of p53 [13-15]. Thus, the 
interactions between p53, Hdm2 and HdmX are critical 
for complete regulation of p53 [4]. 

 
The overexpression of either Hdm2 or HdmX can 
inhibit the activity of p53 and directly contribute to 
tumor formation. It is not surprising that either one or 
both proteins are found overexpressed in many human 
tumors and tumor cell lines which harbor wild-type p53 
[16]. Diverse approaches to activate the wild-type p53  
in these tumors include the use of small molecule 
antagonists like Nutlin to inhibit the Hdm2-p53 
interaction [17-19], and the use of antisense 
oligonucleotides, antibodies, and small interfering  
RNAs directed at Hdm2 or HdmX [20-23]. Recent 
findings suggest that Hdm2 and HdmX are specific 
independent therapeutic targets for activating wild-type 
p53 and that anti-cancer approaches that target both 
Hdm2 and HdmX should be considered as a means of 
treatment for tumors [16, 18, 24]. 

 
This study undertook an examination  of  gene 
expression alterations and the biological effects  
resulting from RNAi silencing of HdmX and Hdm2 in a 
breast cancer cell line overexpressing both proteins. 
Unlike previous studies examining only the biological 
effect of either HdmX or Hdm2 loss, this study focuses 
on a cell line where both proteins are overexpressed and 
further compliments those previous studies with a 
systematic examination of gene expression changes 
following loss of HdmX or Hdm2. Interestingly, only 
p53 target genes primarily associated with cell cycle 
arrest were induced. More striking was the repression  
of a large group of E2F-regulated genes upon HdmX/2 
knockdown. Using siRNA approaches  targeting  p21, 
we were able to show that these E2F-regulated genes 
were repressed through p53 activation of p21. 
Furthermore, cell proliferation and colony formation 
assays confirmed that loss of HdmX or Hdm2 inhibited 
tumor cell growth and could sensitize these cells to 
treatment with doxorubicin. Taken together, these 
results suggest that in cells where both Hdm2 and 
HdmX are overexpressed, removal of one leads to an 
anti-proliferative effect in tumor cells harboring wild- 
type p53 and induction of p53 cell cycle  arrest genes 
that negatively feedback onto the E2F pathway. 

RESULTS 

RNAi knockdown of Hdm2 and HdmX in  MCF7 
cells 

 
Given that HdmX and Hdm2 are overexpressed in 
approximately 17% of human tumors [16] the majority 
of which possess wild-type p53, this study set out to 
examine how loss of Hdm2/X affected gene expression 
and tumor cell growth. MCF7, which possess wild-type 
p53 [25] and elevated levels of both HdmX and Hdm2 
(Figure 1A) was the tumor cell line used in these  
studies. To inactivate HdmX and Hdm2 we employed 
siRNA targeting each gene as described in the materials 
and methods. 

 
Before performing the Affymetrix GeneChip 
experiments we developed a triple transfection protocol 
that led to over 90% of the MCF7 cells taking up the 
siRNA (data not shown). Next, the effectiveness of the 
knockdown was assessed using RT-qPCR (data not 
shown) and Western blotting. Following the triple 
transfection protocol HdmX and p53 protein levels were 
undetectable with Hdm2 showing a greater than 80% 
reduction in protein expression (Figure 1B). As 
expected, the loss of either HdmX or Hdm2 led to an 
increase in the levels of p21. This p21 increase is p53- 
dependent since no increase in p21 protein levels was 
detected upon concurrent knockdown of HdmX and  
p53. While it has been suggested that Hdm2  controls 
the levels of p53 in non-stressed cells [26, 27], in our 
hands MCF7 cells showed only a slight increase in p53 
protein levels following the combined loss of HdmX 
and Hdm2. The inability of Hdm2 knockdown to result 
in an increase in p53 protein could be the result of 
MCF7 cells harboring an elevated level of HdmX. 
Consistent with this suggestion, the treatment of MCF7 
cells with Nutlin leads to increased p53 protein levels 
through loss of Hdm2 binding to p53 and concurrent 
Hdm2 mediated degradation of HdmX [28]. 

 
Loss of Hdm2 and HdmX triggers inhibition of cell 
growth 

 
Other groups have reported that in cells where wild-type 
p53 is kept in check by overexpression of HdmX or 
Hdm2, their inhibition can trigger alterations in cell 
growth [29] and in some conditions apoptosis [30]. To 
assess the growth properties of RNAi knockdown of  
p53 regulators Hdm2 and HdmX, siRNA-transfected 
MCF7 cells were plated at low density in 6 well plates 
and allowed to grow for an additional 10 days. While 
transfection of siCon or sip53 resulted in only minimal 
changes in cell growth (Figure 2B), knockdown of  either 
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Figure 1. (A) RT‐PCR analysis of hdmX and hdm2 gene expression in various human cell lines. The endogenous levels of hdmX and hdm2 
were determined relative to H1299 cells. All samples were normalized to GAPDH. (B) RNAi knockdown of HdmX or Hdm2 triggers p53‐ 
dependent p21  induction. Western blot analysis of  indicated proteins  from the various siRNA or doxorubicin  (Dox) treated MCF7 cells. 
Knockdowns of the indicated proteins were greater than 80%. Protein extracts were made 24 hours after the last siRNA transfection or 
treatment with 5 μg/ml doxorubicin. 

 
 

HdmX or Hdm2, alone or in combination led to 
significantly fewer colonies (Figure 2A) and suppressed 
cell growth when compared to  siCon  (Figure 2B). This 

decrease in colony formation correlated with an increase 
in G1 arrest and not apoptosis (i.e. sub-G1) as 
determined by flow cytometry (data not shown). 
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Figure  2.  Loss  of  HdmX  and/or  Hdm2  inhibits MCF7 
colony  formation.  (A) Following  siRNA  transfections, MCF7 
cells were  seeded at 500 cells/well  in 6‐well plates. The cells 
were  allowed  to  grow  for  ten  days  then  the  colonies  were 
stained with  crystal  violet.  Significantly  fewer  colonies were 
present following knockdown of HdmX and/or Hdm2. The cells 
transfected  with  sip53  or  a  non‐targeting  control  (siCon) 
showed minimal effects on colony  formation  relative  to non‐ 
transfected control (Con/Control). (B) The percent cell growth 
relative to untransfected control was determined by extracting 
the  stain  in  10%  acetic  acid  and  quantifying  the  stain  by 
reading absorbance at 590 nm. 

 
 
 

Loss of HdmX or Hdm2 sensitizes MCF7 cells to 
DNA damage 

 
Several recent studies using Nutlin and various DNA 
damaging agents reported that blocking Mdm2:p53 
association led to increased chemosensitivity to DNA 
damaging agents [31, 32]. To examine whether 
knockdown of HdmX and Hdm2 can also elicit 
increased cytotoxicity to DNA damage, MCF7 cells 
were transfected with the indicated siRNA leading to 
alterations of gene expression (Figure 3B). Cells were 
then treated with varying doses of doxorubicin and cell 
viability assessed. siRNAs targeting HdmX or Hdm2 
increased   doxorubicin   cytotoxicity,   while  removing 

both HdmX and Hdm2 led to the greatest level of 
chemosensitivity (Figure 3A). Enhanced chemo- 
sensitivity was also observed in cisplatin treatment of 
siHdmX or siHdm2 MCF7 cells (data not shown). 

 
Gene expression profiles of MCF7 cells lacking 
HdmX or Hdm2 

 
Having established an effective knockdown approach 
with effects on cell growth and increased sensitivity to 
DNA damage, we performed an Affymetrix GeneChip 
experiment to assess how loss of HdmX or Hdm2 
affected global gene expression in MCF7 cells. Each 
RNAi transfection was performed in three separate bio- 
logical replicates. The data analysis was carried out 
using GeneSpring GX software. Given the similarity of 
biological function uncovered in the previous experi- 
ments we focused our informatics on genes commonly 
altered following RNAi treatment with siHdmX or 
siHdm2. In summary, .cel files were normalized using 
GCRMA, genes filtered by ANOVA and fold change, 
and genes significantly altered by both siHdmX and 
siHdm2 but not siHdmX + sip53 identified (see materials 
and methods for detailed approach). From this approach 
we uncovered 394 gene alterations common to 
knockdown of both siHdmX and siHdm2 (Table 1). 

 
p53 activation following loss of HdmX or Hdm2 
triggers growth repressive genes 

 
The initial examination of the 394 genes focused on 
those genes (n=222) that were increased following 
siHdmX or siHdm2 treatment relative to siCon.  
Thirteen genes were identified that were known p53- 
regulated genes (Figure 4). As expected these genes 
increased with siHdmX or siHdm2 treatment but had 
expression levels comparable or lower than siCon when 
treated with siHdmX+sip53 or  sip53.  Interestingly, 
with the exception of Fas, this list of p53 target genes 
consisted predominately of genes encoding proteins 
involved in cell cycle arrest or DNA repair. Consistent 
with a model whereby p53 proapoptotic target genes 
require p53 that is phosphorylated at serine 46 by  
HIPK2 [33-35], we observed no detectable 
phosphorylation at serines 6, 15, 20, 46, or 392 
following the RNAi transfection protocol employed in 
these studies (data not shown). 

 
To confirm these results, we performed RT-qPCR using 
TaqMan primers targeting five known p53 target genes, 
three of which were identified in our analysis. p21, 
BTG2 and ACTA2 are p53 target genes that are 
associated with cell cycle arrest or growth inhibition 
[36-38], while Hdm2 is a negative regulator of p53 and 
Noxa a pro-apoptotic factor  not observed  in our  list  of 
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known that p21 can inhibit CDK/cyclins involved in Rb
phosphorylation [40] and within the literature we
initially uncovered two reports where p53 activation led
to repression of TERT or Chk2, two known E2F-
regulated genes [41, 42]. To determine whether
repression of these genes was the result of an HdmX or
Hdm2-dependent p53 activation, MCF7 cells were
treated with siHdm2 or siHdmX alone or  in
combination with sip21. RNA was isolated and RT-
qPCR performed to monitor relative expression of
cyclin A2 (CCNA2), p21 and E2F1. While E2F1 did
not make the 394 gene list, it possesses an E2F1 DNA
binding site [43]. Relative expression for each of the
genes was normalized to GAPDH. As expected, loss of
HdmX or Hdm2 led to an increase in p21 and

 
 

Figure  3. Knockdown  of HdmX  enhances doxorubicin‐induced  cytotoxicity.  (A)  Percent  cell  viability  relative  to  untransfected 
untreated  control  cells. MCF7  cells were  treated with  doxorubicin  (0.25‐1.0  μg/mL)  for  48  hours  and  cell  viability was  determined  by 
absorbance at 590 nm. The loss of HdmX and/or Hdm2 showed an enhanced cytotoxicity relative to control cells. (B) RT‐qPCR analysis of 
hdmX, hdm2, p21 and p53 gene expression  in  the  indicated  siRNA  transfected MCF7  cells. The hdmX, hdm2, and p53  transcripts were 
effectively knocked down by siRNA prior to drug treatment. 

 
 
 

altered genes [39]. MCF7 cells were either mock 
transfected (Mock), transfected with siRNA that does 
not target any human gene (siCon) or transfected with 
siRNA to HdmX or Hdm2 either alone or in 
combination. The results in Figure 5 demonstrate that 
relative to siCon, knockdown of HdmX led to 
significant increases in hdm2, p21, BTG2 and ACTA2 
gene expression. No significant change in gene 
expression was observed with Noxa, which is consistent 
with our GeneChip results. With the obvious exception 
of hdm2, siRNA-targeting Hdm2 led to similar 
alterations in gene expression (Figure 5). Finally, when 
both HdmX and Hdm2 were eliminated, the levels of 
the cell cycle arrest genes p21, BTG2 and ACTA2 
increased either synergistically or additively while  
levels of Noxa remained unchanged. These results 
validate our GeneChip data that p53-target genes were 
induced upon HdmX or Hdm2 knockdown and that 
several of these genes encode proteins involved in the 
cell cycle arrest. 

 
p53 upregulation of p21 leads to global repression of 
E2F regulated genes 

 
After searching for genes that were directly upregulated 
by p53 we next evaluated those genes that were 
repressed (N=172) following HdmX and Hdm2 
knockdown (Figure 7). Within the list of  
downregulated genes were a set of genes that encode 
proteins involved in G1-S phase transition, the majority 
of  which  were  known  E2F1  regulated  genes.     It  is 

concomitant decrease in both CCNA2 and E2F1 (Figure 
7). In contrast, loss of Hdm2/X and p21 completely 
abrogated CCNA2 and E2F1 repression consistent with 
p53 activation inactivating E2F1 transactivation via p21 
induction. 

 
 
 

 
 
 
 

Figure  4.  GeneChip  expression  of  13  known  p53‐ 
regulated  genes  that were  induced  by  knockdown  of 
either  siHdmX  or  siHdm2.  Y‐axis  represents  the  average 
fold change (log2) for each of the genes in the indicated siRNA 
transfections relative to siCon (X‐axis, conditions labeled at the 
top of the chart). 



                      AGING www.aging‐us.com  165
 

DISCUSSION 
 

As an essential tumor suppressor it is no surprise that 
human tumors demonstrate a diverse array of genetic 
mechanisms to inactivate p53 function. Central to this 
present study are tumors where one or both of the 
negative regulators of p53, Hdm2 and HdmX, are 
overexpressed leading to loss of p53 activity. Previous 
studies have focused on Hdm2 overexpression, where a 
small molecule inhibitor Nutlin 3 has proven to activate 
wild-type p53 in cell lines with elevated Hdm2, 
triggering apoptosis when combined with genotoxic 
agents that do not function as anti-mitotics [44]. 
Unfortunately, Nutlins have not proven as effective in 
tumors where HdmX is overexpressed [18, 45-47], 
suggesting the need for additional approaches aimed at 
blocking the HdmX:p53 association particularly given 
the recent observation of HdmX overexpression in 
retinoblastoma [48]. 

 

 
Figure  5.  RT‐qPCR  validation  of  siRNA  knockdown  in 
MCF7 cells. (A) The hdmX, hdm2, and p21 mRNA expression 
relative  to  siCon  (non‐targeting  siRNA)  is  shown.  The  p21 
transcript  is  induced  following  loss  of  HdmX  or  Hdm2,  and 
synergistically induced following loss of both HdmX and Hdm2. 
(B)  BTG2,  ACTA2,  and  NOXA  mRNA  expression  relative  to 
untransfected control  (Con). The p53  target genes, BTG2 and 
ACTA2, are  induced by  loss of HdmX and/or Hdm2, while  the 
expression of the proapoptotic gene, NOXA, is not altered. 

Here we have employed RNAi approaches and DNA 
microarrays to better understand the activation of p53 in 
cells overexpressing Hdm2 and HdmX.  In MCF7 cells  
a growth arrest with no detectable apoptosis was 
observed following knockdown of either Hdm2 or 
HdmX (Figure 2 and data not shown). While loss of 
either HdmX or Hdm2 was sufficient to trigger an anti- 
proliferative effect, the combined loss of both HdmX 
and Hdm2 resulted in a more significant growth 
inhibition. 

 

Figure  6.  GeneChip  expression  of  13  reported  E2F1‐ 
regulated genes that were repressed by knockdown of 
either  siHdmX  or  siHdm2.  Y‐axis  represents  the  average 
fold change (log2) for each of the genes in the indicated siRNA 
transfections relative to siCon (X‐axis, conditions labeled at the 
top of the chart). 

 
Even though this RNAi approach appears to activate  
p53 without triggering its phosphorylation (data not 
shown), the loss of either HdmX or Hdm2 did 
effectively sensitize the cells to doxorubicin with the 
loss of both Hdm2 and HdmX being most sensitive to 
DNA damage (Figure 3). Surprisingly our results 
showed only a modest elevation of endogenous p53 
levels following loss of HdmX and Hdm2 (Figure 1). 
This result maybe unique to MCF7 cells which harbor 
elevated Hdm2 and HdmX, in contrast to most tumor 
cell lines with wild-type p53 that possessed only 
elevated Hdm2 (Figure 1A). Consistent with the need 
for only one negative regulator to be elevated 65% of 
retinoblastoma tumors overexpress HdmX and possess 
wild-type p53 [48]. Based on our previous HdmX 
overexpression studies [10] we would predict that the 
overexpression of HdmX might inhibit Hdm2 
degradation of p53 in MCF7 cells and thus could 
explain why modulating Hdm2 levels in MCF7 cells has 
no dramatic effect on p53 levels. 

 
The DNA microarray experiment directly tested  
whether HdmX or Hdm2 knockdown triggered an 
increase in p53-regulated genes. While 394 genes were 
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significantly altered by either HdmX or Hdm2 
knockdown (Table 1), only a small group was 
previously identified p53 targets (Figure 4). A few of  
the remaining genes induced by HdmX or Hdm2 loss 
are likely novel p53 regulated genes (S. Berberich, 
personal communication) but most probably represent 
downstream effects of the cell cycle arrest induced by 
p53. Within the 13 identified p53 target genes it is 
noteworthy that only one apoptotic gene (Fas) was  
found activated by loss of either HdmX or Hdm2. Upon 
careful examination of 16 known p53 pro-apoptotic 
genes we found that several of them were repressed 
following p53 knockdown, suggesting that their failure 
to be induced by loss of HdmX or Hdm2 was not a cell- 
type specific phenotype. Rather, we propose that the 
non-genotoxic release of p53 from Hdm2 of HdmX 
results in a preferential activation of growth arrest target 
genes, like p21 (Figure 5).  This model is consistent  
with recent work suggesting that p53 promoter selection 
is dependent on its phosphorylation [49]. 

 
 

 
 
Figure 7. Repression of E2F1‐regulated genes by Hdm2 
or  HdmX  knockdown  is  blocked  by  concurrent 
knockdown  of  p21. MCF7  cells were  transfected with  the 
indicated  siRNA  combinations.  Twenty‐four  hours  later,  RNA 
was  isolated and subjected to RT‐qPCR to quantify expression 
of  CCNA2,  p21  and  E2F1  after  normalization  to  GAPDH. 
Expression  levels  (Y‐axis) were  relative  to siCon and  reported 
as  RQ  values.  Error  bars  represent  the    95%    confidence  
interval of the relative expression. 

 
 

Another interesting finding within the microarray data 
was a subgroup of genes that were repressed upon 
HdmX and Hdm2 knockdown and could be classified as 
known E2F-regulated genes. Other groups have noted 
that p53 activation of p21 could lead to the repression of 
TERT [42] or Chk2 [41], known E2F-target genes, and 
another group recently reported similar findings using 
microarray assays [50]. 

While this report focused on genes commonly regulated 
by HdmX and Hdm2, it is worth mentioning that within 
genes uniquely regulated by either HdmX or Hdm2 we 
did not observe any additional p53 regulated genes (M. 
Markey, personal communication). The common 
biological effects of HdmX or Hdm2-loss and 
significant overlap of gene expression patterns are in 
contrast to recent in vivo studies where the knockout of 
Mdm2 or MdmX in adult mouse tissues lead to non- 
overlapping roles in regards to regulating p53 activity 
[51]. We believe these findings point to either 
differences in cell culture verses tissue studies or more 
likely represent a significant departure in the roles that 
Hdm2 and HdmX play when expressed at physiological 
levels compared to the elevated levels in tumor cells. 

 
Finally these studies demonstrate that non-genotoxic 
activation of p53 by knockdown of its inhibitors Hdm2 
and HdmX leads to the induction of genes involved in 
cell-cycle arrest, as well as repression of genes along  
the E2F/Rb pathway that promote cell cycle entry. 
These alterations in gene expression resulted in a 
decreased population of proliferative cells without 
necessarily increasing apoptosis. A non-genotoxic 
activation of p53 is one possible mechanism for the 
reduction in cellular proliferation observed  during 
aging. This further underscores the critical importance  
of tumor suppressor activation in senescence and 
organismal aging. 

 
MATERIALS AND METHODS 

 
Cell lines, antibodies, siRNA and chemotherapeutic 
agents. The human breast tumor cell line MCF7 was 
grown in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 10% bovine growth serum (BGS), 
and 10 µg/ml gentamicin unless otherwise indicated. 
HdmX polyclonal antibody (Bethyl Laboratories, Inc.), 
p21 polyclonal antibody C-19 (Santa Cruz 
Biotechnology, Inc.), p53 monoclonal antibody Ab-6 
(Oncogene), Hdm2 monoclonal antibody SMP-14  
(Santa Cruz Biotechnology, Inc.) and beta-actin 
monoclonal antibody (Sigma, Inc.) were used as 
indicated. A phosphorylation-specific p53 polyclonal 
antibody kit (Cell Signaling Technology, Inc.) was 
utilized per manufacturer’s protocol. Horseradish 
peroxidase (HRP)-conjugated anti-mouse or anti-rabbit 
secondary antibodies (Promega) were used with Super 
Signal substrate (Pierce) for chemiluminescence 
detection of proteins. siGENOME duplex RNA  
targeting mRNA from hdmX, hdm2, or p53, and a non- 
targeting control siRNA were obtained from  
Dharmacon Research, Inc. and siRNA transfection was 
performed using Oligofectamine or Lipofectamine 2000 
(Invitrogen)  as  described  below.    Doxorubicin hydro- 
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chloride (Tocris Bioscience) was prepared as a 5 mg/ml 
stock solution in water. 

 
siRNA transfection. Cells were seeded at 200,000 cells 
per well in 6-well plates (for RNA isolation), or at 
700,000 cells per 6-cm dish (for protein extraction) in 
antibiotic free DMEM containing 1% BGS in a small 
volume. Cells were reverse transfected with 100 nM 
siRNA (Dharmacon Research, Inc.) at time of seeding 
using Lipofectamine 2000 (Invitrogen). After a  five 
hour incubation, the media was removed and cells were 
refed with DMEM containing 10% BGS. Twenty hours 
later, the cells were transfected again with 100 nM 
siRNA in a small volume of serum free media using 
Oligofectamine (Invitrogen). After a four-hour 
incubation, an equal volume of DMEM containing 20% 
BGS was added to each well or dish without removing 
the transfection mixture. Total RNA was isolated 24 
hours post siRNA transfection and protein was  
extracted at 48 hours post siRNA unless otherwise 
indicated. 

 
Analysis of Affymetrix GeneChips. The Affymetrix 
HG-U133 plus 2.0 GeneChips containing probe sets 
detecting over 54,000 transcripts were used in this study 
and each transfection condition was performed in 
triplicate. GeneChip cel files were imported into 
GeneSpring GX and preprocessed by GCRMA. 
Measurements less than 0.01 were then set to 0.01, and 
each chip was normalized to the 50th percentile of the 
measurements taken from that chip. Extra background 
correction was never applied. Each gene was  
normalized to the median of the measurements for that 
gene, and then to the median of that gene’s expression  
in the siCon condition. 

 
Initially all genes were filtered in GeneSpring GX first 
by Welch ANOVA to find expression changes based on 
siRNA treatment, using a p-value cut off of 0.05 and the 
Benjamini and Hochberg False Discovery Rate as a 
multiple testing correction. The cross-gene error model 
was active and based on replicates. From this list, genes 
were removed which varied between the mock and 
siCon treatments by 1.5 fold with a p-value < 0.05. 
Next, lists of genes with expression changes of 1.5 fold 
and a p-value < 0.05 were then made for siHdm2 versus 
siCon and siHdmX versus siCon. We then eliminated  
all but the union between these two lists. One gene that 
was repressed in the siHdm2 condition but upregulated 
in the siHdmX condition (encoding hypothetical protein 
MGC5370) was manually removed. Finally, genes that 
were not changed 1.5 fold with a p-value of <0.05 
between the siHdmX and siHdmX + sip53 conditions 
were removed leaving a total of 394 selected genes. 

Quantitative RT-pPCR. Cells were lysed directly in the 
culture dish and total RNA was isolated using the 
RNeasy kit (Qiagen) according to manufacturer’s 
protocol. The RNA was quantified by spectrophoto- 
meter reading at 260 nm, and 1 µg RNA was reverse 
transcribed with random hexamers to create cDNA 
using the TaqMan Reverse transcription kit (Applied 
Biosystems). Quantitative PCR was performed in a 96- 
well micro titer plate format on an ABI Prism 7900HT 
sequence detection system using 1 µl cDNA, TaqMan 
Universal PCR master mix and Assay-on-Demand Gene 
Expression products (Applied Biosystems) specific for 
genes of interest. Each cDNA sample was analyzed in 
triplicate and fold change relative to control was 
calculated based on a PCR efficiency of two and 
normalized to GAPDH (endogenous control) RNA 
levels. Average fold change and standard  deviation 
were obtained from 2-3 biological replicate samples per 
treatment assayed in triplicate. 

 
Western blot analysis. Frozen cells were lysed in an 
aqueous extraction buffer composed of 120 mM NaCl, 
50 mM Tris-HCl (pH 8.0), 5 mM EGTA, 1 mM EDTA, 
5 mM NaPPi, 10 mM NaF, 30 mM para- 
nitrophenylphosphate, 1 mM Benzamidine, 0.1% NP-40 
(Ipegal Ca-630), 0.2 mM PMSF, and 1% protease 
inhibitor cocktail (Sigma), and soluble protein was 
recovered by centrifugation. Protein concentration was 
determined using Bradford reagent (Bio-Rad), and 
proteins were resolved on a sodium dodecyl  sulfate- 
10% polyacrylamide gel followed by transfer of  
proteins to a polyvinylidene difluoride membrane 
(Millipore) using a Transblot system (Bio-Rad). 
Immunoblotting was performed as previously described 
[52] using appropriate primary antibodies at 1:1000- 
1:10,000 dilution and secondary antibodies (goat anti- 
mouse or goat anti-rabbit HRP-conjugated, Promega) at 
1:5000-1:10,000 dilution. Blots were exposed to 
chemiluminescent reagent (Pierce) and protein was 
visualized on a FUJIFILM LAS-3000 image reader. 

 
Colony formation and cell viability assays. Twenty-four 
hours after the second siRNA transfection, the cells 
were trypsinized, counted and seeded at 500 cells per 
well in 6-well plates for the colony formation assay.  
The cells were allowed to grow for ten days, and then 
the colonies were fixed and stained in 1% crystal violet 
in 70% methanol. The cell viability assays were 
performed in 96-well plates using either CellQuanti- 
Blue™ Reagent (BioAssay Systems) according to 
manufacturer’s protocol or by staining the cells with 
crystal violet, extracting the stain in 10% acetic acid, 
and then reading absorbance at 590 nm. Again, cells 
were trypsinized after the second siRNA transfection, 
counted  and  seeded  at  20,000  cells  per   well.     Cell 
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viability was determined at various time points post- 
seeding or following treatment with chemotherapeutic 
agents for the times indicated. 
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