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In response to a number of genotoxic stimuli that induce DNA
damage in cells, the tumour suppressor p53 is activated resulting
in cell cycle arrest or apoptosis. In this study, we have identified
stimulated with retinoic acid 13 (Stra13), a basic helix–loop–helix
transcription factor, as a regulator of ionizing-radiation-induced
apoptosis. We show that Stra13 is induced in response to several
DNA-damaging agents in a p53-independent manner. Stra13�/�

thymocytes show impaired apoptosis in response to ionizing
radiation, and consistently, p53 levels and also expression of its
key transcriptional targets Puma and Noxa are reduced in the
mutant thymocytes. In vitro, Stra13 regulates p53 levels in a
mouse double mutant 2 (Mdm2)-dependent manner by physically
interacting with p53 and preventing Mdm2-mediated ubiquitina-
tion and nuclear export. Together, our studies provide evidence
that Stra13 is involved in DNA-damage-induced apoptosis and
indicate its role in tumorigenesis.
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INTRODUCTION
Transcription factors belonging to the basic helix–loop–helix
(bHLH) family are important regulators of cellular differentiation,
cell-cycle arrest and apoptosis. Stimulated with retinoic acid 13
(Stra13; also known as differentially expressed in chondrocytes/
enhancer of split and hairy related protein 2 (Dec1/Sharp2)), a
bHLH factor, is widely expressed during mouse embryogenesis
(Boudjelal et al, 1997). Studies of overexpression have implicated
Stra13 in many biological responses including cell-cycle arrest,
differentiation and apoptosis (Sun & Taneja, 2000; Seimiya et al,
2002; Ivanova et al, 2004). Conversely, Stra13�/� mice show a
defect in Fas-mediated apoptosis of activated T and B cells,
leading to the development of a lupus-like autoimmune disorder

(Sun et al, 2001) and impaired skeletal muscle regeneration
in response to injury (Sun et al, 2007). Although Stra13 trans-
criptionally regulates its target genes, it also interacts with several
proteins including Usf (upstream stimulatory factor), Stat3 (signal
transducer and activator of transcription 3) and Clock/Bmal
(clock/brain and muscle arnt-like protein), and modulates
their activity by transcription-independent mechanisms (Dhar
& Taneja, 2001; Ivanova et al, 2004; Sato et al, 2004). Recent
studies have shown that Stra13 is upregulated in response to stress
stimuli such as serum deprivation, hypoxia and various cyto-
kines (Sun & Taneja, 2000; Ivanova et al, 2001, 2004; Yun
et al, 2002), indicating that it might mediate cellular responses
to stress. However, the signalling pathways and molecular
mechanisms by which it participates in stress responses are not
completely understood.

A pivotal target that mediates DNA-damage-induced cellular
responses of growth arrest and apoptosis is the tumour suppressor
p53. p53 is a short-lived protein that is normally expressed at low
levels owing to its interaction with mouse double mutant 2
(Mdm2), which signals its degradation. Mdm2, an E3 ubiquitin
ligase, interacts with the amino-terminus of p53 and promotes
its degradation by ubiquitination (Haupt et al, 1997). In res-
ponse to DNA damage, p53 becomes phosphorylated and this
prevents its interaction with Mdm2, leading to its stabilization
and activation (Ko & Prives, 1996; Giaccia & Kastan, 1998;
Oren, 1999). p53, in its active form, transcriptionally upregulates
the expression of target genes that are important for cell-
cycle arrest, such as p21Waf1 (Brugarolas et al, 1995), and
apoptosis, such as Puma, Noxa and Bax (McCurrach et al, 1997;
Villunger et al, 2003).

In this study, we examined the role of Stra13 in DNA-damage-
induced cellular responses. We show that Stra13 is upregulated by
ionizing radiation and genotoxic agents both in vitro and in vivo
in a p53-independent manner. Stra13-deficient thymocytes show
resistance to g-irradiation-induced apoptosis and express reduced
levels of p53 and its target genes Puma and Noxa after DNA
damage. Conversely, overexpression of Stra13 results in the
accumulation of p53 in an Mdm2-dependent manner by protect-
ing it from Mdm2-mediated ubiquitination and degradation. Our
studies provide evidence that Stra13 is involved in p53-dependent
apoptosis in response to DNA damage. Thus, these results provide
new observations that link Stra13 to DNA-damage-induced
cellular responses.

Received 6 June 2006; revised 22 December 2006; accepted 12 January 2007;
published online 9 March 2007

*These authors contributed equally to this work
+Corresponding author. Tel: þ 1 212 241 9413; Fax: þ 1 212 860 9279;
E-mail: reshma.taneja@mssm.edu

Department of Molecular, Cell, and Developmental Biology, Mount Sinai School
of Medicine, One Gustave L Levy Place, New York, New York 10029, USA

&2007 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION EMBO reports VOL 8 | NO 4 | 2007

scientificreportscientific report

401



RESULTS AND DISCUSSION
Stra13 is upregulated by genotoxic stimuli
Our previous studies have shown that Stra13�/� mice are
defective in Fas-mediated apoptosis of activated T and B cells
(Sun et al, 2001). As Stra13 is upregulated in response to stress
stimuli, such as serum deprivation and hypoxia (Sun & Taneja,
2000; Ivanova et al, 2001; Yun et al, 2002), we investigated
whether Stra13 is involved in other stress response pathways such
as those induced by DNA damage. We first analysed whether
Stra13 expression is altered in response to DNA-damaging agents.
NIH3T3 cells were treated with etoposide, which elicits double-
stranded DNA breaks, or with cisplatin, a drug that causes
interstrand crosslinks. Stra13 expression was induced in response
to both etoposide and cisplatin treatment (Fig 1A). Moreover,
treatment of NIH3T3 cells (Fig 1B) and p53-null 10.1 T cells
(Fig 1C) with ionizing radiation also led to an increase in its
expression, indicating that Stra13 is upregulated in response to
ionizing radiation in a p53-independent manner. To verify that
Stra13 is induced in vivo in response to DNA damage, we
examined Stra13 expression in radiation-sensitive tissues such as
thymus and spleen from wild-type mice after irradiation. Western
blot analysis of both tissues showed an apparent increase in Stra13
expression in response to ionizing radiation (Fig 1D,E). Together,
these data indicate that Stra13 expression is induced in response
to genotoxic stress in vitro and in vivo and suggest that it might
have a role in DNA-damage-induced responses.

Impaired radiation-induced apoptosis in Stra13�/� mice
In response to ionizing radiation, cells undergo cell-cycle arrest,
which allows for repair of damaged DNA, or undergo apoptosis,
which results in the elimination of cells with a damaged genome
(Kastan et al, 1991). As Stra13 is induced by ionizing-radiation,
we examined ionizing-radiation-induced apoptosis and cell-cycle
arrest in Stra13�/� thymocytes. At the same time point after
irradiation, 40–50% of wild-type thymocytes were apoptotic,
whereas only 20–30% of Stra13�/� thymocytes underwent
apoptosis (Fig 2A). Consistently, 14 h after irradiation, the
percentage of viable cells was about twofold higher in Stra13�/�

thymocytes (supplementary Fig 1A online). These results indicate
that thymocyte apoptosis after DNA damage is defective in the
absence of Stra13. However, no significant difference in ionizing-
radiation-induced cell-cycle arrest was seen in Stra13�/� thymo-
cytes (supplementary Fig 1B online).

As thymocytes undergo apoptosis in response to ionizing
radiation in a p53-dependent manner (Lowe et al, 1993), we
analysed whether the p53 response to DNA damage is changed
in Stra13�/� thymocytes. As expected, p53 was highly induced
in wild-type thymocytes, whereas p53 levels were reduced in
Stra13�/� cells consistent with defective apoptosis (Fig 2B). In
addition, Stra13�/� thymocytes expressed reduced levels of p53
target genes Puma and Noxa, whereas Bax expression was not
significantly altered (Fig 2C). Consistent with reduced apoptosis
and increased viability, Stra13�/� thymocytes also expressed
reduced levels of Bim and increased levels of Bcl-2 compared
with wild-type controls (Fig 2D). These results are in agreement
with previous findings indicating: a role for Noxa, Puma and Bim
in ionizing-radiation-induced apoptosis (Bouillet et al, 1999;
Villunger et al, 2003); a normal radiation response of Bax�/�

thymocytes (Knudson et al, 1995); and protection of cells from
radiation-induced apoptosis by Bcl-2 (Sentman et al, 1991).

Stra13 regulates p53 in an Mdm2-dependent manner
To identify the mechanism underlying reduced p53 levels in
Stra13�/� thymocytes, we examined the effect of Stra13 on p53
levels by western blotting. Stra13 expression enhanced the
amount of p53 protein (two-, three- and fourfold) in a dose-
dependent manner in NIH3T3 cells (Fig 3A) but not in p53�/�/
Mdm2�/� mouse embryonic fibroblasts (MEFs; Fig 3B), indicating
that Stra13 influences p53 in an Mdm2-dependent manner. To
determine whether Stra13 regulates Mdm2 at the transcriptional
level, we examined the effect of Stra13 expression on Mdm2
mRNA levels in human colorectal carcinoma (HCT)116 cells,
which express wild-type p53, and also in HCT116 p53�/� cells.
Mdm2 messenger RNA levels were not changed by Stra13
expression (Fig 3C). Stra13 expression also had no effect on p53
mRNA levels in HCT116 cells (Fig 3C) although it elevated
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Fig 1 | Stra13 is induced in response to DNA damage. (A) NIH3T3 cells were treated with etoposide or cisplatin and stimulated with retinoic acid

13 (Stra13) expression was analysed by western blot at the indicated time points. Untreated (UT) cells were used as controls. Membranes were

reprobed with b-actin antibody. (B,C) NIH3T3 cells (B) and p53-null 10.1 T cells (C) were irradiated (10 Gy), and Stra13 expression was analysed by

western blot at the indicated times. 10.1 T cells were analysed 2 h after irradiation. (D,E) Wild-type mice were exposed to ionizing radiation and killed

after 2.5 or 6 h. Stra13 expression was analysed in the thymus (6 h) and spleen (2.5 h). Untreated mice were used as controls. Two mice were used

for each dose.
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endogenous p53 protein (Fig 3D). These results indicated that
Stra13 does not regulate p53 levels by modulating Mdm2
or p53 expression.

As Mdm2 ubiquitinates and degrades p53 (Haupt et al, 1997;
Kubbutat et al, 1997), we tested whether Stra13 protects p53 from
Mdm2-mediated degradation. NIH3T3 cells were transfected with
p53, Mdm2 and increasing amounts of Stra13. Mdm2 led to p53
degradation as expected, whereas expression of Stra13 partly
protected p53 from degradation (Fig 3E), indicating that Stra13
might interfere with Mdm2-mediated ubiquitination of p53. To
investigate this possibility, we expressed p53 with Mdm2 in the
presence of increasing amounts of Stra13. Transfected cells were
treated with the proteasome inhibitor N-acetyl-leucyl-leucyl-
norleucinal (ALLN) to prevent p53 degradation, and then analysed
by western blotting with p53 antibody (Fig 3F). Coexpression of
Stra13 with p53 resulted in increased p53 levels, consistent with
our previous observations. As expected, expression of Mdm2
together with p53 resulted in the accumulation of ubiquitinated

p53. Interestingly, the addition of increasing amounts of Stra13 in
the presence of Mdm2 reduced p53 ubiquitination. Consistently,
Stra13 expression blocked Mdm2-mediated p53 ubiquitination
in vitro (Fig 3G). However, Mdm2 self-ubiquitination was not
altered, indicating that the reduction of p53 ubiquitination by
Stra13 is not due to a general inhibition of the E3 ubiquitin-ligase
activity of Mdm2 (Fig 3H).

Stra13 interacts with p53 and prevents its nuclear export
An alternative mechanism by which Stra13 might influence p53
levels is through interaction with p53 and/or Mdm2. We first
examined whether Stra13 colocalizes with p53 in untreated and
etoposide-treated cells. After etoposide treatment, Stra13 was found
in nuclear foci and colocalized with p53 both in the absence
and presence of DNA damage (Fig 4A). We then tested whether
Stra13 interacts with p53 and Mdm2 by co-immunoprecipitation
assays. Co-immunoprecipitation analysis of p53�/�/Mdm2�/� cells
transfected with Stra13 and p53 showed clearly an interaction in
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Fig 2 | Defective g-radiation-induced apoptosis and p53 activity in Stra13�/� thymocytes. (A) Thymocytes from wild-type (WT) and Stra13�/� mice

were left untreated (UT) or g-irradiated. After 6 h, cells were stained with Annexin V–FITC and propidium iodide (PI). Numbers represent the

percentage of apoptotic cells. The results are representative of eight experiments. (B) Thymocytes were treated with ionizing radiation (5 Gy) or left

untreated (UT), and p53 expression was analysed by western blotting. (C,D) Untreated (UT) or irradiated (5 Gy) thymocytes were analysed for

expression levels of Puma, Noxa and Bax (C), Bim and Bcl-2 (D) by immunoblotting. Stra13, stimulated with retinoic acid 13.
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the absence of Mdm2 (Fig 4B). Stra13 also interacted with Mdm2
in the absence of p53 (Fig 4C). Nevertheless, the association
of p53 with Mdm2 was not altered by expression of Stra13
(Fig 4D). To determine whether the interaction with p53 is
direct and to map the domains of the interaction, full-length
glutathione-S-transferase (GST)–Stra13 (1–411) and deletion

mutants containing only the N-terminal bHLH domain (1–127)
or the carboxy-terminal repression region (111–411) were
incubated with in vitro-translated p53 (Fig 4E). Full-length Stra13
and the 1–127 mutant interacted with p53, whereas no interaction
was seen with the 111–411 mutant. Interestingly, in correlation
with the interaction data, expression of full-length Stra13 and the
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(C) HCT116 cells (p53þ /þ ) and HCT116 p53�/� (p53�/�) were transfected with vector (�) or Flag–Stra13 (þ ). Mdm2 and p53 mRNA levels were

analysed by RT–PCR. 36B4 transcripts were analysed as an internal control. (D) HCT116 cells were transfected with vector (�) or Flag–Stra13 (þ ) and

analysed for endogenous p53 protein levels by western blot. (E) NIH3T3 cells were transfected with p53, Mdm2 or Flag-Stra13 as indicated and

immunoblotted with p53, Flag and Mdm2 antibodies. (F) NIH3T3 cells were transfected with p53, Mdm2 and Flag–Stra13 as indicated. Cells were treated

with ALLN for 4 h before they were collected. Lysates were immunoblotted using p53 and Flag antibodies. The ubiquitinated form of p53 (Ub–p53)

is indicated. (G) Purified p53 was incubated with Mdm2, E1, E2 and ubiquitin (Ub) in the absence or presence of in vitro-translated Stra13. p53

ubiquitination was detected with p53 antibody. (H) GST–Mdm2 was tested for auto-ubiquitination in the absence or presence of Stra13. Ubiquitinated

Mdm2 was detected by ubiquitin antibody. ALLN, N-acetyl-leucyl-leucyl-norleucinal; GST, glutathione-S-transferase; Mdm, mouse double mutant;

MEF, mouse embryonic fibroblast; RT–PCR, reverse transcriptase–PCR; Stra13, stimulated with retinoic acid 13.
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1–127 mutant elevated endogenous p53 levels (Fig 4F), whereas
the C-terminal mutant that failed to interact with p53 did not
increase endogenous p53 levels. These results indicate that bHLH

domain in Stra13 interacts with p53 and is sufficient to modulate
its levels. To map the domains in p53 that interact with Stra13,
various GST–p53 deletion mutants were tested for interaction with
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Stra13 (Fig 4G). Stra13 interacted with full-length p53 (1–393) and
a mutant containing only the C-terminal residues 319–393,
indicating that the predominant interaction occurs with this
region. In addition, a weak interaction was observed with the
1–160 mutant. The C terminus of p53 contains lysine residues that
are ubiquitinated by Mdm2, which then signals its nuclear export
(Lohrum et al, 2001). As Stra13 interacts predominantly with the
C terminus of p53 and inhibits Mdm2-mediated ubiquitination
and degradation, we reasoned that Stra13 might regulate Mdm2-
mediated nuclear export of p53. We therefore determined cellular
localization of p53 in the presence of Mdm2 and Stra13. In the
absence of Mdm2, p53 was mostly nuclear and 15% of transfected
cells showed cytoplasmic p53. Consistent with previous reports,
expression of Mdm2 increased cytoplasmic localization of p53 in
35% of transfected cells (Fig 4H), whereas coexpression of Stra13
with Mdm2 relocalized p53 in the nucleus, and only 18% of cells
had cytoplasmic p53. Thus, Stra13 protects p53 by preventing its
ubiquitination and subsequent nuclear export.

Taken together, our results show a role for Stra13 in ionizing-
radiation-induced apoptosis by regulation of p53. Similar to
Stra13, many factors, including Hif1a (hypoxia inducible factor
1a), Atf3 (activating transcription factor 3), Stat1, Yy1 (yin yang 1)
and Pml (promyelocytic leukaemia protein) (Chen et al, 2003;
Townsend et al, 2004; Yan et al, 2005), modulate p53 levels by
direct interaction with p53 and/or Mdm2. Stra13 interacts with
both p53 and Mdm2, and its expression results in reduced p53
ubiquitination, nuclear export and degradation. As Stra13 inter-
acts directly with the C-terminal end of p53 that is subject to post-
translational modifications, it is likely that this association results
in masking the lysine residues that are subject to Mdm2-mediated
ubiquitination. However, we cannot exclude that its association
with Mdm2 also contributes to stabilization of p53. Additionally,
the weak interaction with the 1–160 region of p53 indicates that
Stra13 regulates p53 by mechanisms that are as yet unknown.

DNA damage responses have an important role in maintaining
genomic stability, and genetic defects in this response can result in
premature ageing, immune defects and development of cancers.
The induction of Stra13 in response to several genotoxic stimuli,
combined with its ability to regulate radiation-induced apoptosis
and p53 levels, indicates that its altered expression or activity
might be important in radiation sensitivity and oncogenesis.

METHODS
Mice. Stra13�/� mice have been described previously (Sun et al,
2001). All animal protocols followed institutional guidelines.
DNA damage. Four- to six-week-old wild-type and Stra13�/�

mice, or cultured cells, were g-irradiated using a 137Cs source as
indicated. NIH3T3 cells were treated with 20 mg/ml etoposide
(Sigma, St Louis, MO, USA) or 20mg/ml cisplatin (Sigma) for
various durations as indicated.
Apoptosis of thymocytes. Thymocytes from wild-type and
Stra13�/� mice were irradiated, stained with AnnexinV–fluores-
cein isothiocyanate (BD PharMingen, San Diego, CA, USA) and
PI (Sigma) and analysed by flow cytometry (Becton Dickinson
FACScan, San Jose, CA, USA).
GST pull-down assays, co-immunoprecipitation and antibodies.
GST pull-down assays and co-immunoprecipitations were carried
out as described previously (Sun & Taneja, 2000). GST pull-down
assays were carried out with equivalent amounts of various

GST–p53 mutants or GST alone, and 35S-labelled in vitro-translated
Stra13. Conversely, GST–Stra13 mutants (Sun & Taneja, 2000)
were used for the interaction with 35S-labelled in vitro-translated
p53. For co-immunoprecipitation assays, H1299 or p53/Mdm2�/�

MEFs were transfected with p53, Mdm2 and Flag–Stra13, as
indicated. Lysates were immunoprecipitated and detected by western
blotting with appropriate antibodies. b-Actin was used to confirm
equivalent loading of proteins. The primary antibodies were Stra13
(Dec1; kindly provided by Dr B. Yan, University of Rhode Island),
p53 (FL393 and DO-1; Santa Cruz, Santa Cruz, CA, USA), Flag (M2;
Sigma); Mdm2 (SMP14 and N-20; Santa Cruz), ubiquitin (P4D1;
Santa Cruz) and b-actin (Sigma).
Reverse transcriptase–PCR. Semiquantitative reverse transcrip-
tase–PCR was carried out as described (Boudjelal et al, 1997).
HCT116 and HCT116 p53�/� cells were transfected with vector
(pCS2) alone or pCS2–Stra13. Total RNA was isolated using Trizol.
The following primers were used: p53: 50-GCTGCTCAGATAGC
GATG-30 and 50-GGCATCCTTGAGTTCCAAG-30 for 30 cycles;
Mdm2: 50-GGAAATGCACTTCATG-30 and 50-CAGGGCTTA
TTCCTTTTC-30 for 30 cycles; and 36B4: 50-CAGCTCTGGAG
AAACTGCTG-30 and 50-GTGTACTCAGTCTCCACAGA-30 for 19
cycles. PCR products were run on a 1.5% agarose gel and
visualized by ethidium bromide staining.
Ubiquitination assays. For in vitro ubiquitination assays, 10 ng
of purified p53 (ProteinOne, Bethesda, MD, USA) was incubated
with 25 ng E1 (Boston Biochemicals, Cambridge, MA, USA),
100 ng E2 (GST–UbcH5c; Boston Biochemicals), 150 ng GST–
Mdm2, 10 mg His–ubiquitin, 5 mM ubiquitin aldehyde and 2 mM
ATPgS in the absence or presence of 6 ml (B60 ng) of in vitro-
translated Stra13 for 2 h at 37 1C in a buffer containing 40 mM
Tris–HCl, 5 mM MgCl2 and 2 mM dithiothreitol. Reactions were
analysed by western blotting using p53 antibody. For in vivo
experiments, p53, Mdm2 and Flag–Stra13 were transfected in
NIH3T3 cells. At 24 h after transfection, cells were treated with the
proteasome inhibitor (ALLN; Calbiochem, San Diego, CA, USA)
for 4 h and analysed by western blot using p53 antibody. For
Mdm2 ubiquitination assays in vitro, 250 ng of GST–Mdm2 was
incubated with E1 (25 ng), E2 (100 ng) and His–ubiquitin (5 mg) for
1 h at 37 1C in a buffer containing 40 mM Tris–HCl, 5 mM MgCl2,
2 mM dithiothreitol and 2 mM ATP. BSA or in vitro-translated
Stra13 (750 ng) was added as indicated. Reactions were analysed
by immunoblotting with ubiquitin antibody.
Immunofluorescence microscopy. H1299 cells were transfected
with Flag-Stra13 and p53. After 24 h, cells were treated with
20 mM etoposide and immunostained with Flag and p53 anti-
bodies. p53 subcellular localization in the presence or absence of
Mdm2 and Stra13 was similarly analysed. Nuclei were detected
with 4,6-diamidino-2-phenylindole (DAPI) staining. A total of
1,000 nuclei were counted for cellular distribution of p53.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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