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ID1, inhibitor of differentiation/DNA binding, plays an
important role in cell proliferation, differentiation, and tumor-
igenesis. It has been shown that ID1 is de-regulated in multiple
cancers and up-regulation of ID1 is correlated with high grades
and poor prognosis of human cancers. In contrast, the p53
tumor suppressor was found to be mutated or inactivated in
most human cancers and loss of p53 results in early onset of
multiple cancers. Although the biological functions of the ID1
oncogene and the p53 tumor suppressor have been intensively
investigated, little is known about the upstream regulators of
ID1 and the cross-talk between ID1 and p53. Here, we showed
that ID1 is down-regulated in cells treated with various DNA
damage agents in a p53-dependent manner. Interestingly, we
found that DEC1, which was recently identified as a p53 target
andmediates p53-dependent cell cycle arrest and senescence, is
capable of inhibiting ID1 expression. Conversely, we found that
knockdown of DEC1 attenuates DNA damage-induced ID1
repression. In addition, we identified several potential DEC1
responsive elements in the proximal promoter region of the ID1
gene. Moreover, we showed that overexpression of ID1 or ID1�,
an isoform of ID1, promotes cell proliferation potentially
through inhibition of p21 expression. Finally, we found that the
extent of DNAdamage-induced premature senescence was sub-
stantially decreased by overexpression of ID1 or ID1�. Taken
together, our study suggests that p53 trans-repressional activity
can bemediated by its own target DEC1 and ID1 is an effector of
the p53-dependent DNA damage response pathway.

ID1 is a member of the ID2 (inhibitor of differentiation or
DNA binding) subfamily of the bHLH transcription factors (1).
Like other subfamily members, ID1 contains a helix-loop-helix
(HLH) motif, but not a DNA binding domain. Therefore, ID1
acts as a dominant negative regulator of other HLH transcrip-
tion factors by forming inactive heterodimers (2–4). Multiple

lines of evidence suggest that ID1 is an oncogene. ID1 was
found to be up-regulated in various human cancers, including
breast, prostate, cervical, and ovarian cancer (5–9). In addition,
the increased levels of ID1 expression is correlated with cancer
aggressiveness and high grades (6, 8, 9). Moreover, it has been
shown that overexpression of ID1 confers cancer cells
enhanced ability in cell proliferation and invasiveness (6). Con-
versely, knockdown of ID1 inhibits the metastatic potential of
breast cancer cells (10). Furthermore, ID1 is down-regulated in
arrested or senescent cells (11) and ectopic expression of ID1
extends the lifespan of human keratinocytes (12, 13). Although
the biological functions of ID1 have been intensively studied,
the upstream regulators of ID1 are not well defined (14).
The p53 tumor suppressor is a guardian of genomic integrity

and ismutated or inactivated in over 50%of human cancers (15,
16). p53 functions as a sequence-specific transcription factor
(17, 18). Mutations in the p53 gene or interactions with the
products of viral and cellular oncogenes render p53 defective in
its DNA binding and transcriptional activity. Genetic studies
have shown that loss of p53 in both mutant mice and Li-Frau-
mani syndrome patients leads to early onset of multiple tumors
(19–22). In response to certain cytotoxic stresses such as DNA
damage, p53 is activated and enhances the transcription of
genes that are involved in the control of cell cycle progression
and apoptosis (17, 23). For example, p21 cyclin-dependent
kinase inhibitor is induced by p53, which inhibits the G1/S and
G2/M transitions (24, 25). For p53-dependent apoptosis, both
extrinsic and intrinsic apoptotic pathways were regulated
through induction of membrane receptors (such as FAS and
DR5) and BH3 group proteins (such as BAX, NOXA, and
PUMA) (26–29).
Given the importance of ID1 and p53 in tumorigenesis, it is

not surprising that both of themare attractive targets for cancer
therapeutic strategies. However, little is known about the cross-
talk between ID1 and p53. It has been reported that high levels
of ID1 are associated with p53 immunoreactivity and mitotic
index in clinical colorectal adenocarcinoma samples and ID1
expression is increased in normal p53-null mice (30). Consis-
tently, ectopic expression of p53 mutants results in elevated
ID1 expression (31). In addition, a cDNA microarray study
showed that ID1 is up-regulated in cells treated with the che-
motherapeutic agent 5-fluorouracil in a p53-dependent man-
ner (32). But to date, direct or indirect regulation of ID1 by p53
has not been clarified.
In this study, we found that ID1 is down-regulated in

HCT116 and U2OS cells treated with various chemotherapeu-
tic drugs. Interestingly, inhibition of ID1 expression uponDNA
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damage is attenuated by p53-knockdown. In addition, we found
that expressionof ID1 is regulatedbyDEC1, abHLHtranscription
factor and a p53 target. Conversely, we found that knockdown of
DEC1 alleviates DNAdamage-induced ID1 inhibition.Moreover,
several potential DEC1 responsive elements were identified in the
proximal promoter region of the ID1 gene. We also showed that
the DEC1 protein binds to, and inhibits, the promoter of the ID1
gene. Finally, we showed that overexpression of ID1 or ID1� pro-
motes cell proliferation and inhibits p21 expression. Taken
together, for the first time, our study suggests that ID1 is an effec-
tor of the p53-dependent DNA damage response pathway.

EXPERIMENTAL PROCEDURES

Plasmids—Untagged wild-type and mutant DEC1 cDNAs in
pcDNA4 expression vectors were described previously (33, 34).
To generate HA-tagged wild-type DEC1 cDNA in pcDNA4 for
tetracycline-inducible expression (Invitrogen), a cDNA frag-
ment was amplified from untagged wild-type DEC1 cDNA (34)
with forward primer, 5�-AGGAATTCACCATGTACCCATAC-
GATGTTCCAGATTACGCTGAGCGGATCCCCAGCGCG-
CAA-3� (HAsequence inunderline), and reverse primer, 5�-AGTC-
TAGAAGGAAGGAAAGCAAAGCAG-3�. To generate ID1 and
ID1� cDNAs in pcDNA4 for tetracycline-inducible expres-
sion, cDNA fragments were amplified from ID1 EST
(MHS1011-59341) and ID1� EST (H63146) (Openbiosys-
tems), respectively. The primers for ID1 amplification were:
forward primer, ID1-S, 5�-ACGGAATTCATCATGAAAG-
TCGCCAGTGGCAGCAC-3�, and reverse primer, ID1-AS,
5�-ATATAGCGGCCGCTTCAGCGACACAAGATGCGAT-
CGTC-3�. The primers for ID1� amplification were: the same
forward primer as for ID1 amplification and reverse primer,
ID1�-AS, 5�-AATAGCGGCCGCCTAGTGGTCGGATCT-
GGATCTCACC-3�. To generate three luciferase reporters
under the control of the ID1 promoter (nucleotides �1389/
�88, �1108/�88, and �146/�88), genomic DNA frag-
ments were amplified fromMCF7 cells with one of the three
forward primers (ID1-P-1389, 5�-AGGTACCCTCGGCCTT-
CCAAATTGTTGGGATTACAG-3�; ID1-P-1108, 5�-AAGGTA-
CCGAGGTAAGGTGACCCTTGCTCAGCGAC-3�; ID1-P-146,
5�-AAGGTACCAGCAGGCACTAGACGAGCAGGAGGC-
3�) and a common reverse primer (ID1-P-AS, 5�-ATCTCGAGC-
GACTGGCTGAAACAGAATGGGCAAAG-3�), respectively.
To transiently knockdownp53 andDEC1, 21-bp double-stranded
RNA oligos (p53 siRNA, GACUCCAGUGGUAAUCUAdTdT;
DEC1 siRNA, GCAAGGAGACCUACAAAUUdTdT) and a ran-
domly selected scrambled siRNA were purchased from Dharma-
con RNATechnologies.
Cell Culture—H1299, HCT116, U2OS, MCF7, and MCF7-

p53KD were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum at 37 °C with 5%
CO2. U2OS-DEC1 (clones 6 and 14), M7-DEC1 (clones 6 and
16), and M7-DEC1-R58P (clone 2) were used as previously
described (34). MCF7-p53KD is a derivative ofMCF7, in which
p53was stably knocked downbyRNA interference.M7-TR-7, a
derivative of MCF7 that expresses the tetracycline repressor,
was used as described previously (35). To generate cell lines that
inducibly express HA-tagged DEC1, ID1, or ID1�, M7-TR-7
cells were transfected with pcDNA4-HA-DEC1, pcDNA4-ID1,

or pcDNA4-ID1�, and selected with medium containing 200
�g/ml Zeocin. Individual clones were screened for inducible
expression of HA-DEC1, ID1, or ID1� byWestern blot analysis
with anti-HA and anti-ID1 antibodies, respectively. The result-
ing cell lines were designated M7-HA-DEC1, M7-ID1, and
M7-ID1�. One representativeM7-HA-DEC1 (clone 2), two rep-
resentative M7-ID1 (clones 10 and 21), and two representative
M7-ID1� (clones 1 and 13) were selected for this study.
Western Blot Analysis—Whole cell extracts were prepared

with 2� SDS sample buffer and boiled for 5 min at 95 °C. The
antibody against DEC1was generated in rabbit (33). Antibodies
against p53, p21, ID1, p130, and the HA epitope were pur-
chased from Santa Cruz Biotechnology. Anti-actin and mouse
IgG were purchased from Sigma. Anti-Rb (clone XZ-77) was
used as described (36).
Northern Blot Analysis—Total RNAswere isolated by TRIzol

reagent (Invitrogen). Northern blot analysis and preparation of
GAPDH probe were described previously (37). Wild-type ID1
cDNA was used as probe and amplified as described above.
Colony Formation—Cells were seeded at 500 per well in

6-well plates maintained in 5% fetal bovine serumwith or with-
out doxycycline in triplicate for 14 days. Colonies were fixed
with methanol:glacial acetic acid (7:1), washed in H2O, and
stained with 0.02% crystal violet.
Luciferase Reporter Assay—The dual luciferase assay was

performed in triplicate according to the manufacturer’s
instructions (Promega). Briefly, 0.25 �g of a luciferase reporter,
0.25 �g of empty pcDNA4 or pcDNA4 that expresses DEC1,
DEC1-M, or DEC1-R58P, and 9 ng of an internal control
Renilla luciferase assay vector pRL-CMV (Promega) were
transfected intoH1299 cells by ESCORTV transfection reagent
according to themanufacturer’s instruction (Sigma). Cells were
seeded at 2 � 104 per well in 24-well plates 24 h before trans-
fection. 18 h post-transfection, luciferase activity wasmeasured
with the dual luciferase kit and Turner Designs luminometer.
The -fold change in relative luciferase activity is a product of the
luciferase activity induced by DEC1, DEC1-M, or DEC1-R58P
protein, divided by that induced by an empty pcDNA4 vector.
Chromatin Immunoprecipitation (ChIP) Assay—ChIP assay

was performed as previously described (38). The binding of the
DEC1 protein to the proximal ID1 promoter region was
detected with forward primer, 5�-GACAAACTCTTCATAC-
AGTGCCCGC-3�, and reverse primer, 5�-TCGCTGAGCA-
AGGGTCACCTTACCTC-3�. The binding of the DEC1 pro-
tein to the ID1 TATA box region was detected with forward
primer, 5�-GACTGGCTGAAACAGAATGGGCAAAG-3�,
and reverse primer, 5�-ACACTGCGAGCAGGCACTAGA-
CGAG-3�. Primers for amplification of the DEC1 responsive
elements within the Survivin promoter were described pre-
viously (39). Primers for amplification of the GAPDH pro-
moter were used as previously described (40).

RESULTS

Inhibition of ID1 by DNA Damage Is Primarily
p53-dependent—The p53 tumor suppressor is a key sensor of
various stress signals, including those activated by chemother-
apeutic drugs (28, 41). To uncover the potential cross-talk
between ID1 and p53, we tested whether ID1 is regulated by
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DNA damage in cells treated with chemotherapeutic drugs,
doxorubicin and camptothecin. Both doxorubicin (an inhibitor
of topoisomerase II) and camptothecin (inhibitor of topoi-
somerase I) can induce DNA double strand breaks (42). We
found that the expression levels of endogenous ID1 were
decreased in HCT116 cells upon treatment with doxorubicin
and camptothecin (Fig. 1A, ID1 panels). As expected, p53 was
stabilized by doxorubicin and camptothecin in a time-depend-
ent manner (Fig. 1A, p53 panels). p21, a well characterized p53
target, was up-regulated following p53 stabilization (Fig. 1A,
p21 panels). The levels of actin were measured as a loading
control (Fig. 1A, actin panels). Similarly, the levels of ID1 were
decreased in U2OS cells treated with doxorubicin and campto-
thecin (Fig. 1B, ID1 and p53 panels). Again, p21 was up-regu-
lated by p53 (Fig. 1B, p21 panels). Next, we wanted to examine

whether p53 is required for inhibition of ID1 upon DNA dam-
age. To address this, p53 was transiently knocked down by p53
siRNA along with scramble siRNA as a control. We found that
p53 was efficiently knocked down in cells untreated or treated
with doxorubicin or camptothecin and p21 was down-regu-
lated in the presence of p53 siRNA (Fig. 1,C andD, p53 and p21
panels). In addition, DNA damage-induced inhibition of ID1
was significantly diminished by p53-knockdown (Fig. 1, C and
D, ID1 panels). These data indicate that inhibition of ID1 by
DNA damage is dependent on p53.
Expression of ID1 Is Down-regulated by DEC1—DEC1, a

bHLH transcription factor, was recently identified as a p53 tar-
get, which mediates p53-dependent cell cycle arrest and senes-
cence (34). Consistent with the previous study, DEC1 was up-
regulated in p53-proficient but not p53-deficient MCF7 cells
treated with doxorubicin (Fig. 2A, DEC1 panel). To identify
potential DEC1 targets involved in inducing cell cycle arrest
and senescence, an Affymetrix GeneChip assay was performed
with U133 plus Chips with RNAs purified from MCF7 cells
uninduced or induced to express DEC1.We found that ID1was
down-regulated upon overexpression of DEC1. To confirm
this, Northern blot analysis was performed and showed that
ID1 expression was repressed by DEC1 in MCF7 cells (Fig. 2B,
ID1 panel). GAPDH was used as a loading control (Fig. 2B,
GAPDH panel). Next, we examined whether a decrease in the
ID1 transcript correlates with a decrease in ID1 protein. West-
ern blot analysiswas performed inMCF7 cells (M7-DEC1num-

FIGURE 1. ID1 expression is inhibited by DNA damage in a p53-dependent
manner. A and B, ID1 expression is down-regulated upon DNA damage.
Western blots were prepared with extracts from HCT116 and U2OS cells that
were untreated (�) or treated (�) with doxorubicin (Dox) or camptothecin
(CPT) for 12, 16, 20, and 24 h, respectively. ID1, p53, p21, and actin were
detected by their respective antibodies. C and D, knockdown of endogenous
p53 partially alleviates the inhibition of ID1 expression upon DNA damage.
Western blots were prepared with extracts from HCT116 cells that were tran-
siently transfected with control scramble siRNA and p53 siRNA for 3 days, and
then untreated (�) or treated (�) with doxorubicin (0.3 �g/ml) for 24 h or
with camptothecin (100 nM) for 6 h. The blots were analyzed as in A.

FIGURE 2. ID1 expression is down-regulated by DEC1. A, DEC1 is induced
by DNA damage in a p53-dependent manner. Western blots were prepared
with extracts from MCF7 and MCF7-p53KD cells that were untreated (�) or
treated (�) with 0.35 �g/ml doxorubicin (Dox) for 24 h. B, ID1 is inhibited by
DEC1. Northern blots were prepared with RNAs purified from MCF7 cells that
were uninduced (�) or induced (�) to express DEC1. The blots were probed
with cDNAs derived from the ID1 and GAPDH genes, respectively. C and D, ID1
expression is down-regulated by DEC1. Western blots were prepared with
extracts from MCF7 cells that were uninduced (�) or induced (�) to express
DEC1 or mutant DEC1-R58P and from U2OS cells that were uninduced (�) or
induced (�) to express DEC1. DEC1, ID1, and actin were detected by their
respective antibodies.
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bers 6 and 16) in which wild-type DEC1 can be inducibly
expressed and MCF7 cells (M7-DEC1-R58P number 2) in
whichDEC1-R58P can be inducibly expressed. DEC1-R58P has
a point mutation at codon 58 (arginine to proline) within the
DNAbinding domain,which diminishes itsDNAbinding activ-
ity (33). We would like to note that the expression levels of
mutant DEC1-R58P and wild-type DEC1 were comparable
(Fig. 2C,DEC1/DEC1-R58P panel). We found that ID1 expres-
sion was down-regulated in MCF7 cells by DEC1, but not
mutant DEC1-R58P (Fig. 2C, ID1 panel). Moreover, to rule out
a potential cell type-specific effect, U2OS cells (U2OS-DEC1
numbers 6 and 14) in which wild-type DEC1 can be inducibly
expressed were used. We showed that the level of ID1 was also
decreased by DEC1 in U2OS cells (Fig. 2D, ID1 panel).
Because DEC1 can be induced by DNA damage in a p53-de-

pendent manner (34), we hypothesized that inhibition of ID1
upon DNA damage might be dependent on DEC1. To address
this, DEC1 was transiently knocked down in HCT116 cells by
DEC1 siRNA along with scramble siRNA as a control (Fig. 3,
DEC1 panel). The levels of p53 and p21 were measured as pos-
itive indicators of DNA damage (Fig. 3, p53 and p21 panels).
Consistent with the above study, DEC1 was induced by DNA
damage (Fig. 3, DEC1 panel, compare lane 1 with lane 3). In
addition, we found that DEC1 expression was suppressed by
DEC1 siRNA but not control siRNA in cells untreated or
treated with doxorubicin (Fig. 3, DEC1 panel, compare lanes 1
and 3 with lanes 2 and 4, respectively). Interestingly, like p53-
knockdown, DEC1-knockdown significantly inhibited DNA

damage-induced repression of ID1 (Fig. 3, ID1 panel, compare
lane 3with lane 4). In summary,we concluded that inhibition of
ID1 upon DNA damage is partially through the p53-DEC1
pathway.
Identification of ID1 as aDirect Target of DEC1—DEC1 func-

tions as a transcription repressor by binding to canonical
E-boxes (CANNTG or CACGTN, where N is any nucleotide
sequence) (43, 44). Thus, if ID1 is a direct target ofDEC1, one or
more DEC1-responsive elements (DEC1-REs) should exist in
the ID1 gene. To test this, we analyzed the genomic locus of the
ID1 gene and found several potential DEC1-REs within the
proximal promoter region (Fig. 4A). To determine whether
these potential DEC1-REs are responsive to DEC1, three DNA
fragments from the ID1 promoter, that contain four E-boxes
(�1389/�88), two E-boxes (�1108/�88), and one E-box

FIGURE 3. Knockdown of endogenous DEC1 partially attenuates the inhi-
bition of ID1 expression upon DNA damage. Western blots were prepared
with extracts from HCT116 cells that were transiently transfected with control
scramble siRNA and DEC1 siRNA for 3 days, and then untreated (�) or treated
(�) with doxorubicin (Dox) (0.3 �g/ml) for 24 h. The blots were analyzed as
described in the legend to Fig. 1A.

FIGURE 4. ID1 is a direct target of DEC1. A, schematic presentation of the ID1
genomic structure with the location of the potential DEC1-REs (E-boxes). B, left
panel, schematic presentation of three luciferase reporter constructs. See
details in the text. Right panel, potential DEC1-REs in the ID1 gene are respon-
sive to wild-type DEC1, but not mutant DEC1-M and DEC1-R58P. The lucifer-
ase assay was performed as described under “Experimental Procedures.”
C, generation of MCF7 cell lines that inducibly express HA-tagged DEC1. The
levels of DEC1 were quantified with anti-HA. D, schematic presentation of the
ID1, Survivin, and GAPDH promoters with the locations of potential DEC1-REs
and PCR primers used for ChIP assays. E, DEC1 binds to the ID1 promoter in
vivo. Upon induction or no induction of DEC1, MCF7 cells were cross-linked
with formaldehyde followed by sonication. Chromatin was immunoprecipi-
tated (IP) with anti-HA (HA-DEC1) or a control IgG. DEC1-responsive elements
in the ID1 and Survivin genes were amplified by PCR. The binding of DEC1 to
the GAPDH was quantified as a nonspecific binding control.
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(�146/�88), respectively, were cloned into pGL2-basic lucif-
erase reporter. The resulting vectors were designated pGL2-
ID1–1389, pGL2-ID1–1108, and pGL2-ID1–146 (Fig. 4B).
Next, the luciferase reporter assay was performed and showed
that the luciferase activity for each of the three luciferase
reporters was inhibited by DEC1 (Fig. 4B). Interestingly, the
ID1 promoter with four DEC1-REs wasmore sensitive toDEC1
than the promoter with one or two DEC1-REs (Fig. 4B). In
contrast, mutants DEC1-R58P and DEC1-M were inert (Fig.
4B). DEC1-M lacks residues 53 to 65 in the DNA binding
domain, and thus is transcriptionally inactive (33).
Next, we examined whether DEC1 can bind to these DEC1-

REs in the ID1 gene in vivo. To test this, we generated multiple
MCF7 cell lines that can inducibly express HA-tagged DEC1
under the control of a tetracycline-inducible promoter. One
representative cell line, M7-HA-DEC1 number 2, was selected
for this study (Fig. 4C). ChIP assay was performed with the
primers shown in Fig. 4D (left panel). It has been shown that the
Survivin gene is transcriptionally regulated by DEC1 primarily
throughmultiple Sp1 sites (45). Therefore, the binding ofDEC1
to the Survivin promoter was determined as a positive control
(Fig. 4D, middle panel). Additionally, a region within the pro-
moter of the GAPDH gene was amplified as a control for non-

specific binding (Fig. 4D, right
panel). To test the binding of DEC1
to the ID1 promoter, MCF7 cells
were uninduced or induced to
express HA-tagged DEC1 and the
DEC1-DNA complexes were im-
munoprecipitated with anti-HA
antibody or mouse IgG as a control.
We found that the captured frag-
ments containing the E-boxes in the
proximal promoter region (nucleo-
tides �1389 to �1165) and the
region near the transcriptional start
site (nucleotides �154 to �89) in
the ID1 gene were significantly
increased upon induction of DEC1
expression (Fig. 4E, ID1 panels).
Similarly, DEC1 bound to the Sur-
vivin gene (Fig. 4E, Survivin panel).
However, no fragments were
enriched by control IgG (Fig. 4E,
ID1 and Survivin panels). Further-
more, the GAPDH promoter was
not recognized by DEC1 (Fig. 4E,
GAPDH panel). Taken together,
these data indicate that ID1 is likely
to be a direct target gene of DEC1.
Overexpression of ID1 or ID1�

Promotes Cell Proliferation Poten-
tially through Inhibition of p21
Expression—To analyze the biologi-
cal activity of ID1 overexpression,
we searched for a cell line in which a
low level of endogenous ID1 is
expressed. Thus,Western blot anal-

ysis was performed and showed that the expression level of ID1
was low in MCF7 cells but high in HCT116, U2OS, and
MCF10A cells. Therefore, multiple MCF7 cell lines in which
ID1 can be inducibly expressed were generated (Fig. 5A). In
addition, the activity of ID1�, an alternative spliced isoform,was
analyzed in MCF7 cells (Fig. 5A). ID1 and ID1� have identical
amino acid sequences except that ID1 and ID1� contain 13 and
7 unique residues in their C termini, respectively (46). To ana-
lyze the effect of ID1 and ID1� on the cell proliferation, colony
formation assay was performed and showed that MCF7 cell
proliferation was increased by overexpressed ID1 or ID1� (Fig.
5B). Interestingly, we found that the size (�1 mm in diameter),
but not the total number, of the colonies was markedly
increased by overexpressed ID1 or ID1� (Fig. 5, C andD). It has
been shown that ID1 was able to promote cell proliferation
partially through inhibiting p21 expression (47). Therefore, to
further determine the molecular basis for their pro-growth
function,Western blot analysiswas performed and showed that
both ID1 and ID1� inhibited p21 expression (Fig. 5E).
Overexpression of ID1 or ID1� Attenuates DNA Damage-in-

duced Premature Senescence—Our previous study showed that
DEC1 promotes premature senescence and is required for
DNA damage-induced senescence (34). In addition, ID1 was

FIGURE 5. Overexpression of ID1 or ID1� promotes cell proliferation potentially through inhibition of p21
expression. A, generation of MCF7 cell lines that inducibly express ID1 or ID1�. The levels of ID1 and ID1� were
quantified with anti-ID1. B, ID1 and ID1� promote colony formation in MCF7 cells. Colony formation assay was
performed with MCF7 cells uninduced or induced to express ID1 or ID1� for 14 days, as described under
“Experimental Procedures.” C, quantification of the total number of colonies shown in B. The number of colo-
nies was calculated in triplicate for each cell line. D, quantification of the percentage of colonies with a diameter
of �1 mm. The percentage of colonies with a diameter of �1 mm was calculated in triplicate for each cell line.
The average was plotted as the percentage of colonies (�1 mm) increased by ID1 or ID1� expression. E, over-
expression of ID1 and ID1� inhibits p21 expression. Western blots were prepared using extracts from MCF7 cells
uninduced (�) or induced (�) to express ID1 or ID1� for 0, 24, 48, or 72 h.
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found to be down-regulated in senescent cells (11). To test
whether ID1 plays a role in DNA damage-induced premature
senescence, SA-�-galactosidase staining assaywas performed and
analyzed as previously described (34).We found that the extent of
DNA damage-induced senescence was substantially reduced by
overexpression of ID1 and ID1� (Fig. 6A). To further analyze the
effect of overexpression of ID1 or ID1� on DNA damage-induced
senescence, we examined the phosphorylation status of p130 and
retinoblastoma protein (pRb). We found that the levels of
hypophosphorylatedp130andpRbwere significantly increasedby
treatment with doxorubicin inMCF7 cells (Fig. 6B, p130 and pRb
panels, compare lanes1and5with3and7, respectively).However,
this incrementwas obviously reduced by overexpression of ID1 or
ID1� (Fig. 6B, p130 and pRb panels, compare lanes 3 and 7with 4
and 8, respectively). The levels of p53 and p21 were measured as
positive indicators of DNA damage (Fig. 6B, p53 and p21 panels).
Thesedata indicate that ID1 is adownstreameffectorofDEC1and
p53 to promote cell proliferation and inhibit DNA damage-in-
duced premature senescence.

DISCUSSION

ID1 was found to be induced by serum and growth factors,
including bone morphogenic protein and transforming growth
factor � (11, 48–52).Moreover, a recent study showed that ID1
is also repressed by hypoxia (53). But to date, very little is known
about a transcription factor(s) that directly regulates ID1
expression (14). Because we found that p53-knockdown atten-
uates DNA damage-induced repression of ID1, it is possible
that ID1 is regulated by p53. As a transcriptional factor, p53
up-regulates gene expression by directly binding to a p53-re-
sponsive element (p53-RE) in the target gene promoter (17, 27).
However, p53 down-regulates gene expression through diverse
mechanisms, including binding directly to a p53-RE in the tar-
get gene promoter, interference with other transcriptional acti-
vators/coactivators, and modifications of the chromatin struc-
ture (54). In this study, we found that ID1 is repressed byDEC1,

which is recently identified as a p53 target (34). In addition, we
showed that like p53-knockdown, DEC1-knockdown alleviates
inhibition of ID1 upon DNA damage. Furthermore, we found
that DEC1 binds to, and inhibits, the promoter of the ID1 gene.
These data indicate that ID1 is a direct target of DEC1. There-
fore, for the first time, we found that p53 trans-repressional
activity can be mediated by its own target DEC1 and ID1 is an
effector of the p53-dependent DNA damage response pathway.
DEC1, a bHLH transcription factor, has been shown to play a

role in the cell cycle regulation (33, 55), differentiation (56, 57),
and apoptosis (33) in response to extracellular stimuli. In a pre-
vious study, we found that DEC1 is induced by DNA damage in
a p53-dependent manner and mediates p53-dependent cell
cycle arrest and senescence (34). Interestingly, ID1 is a well
defined regulator of cell cycle progression and senescence. It
has been shown that ID1 knock-out primary mouse embryonic
fibroblasts undergo premature senescence (58). In addition,
ID1 was found to be required for G1 phase progression and
down-regulated in senescent cells (11). Moreover, overexpres-
sion of ID1 extends the lifespan of human keratinocytes (12,
13). Here, we showed that overexpression of ID1 and ID1� pro-
motes cell proliferation (Fig. 5). In addition, we found that over-
expression of ID1 or ID1� diminishes DNA damage-induced
premature senescence (Fig. 6A). Furthermore, in response to
DNA damage, overexpression of ID1 or ID1� decreased the lev-
els of hypophosphorylated p130 and pRb upon DNA damage
(Fig. 6B), which is consistent with our previous study that p53-
knockdown reduced the levels of hypophosphorylated p130 and
pRb andDEC1-knockdown altered the level of hypophosphoryla-
ted p130 upon DNA damage (34). Taken together, inhibition of
ID1expression is amechanismbywhichDEC1andp53 inhibit cell
proliferation and promotes premature senescence.
Human ID1 and its alternative splicing isoform ID1� have an

identical amino acid sequence except that ID1 and ID1� have 13
and 7 unique residues in their C termini, respectively (11, 46).
Although ID1�has an expression pattern similar to ID1during the
cell cycle progression (11), the role of ID1� in the control of the cell
cycle has not beendetermined.Aprevious report showed that ID1
promotes cell proliferation partially through inhibition of p21
expression (47). Here, we found that like ID1, ID1� also promotes
cell proliferation by inhibiting p21 expression. Future study is
needed to examine whether ID1 and ID1� possess other common
and/or distinct activities. Interestingly, DEC1-knockdown also
leads to enhanced induction of p21 by DNA damage (Fig. 3), sug-
gesting that p21 is inhibited by DEC1. Indeed, our preliminary
study showed that as a repressor, DEC1 transcriptionally inhibits
p21 expression.3 In summary, our study suggested that ID1 is an
effector of the p53-dependent DNA damage response pathway.
We believe that by revealing the interaction between p53 and ID1
in the DNA damage pathway, it will provide an insight to target
ID1 for cancer therapeutic strategies.
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FIGURE 6. Overexpression of ID1 or ID1� attenuates DNA damage-in-
duced premature senescence. A, overexpression of ID1 or ID1� diminishes
DNA damage-induced premature senescence. MCF7 cells, which were unin-
duced (�) or induced (�) to express ID1 or ID1� for 2 days and then untreated
(�) or treated (�) with 0.03 �g/ml of doxorubicin for 2 days, were analyzed by
SA-�-galactosidase staining assay as described in a previous study (34). To
quantify SA-�-galactosidase positive colonies, 150 –200 colonies were
counted and colonies containing �50% SA-�-galactosidase positive cells
were defined as senescent colonies. B, overexpression of ID1 or ID1� dimin-
ishes DNA damage-induced up-regulation of hypophosphorylated p130 and
pRb. Western blots were prepared with extracts from MCF7 cells that were
uninduced (�) or induced (�) to express ID1 or ID1� for 2 days and then
untreated (�) or treated (�) with 0.03 �g/ml doxorubicin for 1 day.
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