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Abstract
Recent reports indicate that the activating transcription
factor 5 (ATF5) is required for the survival of cancer cells but
not for noncancer cells. However, the mechanisms by which
ATF5 regulates genes and promotes cell survival are not
clear. Using a cyclic amplification and selection of targets
(CASTing) approach, we identified a novel ATF5 consensus
DNA binding sequence. We show in C6 glioma and MCF-7
breast cancer cells that ATF5 occupies this sequence and
that ATF5 activates reporter gene expression driven by
this site. Conversely, reporter activity is diminished when
ATF5 activity is blocked or when ATF5 expression is
down-regulated by serum withdrawal. We further show that
early growth response factor 1 (Egr-1), whose promoter
contains two adjacent ATF5 consensus binding sites at a
conserved promoter position in rat, mouse, and human, is
targeted and regulated by ATF5 in C6 and MCF-7 cells. These
data provide new insight on the mechanisms by which ATF5
promotes gene regulation and cancer-specific cell survival.
(Mol Cancer Res 2009;7(6):933–43)

Introduction
Activating transcription factor 5 (ATF5) is a member of the
activating transcription factor/cyclic AMP (cAMP) response element binding (ATF/CREB) protein family that represents a
large group of basic leucine zipper (bZip) transcription factors
with diverse physiologic functions (1). Recent studies have
shown that ATF5 is a regulator of cell survival that is specific
to cancer cells (2, 3). ATF5 is expressed in a number of gliomas
(2) and breast cancers (3) and is down-regulated in a number of
cancer cell lines following growth factor deprivation, which

Received 8/3/08; revised 2/12/09; accepted 2/22/09; published OnlineFirst 6/16/09.
Grant support: American Cancer Society grant RSG-08-288-01-GMC (D.X.
Liu) and National Institute of Neurological Disorders and Stroke grant ROI
NS033689 (L.A. Greene).
The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
Note: Supplementary data for this article are available at Molecular Cancer
Research Online (http://mcr.aacrjournals.org/).
Requests for reprints: David X. Liu, Department of Neural and Behavioral
Sciences, Penn State University College of Medicine, Hershey, PA 17033.
Phone: 717-531-4168; Fax: 717-531-5184; E-mail: dxl39@psu.edu
Copyright © 2009 American Association for Cancer Research.
doi:10.1158/1541-7786.MCR-08-0365

leads to apoptosis (4). Exogenous expression of ATF5 suppresses apoptosis in HeLa cells induced by serum withdrawal
and in FL5.12 cells, an interleukin-3–dependent cell line, induced by interleukin-3 deprivation (4). Conversely, dominant/
negative (d/n) ATF5 induces apoptosis of HeLa, FL5.12, and a
number of glioma and breast cancer cell lines cultured in the
presence of growth factors (2-4). Expression of d/nATF5 also
causes death of brain tumor cells in vivo (2). Death induced by
interference with ATF5 expression or activity seems to be limited to cancer cells, however. Similar interference with ATF5
function in nonneoplastic breast cells or in normal cells outside
of brain tumors, such as mature neurons and glial cells, did not
affect their survival (2, 3, 5, 6). Confirming that interference
with ATF5 function by d/nATF5, rather than an indirect, nonspecific effect, leads to death of cancer cells, a small interfering
RNA against ATF5 also caused death of glioma cells (2). At
present, little is known about how ATF5 functions to promote
cancer-specific cell survival.
Studies on protein-protein interactions suggest that a given
bZip protein forms stable dimers with a small number of selective partners within the group, using the interfaces formed by
the bZip motifs of the two interacting proteins (7-11). ATF5 is
believed to be capable of forming either homodimers by itself
or heterodimers with certain members of the ATF/CREB family
of bZip proteins (10). As an indication of some potential interplay between ATF5 and CREB, an electrophoretic mobility
shift assay (EMSA) showed that ATF5 binds to a cAMP response element (CRE) consensus sequence (12). Moreover,
ATF5 represses cAMP-mediated activation of a CRE reporter
in JEG3 cells (13) and inhibits activation of a CRE reporter
in PC12 cells in response to nerve growth factor treatment
(5). These reports suggest that, at least under some circumstances, ATF5 binds CRE and acts as a CRE repressor.
Previous research also suggests that ATF5 may rely on different DNA binding properties for gene regulation. First,
whereas the recombinant ATF5, likely in the form of an
ATF5 homodimer, binds to CRE (12), an ATF5 heterodimer,
which ATF5 is predicted to be capable, if not preferable, of
forming in a living cell (7-11), is more likely to recognize other
DNA regulatory sequences that are different from CRE. Second, transcription factors in living cells usually form complexes
with their natural protein partner(s) and are often posttranslationally modified so that they recognize DNA sequences that
are significantly different from those recognized by the
corresponding recombinant protein (14-16). Therefore, it is
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likely that endogenous ATF5 may bind to regulatory DNA elements that are different from CRE in certain cellular contexts.
Here, we describe the identification of a novel ATF5 consensus DNA binding sequence and the activation by ATF5 of a
reporter driven by this sequence in C6 glioma and MCF-7 cancer cells. We further show that the promoter of the early growth
response factor 1 (Egr-1) gene contains two adjacent ATF5
consensus binding sites that are targeted and regulated by
ATF5. Consequently, Egr-1, which is a known regulator of cell
growth and survival, is subject to ATF5-dependent regulation
in C6 and MCF-7 cells. Thus, conditions such as serum deprivation that lead to down-regulation of ATF5 also result in loss
of Egr-1 expression.

Results
Isolation of ATF5 Protein Complexes from a C6 Glioma
Cell Line Stably Expressing a Double-Tagged ATF5
To facilitate isolation of native ATF5 complexes that can be
used to bind and select DNA binding sequences for ATF5, we
first established and characterized a C6 glioma cell line that stably expresses a Flag and hemagglutinin (HA) double-tagged
ATF5. Rat ATF5 (5) was cloned into the pCIN4 vector (17).
The resultant construct, pCIN4-Flag-HA-ATF5, was verified
for its correct expression of the Flag- and HA-tagged ATF5
by Western immunoblotting analysis of transiently transfected
C6 glioma cells using antibodies against Flag, HA, and ATF5,
respectively (data not shown). The expression of the Flag-HAATF5, which has a calculated molecular weight of 35 kDa, was

further verified in an in vitro translation assay, using empty vector pCIN4 as a control (Fig. 1A). The pCIN4-Flag-HA-ATF5
construct or the empty pCIN4 vector was next transfected into
C6 cells, and clones of stably transfected cell lines were selected in growth medium containing G418 (0.8 μg/mL). Western
immunoblotting analyses, using an anti-HA antibody, on
whole-cell extracts of the stable cell lines indicated that most
of them expressed Flag-HA-ATF5 (Fig. 1B and data not
shown).
Angelastro et al. (5) have shown that endogenous ATF5 in
PC12 pheochromocytoma cells is a 22-kDa protein, apparently
generated from a preferential use of the second of the two Kozak start sites. To determine the size of the endogenous ATF5
expressed in C6 cells and to characterize the ATF5 antibody
(Abcam) that we used, we performed an immunoprecipitationdepletion as well as an immunoprecipitation assay and compared the processed materials with the crude cell extract in their
reactivity with the ATF5 antibody by Western immunoblotting
analysis. Our data showed that a 22-kDa protein in C6 cells was
recognized by the ATF5 antibody, that this protein could be precipitated from the whole-cell extract with anti-ATF5 beads, and
that the abundance of this protein in the whole-cell extract could
be specifically reduced by incubation with anti-ATF5 beads
(Supplementary Fig. S1). These data confirmed that the antiATF5 antibody that we used correctly recognized the endogenous ATF5 in C6 cells that has an apparent molecular weight
of 22 kDa.
We selected one clone (C6-Flag-HA-ATF5) that expressed
the ectopic Flag-HA-ATF5 protein at a level that was similar

FIGURE 1. Isolation of native ATF5-containing protein complexes from rat C6 glioma cells. A. Verification of Flag-HA-ATF5 expression from the pCIN4Flag-HA-ATF5 construct. In vitro translation (Promega) analysis of the pCIN4-Flag-HA-ATF5 showed that a 35-kDa protein, consistent with the predicted size
of double-tagged Flag-HA-ATF5, was produced as expected. pCIN4-Flag-HA-p53 (Positive Control) and pCIN4 (negative control) were used. Molecular
markers (in kilodaltons) are labeled on the right side. B. Selection of a C6 cell line that stably expresses Flag-HA-ATF5. pCIN4-Flag-HA-ATF5 or pCIN4
was transfected into C6 glioma cells and stably transfected cell lines were selected in growth medium containing G418 (0.8 mg/mL). Cell extracts were
prepared from C6-pCIN4 or C6-pCIN4-Flag-HA-ATF5 cells and an equal amount (50 μg) of cell extracts from indicated cells was loaded for each lane
and resolved by 10% SDS-PAGE. Immunoblotting (IB) analysis was carried out with indicated antibodies. Solid triangles, expression of Flag-HA-ATF5
(35 kDa); open triangle, endogenously expressed ATF5 that is 22 kDa (5). The difference in size (∼13 kDa) between the ectopically expressed Flag-HAATF5 and the endogenous ATF5 is atttributed to the Flag-HA tag as well as to the apparent preference of the second potential in-frame Kozak start site that is
used to produce the endogenous ATF5 in every type of cell tested thus far (2, 5). The two translation start sites are separated by 100 amino acids or ∼11 kDa.
Molecular weights (in kilodaltons) are labeled on the left side. C. Analysis of ATF5-containing complexes isolated by a dual-tag/double-immunoprecipitation
(IP) strategy. Whole-cell extracts from C6-pCIN4 and C6-pCIN4-Flag-HA-ATF5 cells were subjected to affinity chromatography on M2 (Flag antibody) agarose beads and a HA-affinity column. The bound proteins were eluted and examined for the presence of Flag-HA-ATF5 bait, as described in Materials and
Methods. A fraction of this eluate was reimmunoprecipitated with anti-HA beads and subjected to 10% SDS-PAGE, followed by immunoblotting using an antiFlag antibody. The Flag-HA-ATF5 in the elute gave a prominent band at 35 kDa on the Western immunoblot.
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FIGURE 2. Identification of the ATF5 consensus DNA binding sequence. A. Sequence of the degenerate oligonucleotide used for CASTing. N20 stands
for the 20 degenerate nucleotides. 5′ and 3′ primers corresponding to the sequences flanking the N20 were used in PCR reactions to amplify the selected
DNA that is bound to ATF5 complexes and immunoprecipitated between each cycle. B. Alignment of 29 sequences that were selected after six rounds of
protein-DNA binding/immunoprecipitation/PCR amplification procedures (see Materials and Methods). The sequences of all 29 nucleotides that originated
from N20 and that are flanked by the primers are shown. The sequences are aligned to overlap the conserved 11-bp region (boldfaced and boxed). The lack
of similarity outside the 11-bp consensus region indicated that each clone was an independent isolation event. N's represent undetermined nucleotides
outside of the consensus region. C. ATF5 consensus DNA binding sequence. Top, the number of times each nucleotide was found in positions relative
to the consensus sequence [C(C/T)TCT(T/C)CCTTA] is shown. Bottom, percentage conservation is calculated for each of the positions for the consensus.
The high degree of conservation is particularly striking for the nine nucleotides in the middle, omitting the first C (C1) and the last A (A11). Nucleotides T3, C4,
and T9 are 100% conserved.

to endogenous ATF5 (Fig. 1B). Because of the near-physiologic level of expression, the ectopically expressed Flag-HAATF5 is less likely to produce nonphysiologic interactions
that might otherwise occur in cells with grossly overexpressed ATF5. Thus, the composition and stoichiometry
of the tagged protein complexes in the selected C6-FlagHA-ATF5 clone are likely to reflect those of native ATF5
complexes.
To isolate native protein complexes containing ATF5,
whole-cell extract from the stable cell line was sequentially
subjected to affinity chromatography on M2 (Flag antibody)
agarose beads and an HA-affinity column. A mock control
was simultaneously carried out using extract from C6-pCIN4
cells. As expected, Flag-HA-ATF5 was identified in the elution from the C6-pCIN4-Flag-HA-ATF5 cells but not from
the control C6-pCIN4 cells (Fig. 1C). Confirming that
ATF5-associated proteins were pulled down using this dualtag/double-immunoprecipitation strategy, several protein
bands were visualized when the ATF5 containing immunoprecipitate (but not that from control C6-pCIN4 cells) was
fractionated by SDS-PAGE and stained with Coomassie blue
(data not shown). In addition, because the 22-kDa endogenous ATF5 was not among the major proteins coimmunoprecipitated with the tagged ATF5 (data not shown), we
concluded that ATF5 heterodimer(s) rather than homodimer
predominate(s) in C6 cells.

Selection of an ATF5 DNA Binding Site
Previous research has shown that purified ATF5 can bind a
CRE consensus sequence in an EMSA analysis (12). In addition, ATF5 expression represses cAMP-mediated activation of
a CRE reporter in JEG3 cells (13) and inhibits activation of a
CRE reporter in PC12 cells in response to nerve growth factor
treatment (5). There are several reasons, however, that indicate
that ATF5 may rely on additional DNA binding properties for
other functions. First, as a member of a subfamily of the ATF/
CREB family that also includes ATF4, ATF5 is predicted to
form either homodimers or heterodimers (7-11). Such ATF5
complexes may prefer DNA binding sequences other than
CRE. Second, studies on the DNA-binding specificity of certain proteins, such as the nuclear phosphoprotein p53 and muscle regulatory factor myogenin, indicate that transcription
factors directly isolated from cells usually form complexes with
their natural protein partner(s) and often recognize DNA sequences that are significantly different from those that interact
with the corresponding recombinant proteins (14, 15). In addition, posttranslational modifications such as phosphorylation,
which may occur in certain cells, can play a significant role
in modulating the transactivation potential of a transcription
factor and its preference for DNA binding sequences (16).
Therefore, such studies raised the possibility that ATF5 may
bind to regulatory DNA elements that are different from CRE
as previously known.
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We carried out our study of DNA binding sites for ATF5
protein complexes in the rat C6 glioma cell, where ATF5 function is required for survival (6). We used a modified reiterative
selection procedure—cyclic amplification and selection of targets (CASTing)—as described by Funk et al. (15). A set of 65bp double-stranded DNAs that contain flanking PCR primer
sites that bracket a central core of 20 degenerate bases (designated N20) was prepared (Fig. 2A; also see Materials and
Methods). The N20 set was incubated with ATF5 complexes
isolated from C6-pCIN4-Flag-HA-ATF5 cells and the ATF5containing protein-DNA complexes were immunoprecipitated
using an anti-HA antibody (Roche). The DNA was then purified from the immunoprecipitated material and amplified by
PCR using primers that were complementary to sequences
flanking the 20 degenerate bases in N20. The PCR product
was subjected to a second round of protein-binding/immunoprecipitation/PCR enrichment and this process was repeated
for four more rounds. The resulting PCR product was cloned
into pCRII and sequenced. Twenty-nine of these sequences
were aligned to obtain the maximal overlapping sequence,
and a conserved 11-bp CT-rich region, with the middle nine
nucleotides highly conserved, was identified (Fig. 2B). Fifteen
of the 29 sequences conform exactly at the 9-bp core region
within the 11-bp consensus sequence (CYTCTYCCTTW); another 13 have only one mismatch. Outside of the 11-bp conserved region, which is boxed in Fig. 2B, are sequences that
bear no similarity among the clones, suggesting that each clone
was an independent isolation event.
A statistical presentation of the conservation at each of the
11 bases within the ATF5 DNA binding region is shown in
Fig. 2C. Whereas the two ending nucleotides, C1 and A11
(the number 1 and 11 positions in the conserved 11-bp sequence), are ∼60% conserved, the other positions are at least
86% conserved. Three nucleotides, T3, C4, and T9, respectively,
are invariable among all the 29 clones.
Specific DNA Binding by ATF5 Protein Complexes to the
ATF5 DNA Consensus Sequence
To show specific binding of ATF5 to the identified
ATF5 binding sequences, we synthesized a double-stranded oligonucleotide corresponding to the consensus sequence
(CCTCTTCCTTA) and tested its ability in EMSA assays to interact with native ATF5–containing complexes isolated from
C6 cells. As shown in Fig. 3A, a single shifted band was observed when nuclear extract from C6-pCIN4 cells was incubated
with the ATF5 consensus DNA binding site (ATF5CON; compare lane 1 with lane 3). Whereas this binding of the endogenous
ATF5 was not affected by addition of antibody against HA (lane
4), it was abolished by ATF5 antibody (lane 5). Nuclear extract
from C6-pCIN4-Flag-HA-ATF5 cells produced a shifted band
that was more prominent (lane 7), suggesting that overexpressed
Flag-HA-ATF5 interacted with ATF5CON. This shifted band
was reduced partially by addition of anti-HA monoclonal
antibody (lane 8), which is consistent with the interpretation
that HA antibody, which can interact with ATF5 complexes
in C6-pCIN4-Flag-HA-ATF5 cells (Fig. 1), interfered with
Flag-HA-ATF5 binding on ATF5CON. Addition of antibodies
against ATF5 completely abolished ATF5 binding (lane 9).
As controls, neither HA nor ATF5 antibody alone interacted

FIGURE 3. Specific binding of ATF5 to the consensus DNA binding
sequence. A. EMSA assays on the ATF5 consensus DNA binding sequence using extracts of C6 cells stably transfected with pCIN4 or
pCIN4-Flag-HA-ATF5. Whereas probe alone (biotin-labeled ATF5 consensus DNA binding sequence; lane 1) or probe incubated with anti-HA (lane
2) or anti-ATF5 (lane 6) antibodies did not show any binding, a specific
ATF5 consensus DNA binding activity was seen in extracts of C6-pCIN4
(lane 3) and C6-pCIN4-Flag-HA-ATF5 (lane 7) cells. The stronger signal of
the shifted band in lane 7 indicated additional binding by overexpressed
ATF5. Addition of an anti-HA antibody did not affect the binding of endogenous ATF5 to the probe (compare lanes 3 and 4). In contrast, addition of
the anti-HA antibody reduced ATF5 binding activity in C6-pCIN4-Flag-HAATF5 cells (compare lanes 7 and 8). The ATF5 binding activity that was
insensitive to anti-HA antibody was at a similar level as that in the C6pCIN4 extract (compare lanes 3 and 8), suggesting that the anti-HA antibody specifically abolished binding of the ATF5 consensus sequence by
the overexpressed Flag-HA-ATF5. Anti-ATF5 antibody completely abolished binding in C6-pCIN4-Flag-HA-ATF5 cells (lane 5). The image was
generated by aligning together two representative gels. B. Comparison
of competition for ATF5 binding by ATF5CON and CRE. EMSAs were carried out as in A using ATF5 consensus DNA binding sequence as probe
and extract from C6-pCIN4-Flag-HA-ATF5 cells, except that excess of
nonlabeled ATF5CON (CCTCTTCCTTA) or CRE (CGTGACGTCATAG)
was added to the reactions before the addition of cell extracts. C. Mutation
of the ATF5CON abolishes ATF5 binding. EMSA was done as in A with
the indicated probes. ATF5CON-Mut1 (CCGATTCCTTA; lane 2) and
ATF5CON-Mut2 (CCTCTTCGGTA; lane 3) contained mutations that are
located at the invariably conserved T3C4 and T9 residues in the ATF5CON (Fig. 2), respectively.

with the biotin-labeled ATF5CON in the absence of the extracts
(lanes 2 and 6). These results show that ATF5 complexes in C6
glioma cells interact with the 11-bp ATF5 DNA binding consensus sequence.
Mol Cancer Res 2009;7(6). June 2009
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We next carried out EMSA assays to show specific interactions between ATF5 in C6 cells and ATF5CON. As shown in
Fig. 3B, binding of ATF5 to ATF5CON (probe) was reduced by
increasing amounts of unlabeled ATF5CON. In contrast, an
excess of unlabeled CRE did not affect ATF5 binding to ATF5CON. We also generated two ATF5CON mutants, ATF5CONMut1 and ATF5CON-Mut2, which carried mutations at the
invariable T3/C4 and T9 nucleotides, respectively (Fig. 2B),
and assessed their ability to interact with ATF5 in C6 cells.
As shown in Fig. 3C, the mutations in ATF5CON-Mut1 and
ATF5CON-Mut2 abolished their interaction with ATF5. In addition, an excess of either of the mutant probes interfered with
the interaction between ATF5 protein complexes and labeled
ATF5COM in a competition assay (data not shown). These results show that the ATF5 in C6 glioma cells interacts specifically with the newly identified ATF5 DNA binding consensus
sequence (ATF5CON). Conspicuously, this interaction is greater
than that between ATF5 and CRE, which was previously shown
to interact with purified recombinant ATF5 (12).
Activation of the ATF5 Consensus DNA Binding Site by
ATF5 in C6 Glioma and MCF-7 Breast Cancer Cells
To examine whether the ATF5 consensus DNA binding site
functions in vivo, and to determine whether ATF5 could act as a
transcriptional regulator for it, we constructed ATF5CON-luc,
an ATF5-responsive luciferase reporter in which the ATF5 consensus sequence was inserted in front of the SV40 promoterluciferase gene in the pGL3-Promoter Vector (Promega). This
ATF5CON-luc reporter or the empty control vector (pGL3) was
transfected into C6 cells with Renilla (for normalization as an
internal control), with or without a full-length ATF5 expression
construct. Whereas ATF5 did not have any effect on the basal
luciferase activity of the control vector that does not contain the
ATF5 binding site, ATF5 activated the ATF5 reporter by 3.5fold in C6 cells (Fig. 4A) and by ∼5-fold in MCF-7 cells
(Fig. 4B). A Western immunoblot analysis of the cell extracts
isolated from transfected C6 cells showed that comparative levels of ATF5 were expressed in cells cotransfected with
ATF5 and pGL3 control or with ATF5 and pGL3-ATF5CON
(Fig. 4A, inset).
We next examined whether and how the ATF5 reporter responded to different levels of ATF5 transfected into C6 cells.
We found that ATF5CON-luc activity was steadily increased in
response to increasing amounts of ATF5 DNA up to 300 ng per
transfection; only a marginal increase was observed when >300
ng of ATF5 DNA was used (Supplementary Fig. S2). We concluded that ATF5CON responded to ATF5 expression in a
dose-dependent fashion up to 300 ng, and we therefore used
this amount of ATF5 DNA for all subsequent reporter assays
unless otherwise specified.
To determine whether ATF5CON-luc activity is responsive
to interfering with endogenous ATF5 in C6 cells, we cotransfected the ATF5 reporter gene into C6 cells with and without a
d/nATF5 (2, 3, 5, 6). Expression of this d/nATF5 was previously
shown to interfere with the actions of ATF5 in neuroprogenitor
cells (5, 6) and to induce death of several types of cancer cells
that include C6 glioma and breast cancer cells (2, 3), presumably
due to its ability to interfere with ATF5 binding to cognate DNA
sequences. Expression of d/nATF5 depressed the ATF5CON

activity by >50% in C6 glioma cell (data not show) and by
>60% in MCF-7 breast cancer cell (Fig. 4B). These data show
that ATF5 in cancer cells is an activator of the ATF5 consensus
DNA binding element and that this ATF5 element could play an
important role in regulating genes that are critical for cancer cell
survival.
Selectivity of the Activation of CRE and ATF5CON by
ATF5
It was previously reported that recombinant ATF5 (presumably ATF5 homodimers) could bind to the CRE consensus sequence in an EMSA analysis (12) and that ATF5 expression

FIGURE 4. Specific activation of ATF5CON by ATF5 in C6 glioma and
MCF-7 breast cancer cells. A. Expression of ATF5 stimulates a luciferase
reporter containing the ATF5 consensus DNA binding site (ATF5CON). C6
cells were transfected with pGL3 vector (control) or pGL3-ATF5CON
(ATF5CON) luciferase reporter with a construct (300 ng) empty (control)
or expressing ATF5 (ATF5). Renilla was used as an internal control for
each transfection. Forty-eight hours after transfection, cells were harvested for determination of luciferase and Renilla activities. Results are
reported in relative light units and normalized with Renilla activity. Columns, mean (n = 3); bars, SE. Inset, Western immunoblotting analysis
on cell extracts made from C6 cells transfected as in A. Immunoblotting
was carried out using anti-ATF5 (top) or anti-β-actin (bottom) as indicated.
B. Regulation of ATF5CON in MCF-7 cells. Transfection of indicated constructs and luciferase analyses were done as in A, except MCF-7 cells
were used. Columns, mean (n = 3); bars, SE. *, P < 0.01, compared with
vector. C. Specific activation of ATF5CON-luc by ATF5. ATF5CON-luc reporter, Renilla, and indicated mammalian expression vector expressing
ATF5 and CREB or vector control were transfected into C6 cells. Determination of luciferase activities was carried out as in A. Columns, mean (n =
3); bars, SE. D. Transfection and luciferase activity assays were carried
out as in C, except a CRE(c-fos)-luciferase reporter and indicated expression constructs were used. Columns, mean (n = 3); bars, SE.
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repressed CRE reporter activity in JEG3 cells (13) and in PC12
cells (5). In light of our findings that ATF5CON competes
for ATF5 binding complexes isolated from C6 cells more efficiently than the CRE (Fig. 3B), we sought to compare the capacity of ATF5 to activate ATF5CON and CRE in C6 cells. As
shown in Fig. 4C, in contrast to the robust stimulation of ATF5CON by ATF5, expression of VP16-CREB (18) did not affect
the activity of ATF5CON. These data are consistent with the
preferential interaction between cellular ATF5 and ATF5CON
shown in the EMSA assay (Fig. 3B). To examine the selectivity
of the ATF5CON and CRE binding sites further, we next compared ATF5 and CREB in regulating the activity of a CRE-containing c-fos promoter-luciferase reporter (CRE) in C6 cells.
Expression of neither ATF5 nor d/nATF5 had measurable effect
on this CRE reporter, whereas expression of VP16-CREB upregulated the CRE reporter dramatically (Fig. 4D). We also obtained similar findings using a reporter construct that contains
the CRE element of the Bcl-2 promoter (ref. 19; data not
shown). These experiments showed that ATF5 effectively activates ATF5CON in living cells and seems to be substantially
more effective in activating ATF5CON than CRE.

ATF5CON Is Down-Regulated in Dying Cancer Cells
Induced by Serum Withdrawal and the Down-Regulation
Is Reversed When Survival-Promoting ATF5 Is Expressed
Growth factor deprivation has been shown to lead to downregulation of ATF5, and the consequent cell death can be
blocked by overexpression of ATF5 in HeLa and FL5.12 cells
(4). To assess how ATF5CON responds to serum withdrawal in
cancer cells, we compared the ATF5CON-driven reporter activity in C6 and MCF-7 cells with or without serum withdrawal.
We first showed that serum withdrawal led to a precipitous drop
in survival (Fig. 5A) and to a dramatic increase in the apoptotic
cell population (Fig. 5B) of C6 cells; both transiently transfected (data not shown) and stably transfected (Fig. 5A and
B) ATF5 repressed cell death induced by serum withdrawal.
We next cotransfected ATF5CON-luc with an ATF5-expression
vector or control vector and subjected the cells to serum withdrawal. Serum withdrawal led to a 50% reduction in ATF5CON
activity in C6 cells (Fig. 5C) and to ∼65% reduction in MCF-7
cells (Fig. 5D). Serum withdrawal–induced down-regulation
of ATF5CON was reversed when the cells were cotransfected
with an ATF5 construct (Fig. 5C). A Western blot analysis on

FIGURE 5. ATF5 expression and ATF5CON-driven activity are down-regulated in C6 and MCF-7 cells subjected to serum withdrawal, and expression of
ATF5 reverses serum withdrawal–provoked down-regulation of ATF5CON activity and cell death. A and B. Serum withdrawal promotes apoptotic death
of C6 cells. C6 cells (C6) or a C6 cell line stably expressing Flag-HA-ATF5 (C6-Flag-HA-ATF5; described in Fig. 1) were seeded in 24-well plates at a density
of 1.5 × 105 per well and fed with growth medium containing 10% fetal bovine serum. The medium was replaced with serum-free medium the next day (day 0)
and the cells were subsequently incubated for 3 more days. Cell viability was assessed by trypan blue staining on each day after serum withdrawal (A),
whereas the ratio of apoptotic cells was determined by TUNEL assay (B). The numbers of surviving cells before serum withdrawal were set at 100% in A.
Columns, mean (n = 3); bars, SE. C. Down-regulation of ATF5CON activity by serum withdrawal was reversed by expression of ATF5 in C6 cells. C6 cells
were transfected with control vector (pLeGFP) or ATF5 (pLeGFP-Flag-ATF5) together with the ATF5CON-luc reporter and Renilla. After 24 h, cells were
either refed with growth medium (+serum) or subjected to serum withdrawal (−serum). Cells were harvested 24 h later and luciferase activity was determined
as in Fig. 4A. Columns, mean (n = 3); bars, SE. D. Serum withdrawal led to down-regulation of ATF5CON activity in MCF-7 cells. Experiment was carried out
as in C, except MCF-7 cells were used. Columns, mean (n = 3); bars, SE.
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FIGURE 6. ATF5 transactivates Egr-1 via the ATF5CON sites in the Egr-1 promoter. A. Concomitant regulation of ATF5 and Egr-1 in C6 and MCF-7 cells.
Total RNA was harvested from C6, C6-pCIN4-Flag-HA-ATF5 (C6-FH-ATF5), and C6-pCIN4 cells and from MCF-7 cells grown either in 10% or 0% fetal
bovine serum for 48 h. mRNA was reversely transcribed into cDNA using oligo(dT)12∼18. Relative levels of ATF5 and Egr-1 transcripts were determined by
semiquantitative reverse transcription-PCR using primers specific to their respective mRNAs. β-Actin (Actin) was used as loading control. B. Schematic
illustration of the rat Egr-1 promoter region and the wild-type (WT) and mutant (Mut) Egr-1 promoter luciferase reporters. The rat Egr-1 regulatory region
contains many different functional elements, including two ATF5CON sites beginning at nucleotides −1,675 and −1,540, respectively. P1 and P2, primers
flanking the ATF5CON site, which were used to amplify the 201-bp fragment of Egr-1 promoter region from −1,689 to −1,489; P3 and P4, primers that
were used to amplify a 194-bp fragment in the coding region of Egr-1 from +1,137 to +1,330. The sequence of the two putative ATF5 binding sites was given
in the two boxes aligned with the −1,675 and −1,540 regions. A single tolerable mismatch (A) in the first homologous region is underlined. The WT and mutant
Egr-1 promoter luciferase reporters are aligned at the bottom. C. ATF5 specifically associates with the endogenous Egr-1 promoter region. Chromatin immunoprecipitation assays were carried out using a kit from Upstate following the manufacturer's instruction. Chromatin was prepared using C6-pCIN4-Flag-HAATF5 (lanes 2-7) and C6-pCIN4 (lanes 9-12) cells. The amount of chromatin used for “Input” in lanes 2, 4, 9, and 11 was 10% of that used for immunoprecipitation experiments. Primers 1 and 2 were used for detection of precipitated promoter (Promoter, lanes 4-7 and 11-12). Primers 3 and 4 were used to detect
the Egr-1 coding region (Coding, lanes 2-3 and 9-10) where no sequence resembling the ATF5CON is located, which was used as control. The Flag antibody
was expected to pull down the ectopically expressed Flag-HA-ATF5 in C6-pCIN4-Flag-HA-ATF5 cells, whereas an irrelevant X-press (Irr) antibody and a mock
experiment (No Ab) were used as controls. The same Flag antibody did not pull down the Egr-1 promoter in C6-pCIN4 cells (lanes 10 and 12). D. Egr-1
promoter is activated by ATF5 and repressed by d/nATF5. Luciferase reporter assay was carried out as in Fig. 4A except WT and mutant Egr-1 promoterluciferase reporters and indicated ATF5 constructs were used. Columns, mean (n = 3); bars, SE. *, P < 0.01; **, P < 0.05, compared with control.

the C6 extracts isolated from the transfected C6 cells showed
that the endogenous ATF5 was expressed in cells growing in
serum and was lost in those subjected to serum withdrawal,
whereas the ectopically expressed ATF5 remained in cells subjected to serum withdrawal (Supplementary Fig. S3). These data are consistent with the conclusion that ATF5CON activity
decreases in response to the loss of ATF5 in C6 and MCF-7
cells caused by serum withdrawal, leading to cell death. Expression of ATF5 reverses the loss of ATF5CON activity induced by serum withdrawal and results in cell survival.
Identification of Potential ATF5-Dependent Genes Whose
Promoters Contain the ATF5 Consensus DNA Binding Site
We hypothesized that ATF5-responsive genes can be identified by virtue of their promoters containing regulatory

sequences homologous to the ATF5 consensus DNA binding
site. As an initial assessment, we searched the rat genome for
genes whose promoter contains sequences that match the
ATF5CON sequence (CYTCTYCCTTW) completely, using
an online Transcription Element Search System (TESS) provided on the University of Penn website.4 We set the promoter region from 2,000 bp upstream (−2,000 bp) to the transcription
initiation start site (+1). This search produced 234 potential
ATF5-dependent transcription targets. Significantly, many of
these genes are known regulators for cell growth and cell survival, among which are Egr-1, Eif2b1, GSK3β, RASSF1,

4

http://www.cbil.upenn.edu/cgi-bin/tess/tess
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Rbp1, Smad4, and Skp1a (Supplementary Table S1). This information seems to be consistent with the reported roles of
ATF5 in cell cycle regulation (13), maintenance of stem/progenitor cell and neuronal and glial differentiation (5, 6, 20),
and cancer-specific cell survival (2, 3).
Egr-1, Whose Promoter Contains ATF5 Sites, Is Subject to
ATF5-Dependent Regulation in Cancer Cells
To see if Egr-1, one of the genes with an ATF5CON site in
its putative promoter, is regulated by ATF5, we first examined
the expression profile of Egr-1 in response to expression of
ATF5. As shown in Fig. 6A, the expression level of ATF5
mRNA was elevated in C6-Flag-HA-ATF5 cells compared with
that in parental C6 cells and C6-pCIN4 cells (top, compare lane
2 with lanes 1 and 3). Accordingly, the level of Egr-1 mRNA
was much higher in C6-Flag-HA-ATF5 cells than in parental
C6 cells and C6-pCIN4 cells (Fig. 6A, middle, compare lane
2 with lanes 1 and 3). The concomitant regulation of ATF5
and Egr-1 is consistent with the possibility that ATF5 directly
transactivates Egr-1. Because serum withdrawal led to downregulation of endogenous ATF5 mRNA (4) and protein (Supplementary Fig. S3), we next determined whether Egr-1 would
be similarly down-regulated. As shown in Fig. 6A, serum withdrawal depleted endogenous ATF5 in C6 and C6-pCIN4 cells
(top, compare lane 1 with lane 4 and lane 3 with lane 6). In
parallel, we observed that the expression of Egr-1 was also diminished in C6 and C6-pCIN4 cells subjected to serum withdrawal (Fig. 6A, middle, compare lane 1 with lane 4 and lane 3
with lane 6). Moreover, ectopically expressed ATF5 in C6Flag-HA-ATF5 cells (top, compare lane 5 with lanes 4 and
6) prevented the loss of endogenous Egr-1 that otherwise would
have resulted from serum withdrawal (middle, compare lane 5
with lanes 4 and 6). A similar corresponding relationship was
observed in expression of ATF5 and Egr-1 in MCF-7 cells
(compare lane 7 with lane 8; and data not shown). These data
support the hypothesis that ATF5 binds to ATF5CON sites on
the Egr-1 promoter and stimulates Egr-1 transcription.
To confirm that ATF5 indeed binds to ATF5CON sites on
the endogenous Egr-1 promoter, we performed chromatin immunoprecipitation analysis using the C6-pCIN4 and C6-FlagHA-ATF5 cell lines. We first examined the rat Egr-1 promoter
sequence and found that it contains two ATF5CON sites
(Fig. 6B). One is located at −1,540 with respect to the transcription start site (+1) and it was identified during the initial search
(Supplementary Table S1) because it matches perfectly with the
nine-nucleotide core of the ATF5CON. The other site is at
−1,675 and it contains a single tolerable mismatch (the underlined A in Fig. 6B) compared with the consensus sequence.
Significantly, the two adjacent ATF5CON sites and the surrounding areas are highly conserved between rat and mouse;
the sequences of the ATF5CON sites and their locations relative to the transcription start site are also maintained in the human EGR-1 gene. In Fig. 6C, we showed that, in contrast to the
chromatin corresponding to the Egr-1 coding sequence, which
does not contain sequences homologous to ATF5CON and could
not be recovered in a parallel chromatin immunoprecipitation
experiment (lane 3), chromatin of the Egr-1 promoter region that
contains the ATF5CON sites was specifically pulled down by
an antibody against Flag that recognizes Flag-HA-ATF5 in

the C6-Flag-HA-ATF5 cell extracts (lane 7). Neither experiment
with no antibody (No Ab; lane 5) or with an irrelevant control
antibody (Irr; lane 6) or with Flag antibody on chromatin from
C6-pCIN4 cells (lanes 10 and 12) did not precipitate DNA materials. A chromatin immunoprecipitation analysis on the Egr-1
promoter in MCF-7 cells, using a pair of primers corresponding
to the human Egr-1 promoter region, showed a similar result
(data not shown). These data indicate that ATF5 in cancer cells
binds specifically to the regulatory sequences in the Egr-1 promoter that are homologous to ATF5CON.
To show that ATF5 directly regulates the Egr-1 promoter via
the ATF5CON sites, we created pGL-3 luciferase reporter constructs that contain either the wild-type (WT) Egr-1 promoter or
a mutant Egr-1 promoter whose ATF5CON sites were deleted
(Fig. 6B, bottom). Whereas cotransfection of either ATF5 or d/
nATF5 with the mutant Egr-1 promoter reporter did not affect
the mutant reporter activity, expression of ATF5 stimulated the
WT reporter by ∼4-fold and expression of d/nATF5 repressed
the WT reporter by 40% (Fig. 6D). Taken together, these data
show that Egr-1 is a downstream target of ATF5 in cancer cells
and that the Egr-1 promoter is regulated directly by ATF5 in an
ATF5CON site–dependent manner.

Discussion
Although evidence has recently been presented that the transcription factor ATF5, an ATF/CREB family member and bZip
protein, functions as a cancer-specific cell survival factor, the
mechanism by which ATF5 promotes survival of cancer cells
and the nature of ATF5-regulated genes are not known. In this
study, we identified a novel ATF5 binding DNA regulatory element that positively responds to ATF5 expression in cancer
cells. In addition, we showed that Egr-1, a transcription factor
that promotes cell growth and cell survival, is a downstream
target of ATF5; ATF5 binds to the two ATF5 regulatory elements in the promoter of Egr-1 and stimulates Egr-1 expression. These results shed new light on the mechanism by
which ATF5 promotes cancer-specific cell survival.
Reiterative selection procedures such as the one we used here
have been widely used to identify consensus DNA binding sites
for transcription factors (15, 21). We first purified native ATF5
protein complexes from a C6 glioma cell line that expresses
physiologic level of double-tagged Flag-HA-ATF5. Because
the selected clone contained only twice the total level of
ATF5 proteins, the ectopically expressed Flag-HA-ATF5 is less
likely to produce nonphysiologic interactions that might otherwise occur when ATF5 is grossly overexpressed. Importantly,
the physiologic level of expression of Flag-HA-ATF5 showed
exactly the same prosurvival function in C6 and MCF-7 cells
as endogenous ATF5, indicating that Flag-HA-ATF5 can substitute for the endogenous ATF5 functionally. Thus, the composition and stoichiometry of the tagged protein complexes in the
selected C6-Flag-HA-ATF5 clone are likely to reflect those of
native ATF5 complexes. Using purified native Flag-HA-ATF5
protein complexes, we were able to select the DNA sequences
that specifically interact with the ATF5-containing protein complexes. Because the composition of the protein complexes that
contain the endogenous ATF5 and the tagged ATF5 in the parental C6 and in the selected C6-Flag-HA-ATF5 clone are not
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yet determined, the purified native Flag-HA-ATF5 protein complexes may in fact represent a variety of ATF5-containing complexes with different capacity to interact with ATF5 consensus
DNA site. It would be interesting to identify the ATF5 complex
(es) that is(are) responsible for promoting survival of C6 and
MCF-7 cells. The ATF5 consensus DNA binding site, which
was compiled from 29 independently isolated ATF5-bound sequences, is a highly conserved stretch of 11 nucleotides of pyrimidine-rich sequence CYTCTYCCTTW, where T3, C4, and
T9 are invariable. Expression of ATF5 stimulated a reporter that
contained this conserved ATF5 consensus DNA binding site,
whereas expression of d/nATF5 or serum withdrawal, which
down-regulates ATF5 and induces death of cancer cells, depressed the reporter.
Previous studies have shown that recombinant ATF5 can
bind to CRE in an EMSA assay (12) and that ATF5 expression
represses a CRE-containing reporter in JEG3 cells (13) and
PC12 cells (5). We therefore compared ATF5CON and CRE
for their abilities to interact with ATF5 or CREB and for their
capacities to drive reporters in response to expression of ATF5
or CREB in cancer cells. Our data indicate that native ATF5
isolated from C6 glioma cells has a much higher affinity for
ATF5CON than for CRE, and that ATF5CON responds much
more robustly to ATF5 than to CREB in C6 glioma and MCF-7
breast cancer cells. On the other hand, our data showed that, in
contrast to the dramatic stimulation of CRE-bearing c-fos and
Bcl-2 promoter-luc reporters by CREB, ATF5 expression in C6
and MCF-7 cells did not repress or stimulate those CRE-bearing reporters. These data indicate that the ATF5CON is a key
DNA regulatory element that binds and responds to ATF5 in
cancer cells. Therefore, genes whose promoters contain sequences homologous to ATF5CON might be among the major
transcriptional targets regulated by ATF5, and they could be the
key molecules that carry out the prosurvival function of ATF5
in cancer cells.
Whereas ATF5 is expressed in and is required for survival of
a variety of cancer cell types (2-4), it is also expressed in many
nontransformed cell types although not required for their survival (3). A recent report showed that ATF5 is down-regulated
in hepatocellular carcinomas and that reexpression of ATF5 in
those cells led to cell cycle arrest at the G2-M phase (22). In
addition, it seems that ATF5 plays an important role in maintaining the proliferative state of progenitor cells for neurons and
glia (5, 6, 20) and is induced in response to a variety of cellular
stresses (23-25) and by circadian signals (26). Thus, although
we have focused here on the role and actions of ATF5 in cancer-specific cell survival, the widespread expression of ATF5
suggests that its interaction with ATF5CON may make important contributions to gene regulation in other functions in both
transformed and nontransformed tissues.
A BLAST search of the rat genome database at the National
Center for Biotechnology Information revealed 234 genes
(Supplementary Table S1) whose promoters contain sequences
that match the ATF5CON. Because only promoters (between
−2,000 and +1 with respect to transcription start site) with a
perfect match were identified, this search may vastly underestimate the total number of ATF5-responsive genes. Nevertheless, the identified genes include a significant number of
molecules that regulate cell proliferation and cell survival,

functions that overlap those of ATF5. This information indicates the potential to use the ATF5CON sequence for identification of putative transcription targets of ATF5. A systematic
bioinformatics search of potential ATF5-responsive targets
based on promoter sequences that are homologous to ATF5CON is under way.
We carried out further analysis on Egr-1, which is one of the
potential ATF5-regulated target genes identified and is a member of the immediate early gene response family involved in the
regulation of cell growth and survival. We showed that ATF5
binds specifically to the promoter region of Egr-1 gene where
two ATF5CON sequences are located and are aligned similarly
in rat, mouse, and human. Expression of Egr-1 responded to
expression of ATF5 in both C6 glioma and MCF-7 breast cancer cells. In addition, we showed that the Egr-1 promoter is
stimulated by ATF5 and repressed by d/nATF5, whereas a mutant Egr-1 promoter with deletion of the ATF5CON element is
insensitive to ATF5 regulation. These data support the conclusion that Egr-1 is a direct downstream target of ATF5.

Materials and Methods
Cell Culture, Transfection, and Stable Cell Lines
C6 rat glioma cells were grown in DMEM with 10% newborn calf serum, 100 μg/mL streptomycin, and 100 IU/mL penicillin. For serum withdrawal, cells were washed with PBS
(140 mmol/L NaCl, 2.7 mmol/L KCl, 10 mmol/L Na2HPO4,
and 1.8 mmol/L KH2PO4, pH 7.4.) and maintained in serumfree DMEM. Cell transfection was carried out using FuGENE 6
reagent (Roche) according to the manufacturer's instructions.
Stable cell lines were selected and maintained in growth medium containing 800 μg/mL of G418 (Clontech).
Plasmids
To create a mammalian vector for expressing Flag-HAdouble-tagged ATF5, we fused rat ATF5 with Flag-HA tags
in pCIN4 vector (17). Full-length rat ATF5 was made by
PCR from pCMS-EGFP-Flag-ATF5 (5) with 5′ (TTCTAG A C C G G T TA A C G C TA G C AT G T C A C T C C T G G C GACCCTGG) and 3′ (GGATCCGAATTCGCGGCCGCTAGGCACTGCGGGTCCTCTGG) primers, respectively. The
PCR fragment was subsequently cloned into pCR2.1TOPO,
released by XbaI and BamHI double digestion, and subcloned
into the NheI and BamHI sites in pCIN4. To make pGL3-ATF5CON (ATF5CON), double-stranded oligonuclotides encoding
the ATF5 consensus binding site (ATF5CON) were formed
by annealing both complementary oligonucleotides ATF5u
(CTAGCCACCTCTTCCTTAACA) and ATF5d (GATCTGTTAAGGAAGAGGTGG). The double-stranded DNA was
directly cloned into the NheI and BglII sites of the pGL3-promoter vector located 5′ to the SV40 promoter. The Egr-1 promoter (2.0 kb) was cloned by PCR using rat brain genomic
DNA as template with primers GGGGTACCCCCCGATCTTCCTTCTTCTG (Egr-1Pu) and CCGCTCGAGCCCCGAATCGGCCTCTAT (Egr-1Pd). Mutant Egr-1 promoter (1.8 kb)
with the ATF5CON site deletion was produced using PCR
primers GGGGTACCGGTTGCTTCGGAGATAGGG (mutEgr-1Pu) and CCGCTCGAGCCCCGAATCGGCCTCTAT
(Egr-1Pd). The WT and mutant promoters were cloned, respectively, into pGL-3 basic vector at the KpnI-XhoI sites.
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Isolation of Native ATF5–Containing Protein Complexes
C6-vector control and C6-Flag-HA-ATF5 cells grown to
∼80% confluence were washed twice with cold PBS and lysed
with cold cell lysis buffer (20 mmol/L Tris-Cl, 10 mmol/L KCl,
400 mmol/L NaCl, pH 7.3) containing 0.8% Triton X-100 and
1× protease inhibitor (Roche). Lysates were diluted 4-fold with
cold dilution buffer (20 mmol/L Tris-Cl, 10 mmol/L KCl, pH
7.3) containing 1× protease inhibitor and were clarified by centrifugation at 15,000 rpm for 30 min at 4°C. Cell extracts from
C6-Flag-HA-ATF5 cells were subjected to affinity chromatography on M2 (Flag antibody) agarose beads and the bound
materials were eluted with 3× Flag peptide (Sigma). The elution
was subsequently mixed with HA-affinity agarose beads (Sigma).
The bound immunocomplexes were collected after washing four
times with buffer (20 mmol/L Tris-Cl, 10 mmol/L KCl, 100
mmol/L NaCl, pH 7.3) containing 0.2% Triton X-100. ATF5containing protein complexes were released after incubating the
immunocomplexes with HA peptide (Roche).
Immunoblotting
Immunoblotting was carried out as previously described
(27). The primary antibodies were mouse monoclonal anti-Flag
(1:1,000; Stratagene), rat anti-HA (1:1,000; Roche), and goat
anti-ATF5 antibody (1:250; Abcam). Corresponding horseradish peroxidase–conjugated secondary antibodies were from
Jackson ImmunoResearch. Signal was visualized using the
Western Lightning Chemiluminescent reagent (Perkin-Elmer).

In vitro Translation
In vitro translation was carried out using the TNT Quick
Coupled Transcription/Translation Systems (Promega) following the manufacturer's instructions. [35S]Methionine (Amersham) was used as the labeling reagent.
CASTing for the ATF5 Consensus DNA Binding Site
CASTing was done essentially as previously described (14).
A target oligonucleotide, CAGCTGAGCGATCCTGCACTAGN20-GACAGCAGGTGGAATTCCACGTG, which contains
flanking PCR primer sites and a central core of 20 degenerate
bases, was made. This target oligonucleotide (5.0 μg) was converted to double-stranded DNA, named N20, by performing a
primer extension reaction with Taq DNA polymerase, using an
excess of 3′ primer (CACGTGGAATTCCACCTGCTGTC).
The first cycle of CASTing used 5 μg of N20 and 4 μL of
ATF5-containing protein complexes purified from C6-FlagHA-ATF5 cell in a total volume of 20 μL of buffer [100
mmol/L NaCl, 20 mmol/L HEPES (pH 7.5), 1.5 mmol/L
MgCl2, 10 mmol/L DTT, protease inhibitor cocktail, 0.1% Trition X-100, 20% glycerol]. Following 20-min incubation at
room temperature, 10 μL of M2 agarose beads were added,
and the mixture was incubated at room temperature on a lowspeed shaking platform for 1 h. The beads/ATF5/DNA complexes were retrieved by centrifugation at low speed and were
washed four times with HB100 buffer solution [20 mmol/L
Tris-Cl (pH 7.3), 10 mmol/L KCl, 100 mmol/L NaCl]. The
beads that contained bound DNA were added to 100 μL of
PCR reaction mixture containing a final concentration of
0.5 μmol/L of the 5′ (CAGCTGAGCGATCCTGCACTAG)
and the 3′ (CACGTGGAATTCCACCTGCTGTC) primers,
which flank the degenerate oligonucleotides, 200 μmol/L each

of deoxyribonucleotide, and 2.5 units of Taq DNA polymerase
in Taq reaction buffer (Promega). DNA was amplified by 20
cycles of PCR (94°C, 30 s; 55°C, 30 s; 72°C, 30 s). The
PCR product was subjected to a second round of immunoprecipitation-PCR enrichment where 10 μg of sonicated salmon
sperm DNA were added as a nonspecific competitor during
the incubation of the ATF5 protein complexes with the PCR
products. The immunoprecipitation-PCR process was repeated
for four more rounds. The resulting PCR products were cloned
into pCR2.1TOPO (Invitrogen).
EMSA
Nuclear and cytoplasmic extracts were isolated using NEPER Nuclear and Cytoplasmic Extract Reagent (PIERCE) according to the manufacturer's instructions. Biotin-labeled DNA
probes were made with Biotin 3′ End DNA Labeling Kit
(PIERCE). EMSA was done with LightShift Chemiluminescent
EMSA Kit (PIERCE) according to the manufacturer's instructions. EMSA reaction was done as previously described (28). In
brief, ∼20 fmol of biotin end-labeled double-stranded oligonucleotides were incubated with 1 μL of cell extract (∼2.0 μg of
protein) and 1.5 μg of poly(dI·dC) in a total of 20 μL of reaction buffer. After a 20-min incubation at room temperature, the
products were separated in nondenaturing polyacrylamide gels
(4%) containing 0.5× Tris-borate-EDTA. Materials on the gel
were transferred onto a nylon membrane. The biotin end-labeled DNA was detected using the streptavidin-horseadish peroxidase conjugate and visualized with a chemiluminescent
substrate. Supershifts were carried out by incubating 1 μL of
primary antibody with cell extracts in binding buffer for 20
min at room temperature before addition of labeled oligonucleotide. Competitive binding analysis was done by incubating unlabeled oligonucleotide in excess to that of the probe with cell
extracts in binding buffer for 20 min before addition of labeled
oligonucleotide.
Luciferase Assay
This was done as previously described (28) with Renilla as
an internal control. Cells were harvested 48 h after transfection
or 24 h after serum withdrawal and were lysed with buffer provided in the Promega Luciferase System (Promega). Luciferase
and Renilla activities were determined using a TD20/20 Luminometer (Turner Designs). Relative luciferase activities were obtained by normalizing the luciferase activity against Renilla
activity. Data are presented as mean ± SE (n = 3).
Reverse Transcription-PCR
Reverse transcription-PCR was carried out using Go-Taq
DNA polymerase (Promega) according to the manufacturer's
instruction. Cycling parameters were as follows: 95°C 2 min;
35 cycles of 95°C 30 s, 57°C 45 s, and 72°C 45 s; 72°C 5 min.
Survival Assay
Cell survival was determined by trypan blue (0.1% in PBS)
staining. The percentage of unstained cells are considered viable cells. Terminal deoxyribonucleotidyl transferase–mediated
dUTP nick end labeling (TUNEL) assay (percent apoptotic)
was carried out using a TUNEL Kit (Promega) following the
manufacturer's instructions. Data are presented as mean ± SE
(n = 3).
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Chromatin Immunoprecipitation Assay
Chromatin immunoprecipitation assay was done as previously described (27) using a kit purchased from Upstate. A
194-bp Egr-1 coding region that can be amplified in PCR with
primers CAGGAGTGATGAACGCAAGA and AGCCCGGAGAGGAGTAAGAG was used as a control. Egr-1 promoter region that contains the ATF5CON element (206 bp) was
detected in PCR using primers TCTGACGACCCTGATCTTCC and GACGCAAGCAGTGAATGAAA.
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