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ATF5, a member of ATF/CREB family of b-ZIP tran-
scription factors, is highly expressed in a wide variety
of neoplasms and regulates cell differentiation, cell sur-
vival and apoptosis. However, the mechanism of human
ATF5 transcriptional regulation has not been clarified.
Here, we identified the transcription start site of the
ATF5 gene, cloned its 50-flanking region and identified
the region �105 to þ3 relative to the transcription start
site as that having promoter activity. This region con-
tained potential binding sites for several transcription
factors, including EBF1, Sp1 and E2F1. EBF1 tran-
scription factor binds to the ATF5 promoter and regu-
lates the ATF5 transcription in an EBF-binding site
independent manner. Thus, our studies not only pro-
vided molecular basis of ATF5 transcriptional regula-
tion, but also identified ATF5 as a target gene of EBF1
transcription factor.

Keywords: ATF5/EBF1/promoter/transcription factors/
transcriptional regulation.

Abbreviations: CHIP, Chromatin immunoprecipi-
tation; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; PCR, polymerase chain reaction;
RACE, Rapid amplification of cDNA ends; RT,
reverse transcription; shRNA, short hairpin RNA.

ATF5 transcription factor, a member of ATF/CREB
family of b-ZIP transcription factors, plays a critical
role in regulating CRE-dependent genes (1), and inter-
acts with a variety of proteins including Cyclin D3 (2),
GABA� receptor (3), HTLV-1 viral protein Tax (4),
E2 ubiquitin-conjugating enzyme Cdc34 (5), PRL-1
and DISC1 (6, 7).

ATF5 has been reported to regulate cell differenti-
ation, proliferation and survival (8�17). ATF5

expression in neural progenitor cells appeared to be
necessary for maintaining the proliferation and coun-
teracted the effect of extracellualr differentiation fac-
tors, such as NGF, NT3 and CNTF (12, 18, 19). In
addition, accumulated evidences indicated that
ATF5-controlled transcription pathways were inte-
grated with the transduction cascades that control pro-
grammed cell death (8, 9, 20�22). ATF5 mRNA
expression was inhibited after induction of apoptosis
by growth factor deprivation in multiple cell lines and
primary cells and its overexpression suppressed apop-
tosis resulting from cytokine deprivation in an
IL-3-dependent cell line (22). Consistent with this, we
have previously reported that down-regulation of
proteasome-mediated degradation of ATF5 mediated
by Cdc34 contributed to cisplatin-induced cell apop-
tosis (20, 23). Moreover, ATF5 was over-expressed in
human glioblastoma and human and rat glioma cell
lines (24). Interference with ATF5 expression in
glioma cells led to their death both in vitro and
in vivo (24), indicating that ATF5 might be an attract-
ive target for therapeutic intervention in glioblastoma.
Consistent with this, ATF5 is highly expressed in a
wide variety of neoplasms, including breast ductal
and lobular carcinomas, renal cell carcinomas, lung
caner, lymphomas and seminomas (9). The widespread
ATF5 expression in carcinogenesis may indicate that it
is part of ‘the molecular signature’ in many neoplasms.
Although the progresses in ATF5 interacting partners,
function and its relation to some diseases have been
made in recent years, the precise molecular mechan-
isms of ATF5 transcriptional regulation remain
unknown.

To increase the knowledge about ATF5 transcrip-
tional regulation, we carried out luciferase reporter
assays with ATF5 promoter construct pGL3(�1953/
þ47) and a series of its 50-deleted constructs. We iden-
tified the region �105/þ3 relative to the transcription
start site as that having promoter activity. This region
was found to contain potential binding sites for several
transcription factors, including EBF1, Sp1 and E2F.
EBF1 transcription factor binds to ATF5 promoter
and regulates ATF5 transcription. These data identi-
fied ATF5 as a target gene of EBF1.

Materials and Methods

Materials
Restriction enzymes, bovine calf serum, Dulbecco’s modiEed Eagle’s
medium (DMEM), Trizol regent and Lipofectamine reagent were
purchased from Invitrogen. The anti-EBF1, anti-ATF5 and
anti-GAPDH antibodies were purchased from Santa Cruz
Biotechnology and Sigma.
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Cell culture and cell transfections
Human cervical carcinoma cell line HeLa, human lung caner cell
lines 95C and 95D, human glioma cell line U251, human breast
cancer cell lines MCF-7 and T47D cells were grown at 37�C in
DMEM supplemented with 10% fetal calf serum in a humidified
95% air, 5% CO2 incubator. Human kidney cell line HEK293
cells were grown at 37�C in MEM supplemented with 10% fetal
calf serum in a humidified 95% air, 5% CO2 incubator. Cell trans-
fection was performed with Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions.

RNA ligase-mediated rapid amplification of the 5 0 cDNA end
RNA ligase-mediated rapid amplification of cDNA ends by poly-
merase chain reaction (PCR) was performed with total RNA ex-
tracted from HEK293 cells and was used to determine single or
multiple transcription start points. Rapid amplification of 50

cDNA ends (50-RACE) was performed using the FirstChoice
RLM-RACE kit (Ambion) according to the manufacturer’s instruc-
tions. The PCR conditions were as recommended, with 10 pmol of
gene-specific primer (GSP) (50-GGCGAAGACAGGCACCAAGG
CGAAA-30), 1.25U of SuperTaq polymerase (Ambion), 10 pmol
of 50-RACE primer (50-GCTGATGGCGATGAATGAACACTG
-30) (Ambion), 1�SuperTaq PCR buffer (Ambion), 100 mM
deoxynucleoside triphosphates, 1 ng of first-strand cDNA reaction
mixture per microlitre, and H2O to a volume of 50 ml. The PCR
product was subjected to electrophoresis in a 2% agarose gel, stained
with ethidium bromide and visualized under ultraviolet (UV) lamp.
A DNA fragment comprising 223 bp was obtained, cloned into
pGEM-T Easy vector and subsequently sequenced.

Plasmids
Expression constructs for pcDNA3.0, pcDNA3.0-E1AF, pGL3Basic
and pRL-SV40 have been described previously (20, 25, 26).
Expression construct for E2F1 was a generous gift from Prof.
Cress Doug. PEVR2-Sp1 vector was kindly provided by Dr.
Guntram Suske (Marburg, Germany). Expression construct for
EBF1 was obtained from Dr. Jim Hagman and Dr. Barbara L.
Kee. A 2500-bp fragment (containing nucleotides �1953 to þ487
of ATF5 promoter) was prepared by PCR amplification of human
genomic DNA using a sense primer containing a KpnI restriction
site and an anti-sense primer containing an XhoI restriction site.
Primers were synthesized on the basis of the reported genomic se-
quence for human ATF5, sense 50-tatggtaccgggtgcagtcaagtttt
gaactcatataat-30 and anti-sense 50-aaactcgagagagactgtgatccgag
gacaggga-30. Following digestion with restriction enzymes, the

fragment was directionally cloned into the pGL3-Basic vector
(Promega) to generate a ‘full-length’ ATF5 reporter construct, and
the correct insertion was confirmed by sequencing. Reporter genes
containing sequentially truncated fragments of the ATF5 promoter
were prepared in a similar manner. PGL3(�105/þ27) site-directed
mutagenesis constructs were derived from pGL3(�105/þ27) by PCR
amplification using TakaRa MutanBEST mutagenesis kit. The LacZ
shRNA and EBF1 shRNA plasmids were constructed as previously
described (27). The following sequences were targeted to silence
LacZ and EBF1 by shRNA expression: TCGCTGATTTGTGTA
GTCG (LacZ) and GAACAGCCTGCAAGCGATA (EBF1).

Dual luciferase assay and reverse transcription PCR
Dual luciferase assay and reverse transcription (RT) PCR were per-
formed as described previously (20, 25). Primers used for PCR were
as follows: ATF5 sense 50-AGTTGCGGGACTGGGAGGTG-30

and ATF5 anti-sense 50-GTAGCA CAGAGGGCCAAAA-30. The
PCR products for ATF5 were 184 bp. GAPDH mRNA expression
served as a loading control.

Chromatin immunoprecipitation assay
The association of EBF1 with ATF5 chromatin DNA in U251 cells
was confirmed using a chromatin immunoprecipitation (ChIP) assay
kit (Upstate Biotechnology) with anti-EBF1 antibody as described
by the manufacturer. Normal anti-rabbit IgG was used as a negative
control. The region of �200 to þ3 of ATF5 promoter was amplified
by conventional PCR.

Results

Mapping of the transcription start site of the
human ATF5 gene
To determine the position of the transcription start site
of the human ATF5 gene, 50-RACE analysis was per-
formed using total RNA from HEK293 cells and two
sets of oligonucleotide primers, 50-RACE Primer and
GSP (gene specific primer) (Fig. 1A). As shown in
Fig. 1B, the primer PCR using 50-RACE Primer and
GSP produced a 200-bp product. The product was ex-
tracted from the agarose gel and was cloned into
pGEM-T Easy vector for sequencing. The results

Fig. 1 RLM-RACE analysis of the transcription start site of the human ATF5 gene. (A) Schematic representation of the primers used in
RLM-RACE analysis. UTR indicated the untranslated region. The 50-Race Primer and GSP (ATF5 gene specific primer) were indicated.
(B) Ethidium bromide staining of the PCR products on an agarose gel. M indicated the 100-bp DNA ladder which was used as a molecular size
marker. (C) Nucleotide sequence of the PCR product. The 50-Race Primer and the complementary sequence for GPS used in the PCR were
underlined. The sequence of the GeneRacer RNA Oligo linked to the ATF5 cDNA was overlined. The arrow indicated the transcription start site
of ATF5.
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showed that RNA Oligo was linked to an adenine resi-
due at nucleotide position 223 upstream from the
translation initiation codon (Fig. 1C). Prolonging the
extension time in the PCRs did not amplify any larger
PCR products (data not shown). Therefore, the tran-
scription start site of the ATF5 gene in HEK293 cells
was located at position 223 upstream from the trans-
lation initiation codon.

Sequence and functional analysis of the 5 0-flanking
region of the ATF5 gene
The nucleotide sequence of the 50-flanking region of
the ATF5 gene was determined to analyse its promoter
function. No typical CAAT box sequence was found,
but one TATA box located between positions �25 and
�35 bp upstream from the transcription start site. The
TRANSFAC search program predicted a number of
potential transcription factor-binding sites near or up-
stream of the transcription initiation site, including
Ets1, Ets2, E1AF, AP1, Sp1, E2F1 and EBF1 (Fig. 2).

To investigate the activity of the ATF5 promoter, a
fragment extending from �1953 to þ472 was amplified
by PCR from human genomic DNA and cloned into
pGL3-Basic, creating the luciferase reporter plasmid
pGL3(�1953/þ472). Upon transient transfection into
several cell lines, pGL3(�1953/þ472) exhibited a sig-
nificant luciferase activity as compared with that of the
pGL3-Basic (data not shown). Among the various cell
types we have examined, the ATF5 gene promoter was
activated mostly in HEK293 cells and 95D cells among

the cell lines examined (Fig. 3A). Consistent with this,
ATF5 was highly expressed in 95D cells and HEK293
cells (Fig. 3B).

Therefore, HEK293 cells were used to identify the
promoter region of the ATF5 gene. To identify regula-
tory elements contributing to ATF5 transcriptional
regulation, ‘nine’ additional reporter plasmids contain-
ing the promoter in variable lengths were constructed
and transfected into HEK293 cells (Fig. 3C, left), and
the promoter activities were determined. The results
showed that pGL3(�105/þ27), containing the sequence
downstream to nucleotide position �105, retained rela-
tively strong promoter activity, whereas the promoter
activity was significantly reduced for pGL3(þ3/þ27)
(Fig. 3C, right). These results highlighted that ATF5
core promoter was contained within the �105/þ3 frag-
ment and indicated the presence of positively regula-
tory elements between nucleotide positions �105 and
þ3 relative to transcription start site.

Activation of the human ATF5 gene by EBF1
transcription factor
To determine the transcription factors which contrib-
uted in the transcription regulation of ATF5,
pGL3(�1953/þ472) was transiently co-transfected
into HEK293 cells with a variety of transcription fac-
tors or the empty control. The highest activation of
ATF5 promoter was obtained by EBF1 (Fig. 4A). To
further determine the effect of EBF1 on the ATF5
transcription, pGL3(�1953/þ472) was transiently

Fig. 2 Human ATF5 upstream genomic sequence and putative transcription factor binding sites. Presented above was the sequence of 1501 bp
genomic region immediately upstream of the human ATF5 transcription start site and 100 bp sequence downstream of the human ATF5
transcription start site. Potential transcription factor-binding sites identified by searching TRANSFAC transcription factor database were
underlined. Numbers at the left referred to the transcription start site, which was indicated with an arrow and taken as þ1.
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Fig. 3 Analysis of the promoter activity of human ATFS gene. (A) PGL3(�1953/þ472) was transiently transfected into the indicated cells.
Luciferase activity was normalized to the Renilla luciferase activity of a co-transfected internal control plasmid pRL-SV40 and was given as a
percentage of the SV40 promoter activity in the indicated cells. Three experiments were conducted, and the data were shown as the mean values
with standard errors. (B) RT-PCR analysis of ATF5 mRNA expression level in various cell lines HEK293, MCF7, T47D, 95C, 95D, HeLa and
U251. GAPDH mRNA expression served as a loading control. (C) 50-flanking regions of the ATF5 gene varying in length were fused to the
luciferase reporter gene. The arrow indicated the transcription start site (left). HEK293 cells were transiently transfected with the indicated ATF5
promoter reporter construct, and the luciferase activity was determined 48 h after transfection. Transfection efficiency was adjusted by
co-transfection with pRL-SV40 and parallel transfection with pGL3-Basic was used as negative control. Three experiments were conducted, and
the data were shown as the mean values with standard errors (right).

Fig. 4 The effect of EBF1 transcription factor on ATF5 promoter activity. (A) PGL3(�1953/þ472) was transiently transfected into HEK293 cells
with the indicated expression vector and the luciferase activity was determined 48 h after transfection. Results shown were the means±SD of at
least three independent experiments, expressed relative to activity in control cells transfected with empty expression vectors. (B) PGL3(�1953/
þ472) was transiently transfected into HEK293 cells with an increasing amounts of EBF1 expression vectors and the luciferase activity was
determined 48 h after transfection as described above. (C) HEK293 cells were transiently co-transfected with pGL3(�1953/þ472) construct or the
truncated ATF5 promoter constructs shown above, and with or without EBF1 expression vector. The luciferase activity was determined 48 h
after transfection as described above. (D) RT-PCR assay was performed to investigate the mRNA expression of ATF5 gene from HEK293 cells
transiently transfected with control or EBF1 expression vector using primers specific to the ATF5 and EBF1. Level of GAPDH mRNA
expression served as a loading control. (E) Western blot assay was performed to investigate the protein expression of ATF5 from HEK293 cells
transiently transfected with control or EBF1 expression vector. Level of GAPDH protein expression served as a loading control.
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co-transfected into HEK293 cells with increasing
amounts of EBF1 expression plasmids. Forced expres-
sion of EBF1 increased the activity of ATF5 promoter
in a dose-dependent manner in HEK293 cells
(Fig. 4B). To identify the cis-element responsible for
the effect of EBF1 on ATF5 promoter, HEK293
cells were transiently co-transfected with pGL3
(�1953/þ472) construct or the truncated ATF5
promoter constructs and with or without EBF1
expression vector. The luciferase assay showed that a
deletion from �105 to þ3 resulted in a loss of EBF1
activation (Fig. 4C), suggesting that the region be-
tween nucleotide �105 and þ3 was responsible for
the activation of ATF5 transcription by EBF1.
Furthermore, compared to control, the mRNA and
protein expression levels of ATF5 were dramatically
increased in EBF1-transfected HEK293 cells (Fig. 4D
and E). These data indicated that EBF1 might play an
important role in the regulation of the human ATF5
gene.

EBF1 transcription factor binds to ATF5 promoter
Sequence analysis revealed that the 109-bp fragment
between nucleotide �105 and þ3 contains several po-
tential transcription factor binding sites, including one
E2F-binding consensuses, one Sp1-binding consen-
suses and two EBF-binding consensuses (Fig. 2A).
To further characterize the contribution of the various
putative transcription factor binding motifs, mutations
in each of the four sites were introduced into the
pGL3(�105/þ27) luciferase vector by site-directed mu-
tagenesis and these mutant constructs were tested for
their basal activity in HEK293 cells. Mutation in the
E2F site or the EBF1 site 2 reduced the basal activity
of the promoter by �4-fold, mutation in Sp1 site
reduced the basal activity of the promoter by �30%,
while the EBF1 site 1 mutant construct retained activ-
ity comparable to the wild-type pGL3(�105/þ27)
(Fig. 5A). These results indicate that the E2F site
and EBF site 2 are important cis-elements for the tran-
scriptional activation of the human ATF5 gene. To
determine whether these various putative transcription
factor binding motifs were necessary for EBF1-
induced ATF5 transcription, mutant constructs were
co-transfected into HEK293 with control or EBF1
expression vector. Mutations in the E2F site, the Sp1
site or the EBF sites did not have obvious effect on
EBF1-induced ATF5 transcription (Fig. 5B). To
further identify the cis-element responsible for the
effect of EBF1 on ATF5 promoter, pGL3(�105/þ27)
luciferase construct or the truncated ATF5 promoter
constructs were transiently transfected into HEK293
cells with control vector or EBF1 expression vector.
The luciferase assay showed that a deletion from �73
to �52 resulted in a loss of EBF1 activation (Fig. 5C),
suggesting that the region between nucleotide �73 and
�52 was responsible for the activation of ATF5
transcription by EBF1.

In the RT-PCR analysis of EBF1 expression in the
various cell types we have examined revealed that
EBF1 was highly expressed in U251 cells as compared
to that in other cells, in which EBF1 was faintly ex-
pressed (Fig. 5D). Thus, we examined the binding of

EBF1 transcription factor to ATF5 promoter in U251
cells. PCR primers that spanned the region between
nucleotide �200 to þ3 of ATF5 promoter obviously
detected ATF5 promoter DNA in CHIP samples
using anti-EBF1 antibody (Fig. 5E). To further deter-
mine whether EBF1 regulates ATF5 transcription,
U251 cells were co-transfected with pGL3(�1953/
þ487) luciferase vector and LacZ shRNA or EBF1
shRNA. Compared to LacZ shRNA, EBF1 shRNA
effectively inhibited the EBF1 expression and reduced
the activity of ATF5 promoter in U251 cells (Fig. 5F
and G).

Discussion

Transcription factors represent an important class of
genes that play key roles in controlling cellular prolif-
eration, cell cycle modulation and attractive targets for
cancer therapy. ATF5, a member of a large family of
transcription factors originally identified more than a
decade ago (28), contributes to stem cell differentiation
and is involved in cell survival and apoptosis in re-
sponse to a number of environment factors (12�15,
18, 22, 29, 30). Moreover, there is extensive cross-talk
between the ATF5 expression and its biological func-
tion (12�15, 18, 19, 29, 30). Thus, it is important to
elucidate the mechanisms by which ATF5 is transcrip-
tionally regulated.

In the present study, we have functionally character-
ized for the first time the regulation of ATF5 transcrip-
tion. We identified the transcription start site and
cloned the promoter region of the ATF5 gene.
Deletion analysis showed that the core promoter was
contained within the ‘�105/þ3’ fragment relative to
transcription start site. This region contained one ca-
nonical TATA box and several GC box and lacked a
canonical CCAAT box. Mutation of the TATA box
within pGL3(�105/þ3) construct did not significantly
alter the activity of ATF5 promoter (data not shown).
Within the region between �105 and þ3, there were
several potential transcription factor binding sites
including an E2F-binding sites, a Sp1-binding site
and two EBF1-binding sites. Mutation of the
E2F-binding site or EBF-binding site 2 obviously im-
paired the activity of ATF5 promoter, indicating that
these two sites are important cis-elements for the tran-
scriptional activation of the human ATF5 gene. The
transcription factors which bind to these two sites
should be further explored.

Another interesting finding was that EBF1 regulates
the transcription of ATF5. EBF1 belongs to a small
family encoding closely related helix�loop�helix tran-
scription factors, which have been implicated in early
cell differentiation and in the tumourigenesis of diverse
types of human cancer (31�33). The expression of
ATF5 gene was regulated by EBF1, which was sug-
gested by several evidences: (i) the ectopic expression
of EBF1 obviously activated the activation of ATF5
promoter and the mRNA and protein expression level
of ATF5; (ii) EBF1 down-regulation by RNA interfer-
ence reduced the activation of ATF5 promoter; and
(iii) ChIP assay revealed that EBF1 transcription
factor binds to ATF5 promoter. Taking all these facts
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into account, we conclude that EBF1 regulates ATF5
transcription in an EBF1-binding site independent
manner. EBF1 has been reported to regulate gene tran-
scription via interaction with p300/CBP, ZNF423,
ZNF521 and PAX5 (34�37). We presumed that EBF1

regulates ATF5 transcription via interaction other tran-
scription factor, which should be further investigated.

In summary, we functionally characterized for the
first time the regulation of ATF5 transcription and
identified the region �105/þ3 relative to the

Fig. 5 EBF1 transcription factor binds to ATF5 promoter. (A) HEK293 cells were transiently transfected with pGL3(�105/þ27) or mutated
promoter construct. Firefly luciferase activities were normalized by Renilla luciferase activities. Each value is the mean±SD of at least three
independent experiments. (B) Control or EBF1 expression vector was transiently co-transfected into HEK293 cells with pGL3Basic, pGL3(�105/
þ27) or mutated promoter construct. Firefly luciferase activities were normalized by Renilla luciferase activities and standardized to the
normalized activity from luciferase reporter construct with vector alone. Each value is the mean±SD of at least three independent experiments.
(C) Control or EBF1 expression vector was transiently co-transfected into HEK293 cells with pGL3(�472/þ27) construct or the truncated ATF5
promoter constructs. Firefly luciferase activities were normalized by Renilla luciferase activities and standardized to the normalized activity from
luciferase reporter construct with vector alone. Each value is the mean±SD of at least three independent experiments. (D) RT-PCR analysis of
EBF1 mRNA expression level in various cell lines HEK293, MCF7, T47D, 95C, 95D, HeLa and U251. GAPDH mRNA expression served as a
loading control. (E) ChIP assay was performed in U251 cells using control control IgG or antibody against EBF1. PCR primers for the ATF5
and GAPDH promoters (negative control) were used to detect promoter fragments in immunoprecipitates. (F) RT-PCR analysis of EBF1
expression in U251 cells transfected with LacZ shRNA or EBF1 shRNA. GAPDH mRNA expression served as a loading control. (G) LacZ
shRNA or EBF1 shRNA vector was transiently co-transfected into U251 cells with the indicated luciferase reporter constructs pGL3(�1953/
þ486). Firefly luciferase activities were normalized by Renilla luciferase activities and standardized to the normalized activity from luciferase
reporter construct with LacZ shRNA. Each value is the mean±SD of at least three independent experiments.
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transcription start as that having promoter activity. In
addition, EBF1 significantly activated the promoter of
ATF5. These data identified ATF5 as a target gene of
EBF1. Besides, the role of activation of ATF5 by
EBF1 in tumour behaviour and cell differentiation
should be next investigated.
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