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Introduction 

This final report provides a detailed description of my research activities and 

accomplishments for the period of funding support from the US AMRMC Breast Cancer 

Research Program. The project had as its major goal to define important target genes for 

the Egrl transcription factor in breast cells using the ChIP approach. With Egrl being a 

primary response gene that is expressed in normal, but not rarely in breast cancer cells, 

identification of its gene targets represents an important means by which potentially 

important transcriptional deficiencies in breast cancer cells may be discovered. 

Here, I present a detailed summary on this project and its accomplishments. I also attach 

three published manuscripts detailing the experimental protocols used for analysis of 

Egrl target genes. 

Body 

The results highlighted from the first year documented the successful use of the in vivo 

crosslinking technique to recover DNA targets directly bound by a transcription factor, in 

this case Egr-1. Additionally, the application of multiplex PCR allowed the amplification 

of cDNA sequences permitting target gene identification and completing part one of the 

Statement of Work and initiating part two of the Statement of Work. These studies 

resulted in the publication of a BioTechniques article, attached in the appendix of this 

report. 

The complex task of identifying target genes through which key Egr-1 regulatory effects 

result in the maintenance of normal breast cell function was addressed next. 

After successfully multiplex amplification, it was critical to determine whether the 

protocol faithfully achieved the amplification of genuine Egr-1 target genes. To address 

this, I proceeded to isolate individual cDNA's to allow their characterization and 

sequence identification. During this process, I have sequenced a full length cDNA for 

which no homolog or ortholog is known, by genomic database searching. I have named 

this new gene TOEl for Target of Egr-1.   Therefore, to identify this new gene as a target 

for Egr-1 transcriptional activity, it was necessary to perform an in depth characterization 

of the gene. A full length cDNA was isolated and sequenced. While homology searches 



of DNA databases revealed no match to the cDNA, I found that the human genome 

sequencing project was able to map the gene to human chromosome 1. In order to 

characterize and confirm the regulation of this new gene by Egr-1,1 performed both RT- 

PCR and gel shift experiments. Following transfection of Egr-1 into H4 cells (which do 

not express endogenous Egr-1), a dose dependent induction of the expression of TOEl 

was noted. This result indicated that Egr-1 was indeed able to regulate the expression of 

TOEl by activating its transcription.   We were also able to find that expression of TOEl 

resulted in the inhibition of cell growth including a G2 cell cycle phase pausing, as well 

as an inhibition of transformed growth as determined by the ability of cells to form 

colonies. Experimental details of these studies is provided in the attached publication in 

the Journal of Biological Chemistry. These studies addressed, in part, the Statement of 

Work parts 3 and 4. Further studies on the mechanism by which TOEl is able to inhibit 

cell growth were initiated. We have demonstrated that TOEl can physically interact with 

p53 in a signal dependent manner and that this interaction can affect the transcriptional 

activity of p53 (Figures 1-2). We have also found that TOEl can be phosphorylated in 

response to exposure to UV irradiation (Figure 3). We hypothesize that one potential 

activity of TOEl is to serve as a modulator for transcription factors regulating growth and 

the cell cycle, and that this activity can be affected by signal transduction pathways 

resulting in the post-translational modification of TOEl. 
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Figure 1. Co-immunoprecipitation of TOEl with p53 following uv irradiation 
293 cells were transfected with empty vector (pcDNA3), or vectors expressing p53 alone or together with 
FLAG-tagged TOEl. Following transfection cells were either untreated or exposed to 40 J/m^ uv and 
incubated for 2h at 37 "C. Cell lysates were immunoprecipitated with anti-p53 antibodies, and western 
blots probed for either p53 or FLAG-TOE 1. The left panels show the immunoprecipitates and the right 
panels show the presence of the transfected and expressed proteins from whole cell lysates. 
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Figure 2. Transactivation of the p21 promoter by p53 and TOEl 
293 cells were transfected with a luciferase reporter vector containing the p21 promoter together with the 
indicated expression vectors. Control samples were transfected with empty expression vector. 24 hours after 
transfection, cells were collected and assayed for luciferase activity by luminometry. Results are presented as 
the average of tripicate samples with the standard deviations indicated with error bars. 

A further contribution to Statement of Work parts 2 and 4 were achieved by our findings 

that Egrl serves as a direct activator of the recognized tumor suppressor gene PTEN. 

These studies show that Egrl can activate PTEN expression during irradiation induced 

signaling in various cell systems including breast cells. These studies were published in 

Nature Cell Biology, and experimental details of this work can be found in the attached 

manuscript. Together, our work has demonstrated that chromatin immunoprecipitation 

can be an effective technique for the identification of transcription factor target genes, 

and that we have been successful in determining some relevant Egrl targets for growth 

regulation. 

-    + uv 
(TTf- 

TOEl 

Figure 3. TOEl is a pliosphoprotein. 
HT1080 cells were transfected with a TOEl expression 
vector, and 24 hours later one dish of cells was exposed 
to 40J/m^ uv irradiation while a second dish left 
untreated. The cells were labeled with "P inorganic 
phoshate for 2 hours and then extracted and 
immunoprecipitated with TOEl antibodies. 
Phosphorylated TOEl is seen only following exposure 
to uv irradiation. 



While this work has been effective in target gene identification as well as novel gene 

cloning, we have extended our search for Egrl target genes through the generation of a 

novel type of DNA microarray. We have successfully amplified over 4,000 gene 

promoter regions which have been spotted on glass slides to generate a "promoter array". 

We are using these arrays to screen, by hybridization, for additional Egrl targets captured 

by the chromatin immunoprecipitation protocol. While these studies are ongoing, I 

believe that these arrays will greatly facilitate the ease by which large scale target 

identification will be accomplished. The use of this type of array will also be applicable 

to target gene identification for other important transcription factors involved in the 

control of breast cell growth and differentiation. 

Key Accomplishments 

1. Demonstration that Egrl and crosslinked genomic binding sites can be 

immunoprecipitated and cloned. 

2. Cloning of a newly identified target gene for Egrl called TOEl. Demonstration 

that TOEl plays a role in the growth suppressive effects of Egrl 

3. Demonstration that the growth suppressive effects of TOEl may be mediated by 

its interaction with and modulation of the activity of p53. 

4. Demonstration that TOEl is phosphorylated in UV treated cells and that this is 

modification is a likely event in regulating the interaction between TOEl and p53. 

5. Demonstration that another recognized tumor suppressor, PTEN, is a direct target 

for Egrl, and also contributes to the effects of Egrl on the growth of breast cells 

6. Generation of a new promoter array tool for the high throuput screening for target 

genes by chromatin immunoprecipitation coupled with array hybridization. 

Outcomes 

Personnel: 

Ian de Belle, Ph.D., principal investigator 

Virginie de Thillot, M.Sc, research technician 

Aleks Surzycki, B.S., research technician 
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Egrl, an immediate early transcription factor, re- 
sponds to diverse stimuli and affects gene transcription 
to accomplish its biological effects. One important effect 
of Egrl expression is to decrease the growth and tumor- 
igenic potential of several tumor cell types. To identify 
important Egrl target genes, we have adapted a meth- 
odology involving formaldehyde-induced protein-DNA 
cross-linking, chromatin immunoprecipitation, and 
multiplex PCR. Using this approach, we report the clon- 
ing of a new Egrl target gene that is able to account, at 
least in part, for the growth inhibitory activity of Egrl. 
We have named this new protein TOEl for target 
at Egrl. 

A common feature associated with the expression of imme- 
diate-early genes is their rapid, transient response to a diverse 
variety of extracellular signals. We have been studying the 
properties of the early growth response gene, Egrl, which can 
be transcriptionally induced by a wide spectrum of stimuli 
including growth factors, C3?tokines, stresses, depolarizing 
stimuli, phorbol esters, vascular injury, and irradiation, both 
ionizing and nonionizing, in a rapid and transient manner with 
kinetics mirroring those of c-fos (1). We have previously pre- 
sented evidence suggesting a role for Egrl in suppressing tu- 
mor cell growth (2, 3). Specifically, we demonstrated that over- 
expression of Egrl in transformed cells suppresses growth in 
soft agar as well as inhibits their tumor formation in nude 
mice. Furthermore, it was shown that the DNA-binding do- 
main of Egrl is necessary for its ability to suppress tumor 
formation, highlighting the importance of its transactivation of 
downstream genes in this process (4). Together these results 
indicate that transformed cells can be induced to revert to 
normal growth patterns following the re-expression of Egrl. 
These studies suggest that the loss of Egrl may result in the 
loss of cellular homeostasis because of a deficit in Egrl-respon- 
sive genes and that this may play a pivotal role in tumorigen- 
esis. Clearly, the identification of a genetic profile of Egrl- 
responsive genes would constitute a significant step in 
understanding the different activities associated with Egrl, 
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CA67888 (to E. D. A.) and CA76173 (to D. M.), by University of Cali- 
fornia Grant TRDRP 9KT-0078 (to I. d. B.), by United States Army 
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including its role in cellular growth control. Over the past 
several years there have been numerous studies identifying 
various individual Egrl target genes in diverse cell and tissue 
types. Reported Egrl targets include TGF-/31,^ platelet-derived 
growth factors A and B, basic fibroblast growth factor, tissue 
factor, interleukin 2, and CD44 to mention only a few (reviewed 
in Ref 5). These studies have focused on the in vitro analysis of 
an individual target gene in a specific cell type under a defined 
set of experimental conditions. As a step toward a more com- 
plete understanding of the biological role for a transcription 
factor, it would be informative to be able to identify in vivo 
target genes. 

Currently, few techniques are available to address this issue. 
Both differential display and subtractive hybridization analy- 
ses are aimed at isolating messages that are up- or down- 
regulated from pools of RNA isolated from cells or tissues 
either positive or negative for the gene in question. One clear 
drawback with both of these techniques is that they select for 
any RNA message that shows a change in expression pattern. 
Therefore, when screening for changes in gene expression in- 
duced by a transcription factor, these methods do not select 
purely for direct targets. Recently we and others have de- 
scribed a method for the direct isolation of protein-bound DNA 
involving in vivo chemical cross-linking using formaldehyde 
followed by immunoprecipitation from chromatin (ChIP). This 
method was successfully used in applications ranging from 
examining chromatin structures surrounding the polycomb 
group proteins during Drosophila development (6) and the 
identification of nuclear matrix attachment sites (7) to the 
isolation of DNA sequences bound by Egrl (8). In addition, the 
same cross-linking method has been used to examine nucleo- 
somal structure, transcription factor occupancy of promoter 
sites, regions of histone acetylation, and mapping of telomere 
silencing protein binding, illustrating its broad application util- 
ity (9-12). Recently, coupling the ChIP approach with hybrid- 
ization to genomic or promoter region DNA microarrays has 
allowed a comprehensive characterization of in vivo transcrip- 
tion factor DNA binding patterns (13-16). 

In this report we have extended ChIP technology, allowing 
gene discovery of Egrl target genes by multiplex PCR. More- 
over, we present the cloning of a newly identified gene, called 
TOEl, as an Egrl target gene. We have characterized TOEl as 
a cell growth inhibitor by altering the cell cycle through the 
induction of p21. Furthermore, we show that the increase in 
the p21 level is consistent with a mechanism involving TGF-j31. 

MATERIALS AND METHODS 
Cells, Transfection, Antibodies, and Growth Assays—Both the H4 

clone derived from the human fibrosarcoma cell line HT1080 and the 

■' The abbreviations used are: TGF, transforming growth factor; 
Chip, chromatin immunoprecipitation; RT, reverse transcriptase. 

14306 This paper is available on line at http://www.jbc.org 
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Egrl stably transfected H4 subclone E9 have been previously described 
(4). 293 cells were grown in Dulbecco's modified Eagle's medium con- 
taining 10% fetal bovine serum. All of the DNA transfections were 
performed using LipofectAMINE 2000 (Invitrogen), following the man- 
ufacturer's instructions. Antibodies against cdc2, phospho-cdc2(Y15), 
and phospho-p53(S15) were from Cell Signaling Technology. Antibodies 
against cyclin Bl, p21, and p53 were from Santa Cruz Biotechnology. 
Anti-actinin and the M2 monoclonal anti-FLAG antibody were from 
Sigma. For cell growth assays 20 x 10^ control and TOEl expressing 
293 selected and pooled clones were seeded into 96-well plates in trip- 
licate. At the indicated times, cell growth was determined using the 
CellTiter Cell Proliferation Assay (Promega). 

Jn Vivo Formaldehyde Cross-linking and Chromatin Immunoprecipi- 
tation—Cross-linking and chromatin immunoprecipitation were per- 
formed as previously described (6, 8). Briefly, the cells were grown in 
150-mm plates to 80-90% confluence and then cross-linked by the 
addition of buffered formaldehyde to a final concentration of 1%. Fol- 
lowing exposure to formaldehyde at room temperature for a period of 30 
min, the cells were lysed by sonication and chromatin purified by 
centrifugation through a 5-8 M urea gradient in TE buffer (10 mM Tris, 
pH 8.0, and 1 mM EDTA). Purified chromatin was dialyzed against 10 
mm Tris-HCl, pH 7.5, 25 mM NaCl, 5% glycerol to remove the urea. 
Samples of 30-60 /ng of chromatin were digested with 10 units of £^eoRI 
overnight at 37 °C and then precleared by the addition of nonimmune 
rabbit serum and protein A-Sepharose beads. The precleared samples 
were immunoprecipitated with affinity purified anti-Egrl antibodies 
and protein A-Sepharose beads (17). DNA fragments cross-linked and 
co-precipitating with Egrl were purified and ligated to EcoKl linkers 
consisting of 5'-AATTCGAAGCTTGGATCCGAGCAG-3' and 5'-CT- 
GCTCGGATCCAAGCTTCG-3'. Following ligation, the products were 
amplified using the 20-mer as primer. Amplification conditions were 
95 °C for 30 s, 65 °C for 30 s, and 72 "C for 4 min for 30 cycles. For direct 
amplification of the ChIP samples, no linker ligation was performed, 
and direct amplification from the Egrl immunoprecipitates was done 
using specific primers for TOEl (see below), TGF-/3, and cyclophilin. 
The TGF-/3 primers used were 5'-GGGCTGAAGGGACCCCCCTC-3' 
and 5'-TCCTCGGCGACTCCTTCCTC-3'. The cyclophilin primers used 
were 5'-CTCCTTTGAGCTGTTTGCAG-3' and 5'-CACCACATGCTT- 
GCCATCC-3'. 

Library Multiplex PCR and TOEl cDNA Cloning—Following ampli- 
fication of linker-ligated products as described above, the linkers were 
removed by EcoHl digestion, and the products were purified using a 
PCR product purification kit (Roche Molecular Biochemicals). Multi- 
plex PCR was performed using 100 ng of PCR products as the 5' primer 
mix and a T7 oligonucleotide as the 3' primer, with 100 ng of an excised 
undifferentiated NT2 cell cDNA library (Stratagene). 30 cycles of hot 
start PCR were performed using the following parameters: 95 °C for 
45 s, 55 "C for 30 s, and 72 °C for 4 min. A 2-kilobase pair band derived 
from the multiplex PCR was excised from the gel, eluted, cloned into the 
pCR3.1 TA cloning vector (Invitrogen), and sequenced. Data base ho- 
mology searches were performed using the BLAST program. To confirm 
the full-length TOEl cDNA, we performed 5' rapid amplification of 
cDNA ends using the fetal brain Marathon-Ready cDNA kit (Clontech), 
following the manufacturer's instructions. The TOEl specific primer 
used for 5' rapid amplification of cDNA ends was 5'-GTGAGGGGTAC- 
AGCTTTGCC-3'. A FLAG-tagged TOEl expression vector was genera- 
ted by PCR using the following primers: 5'-CCGAAGCTTATGGATTA- 
CAAGGACGACGACGATAAGGCCGCCGACAGTGAC-3'incorporating 
the FLAG epitope tag and 5'-CCGGAATTCTCAGCTACTGCCCCAA-3'. 
PCR was performed for 30 cycles of 95 °C for 45 s, 62 °C for 30 s, and 
72 °C for 2 min. The PCR product was digested with Hindlll/EcoHI and 
cloned into the same sites in pcDNA3. All of the constructs were 
sequence-confirmed. 

Cloning of the TOEl Proximal Promoter and Luciferase Assays—The 
proximal region of the TOEl cDNA sequence was cloned from human 
genomic DNA using the Advantage-GC genomic PCR kit (Clontech). 
Primers used for PCR were 5'-GCCGGTACCCGCTCTTACACC-3' and 
5'-CCCGTTAACGACACCGCTCGT-3'. The PCR parameters used were 
95 °C for 45 s, 60 °C for 30 s, and 72 °C for 1 min for a total of 30 cycles. 
This reaction generated a 580-bp product immediately 5' of the initia- 
tion codon. The PCR product was digested with Kpnl and Hpal and 
cloned into the Kpnl and Smal sites of pGL3basic (Promega). 293 cells 
were transfected in 12-well plates with a total of 500 ng of DNA using 
LipofectAMINE 2000 (Invitrogen). Transfected DNA consisted of 200 
ng of expression vector DNA, 200 ng of reporter DNA, and 100 ng of 
cytomegalovirus-/3-galactosidase DNA for normalization. 24 h after 
transfection, the luciferase assays were performed as described (8). 

Mutagenesis—To generate the TOEl expression construct without 

the putative nuclear localization signal, QuikChange mutagenesis 
(Stratagene) was performed. The primers used were 5'-GCGGCAGAG- 
GACGCTTTATTGAACCTA-3' and 5'-TAGGTTCAATAAAGCGTCCT- 
CTGCCGC-3'. Construction of the correct deletion was confirmed by 
sequencing. 

Gel Shift—The gel shift assay was performed as previously described 
(8) using the 580-bp radiolabeled TOEl promoter region described 
above and recombinant Egrl protein. 

Confocal Microscopy—Control and TOEl expressing H4 cells were 
dually stained with rabbit anti-FLAG (Affinity Bioreagents) and mouse 
anti-nucleolin (Santa Cruz Biotechnology) antibodies. Secondary label- 
ing was performed using fluorescein isothiocyanate-conjugated goat 
anti-rabbit IgG (Santa Cruz Biotechnology) and Texas Red-conjugated 
goat anti-mouse IgG (Jackson Immunoresearch). 

Flow Cytometry—The cells were harvested and fixed in 70% metha- 
nol and stored at -20 °C until all of the samples were collected. The 
cells were collected by centrifugation at 2000 X g for 3 min, and the cell 
pellets were suspended in phosphate-buffered saline, digested with 
RNase A, and stained with propidium iodide. 

Northern Blotting—A human Multiple Tissue Northern blot (Clon- 
tech) was hybridized with a PCR-generated TOEl-specific ^^P-labeled 
probe using the primers 5'-AAGCGGC6ACGGCGACGACG-3' and 
5'-GTGAGGGGTACAGCTTTGCC-3' following the manufacturer's 
instructions. 

RT-PCR—To detect TOEl expression following Egrl transfection, 
total RNA was harvested from transfected cells using Tri Reagent 
(Molecular Research Center). Following DNase I treatment, 2 /xg of 
RNA was used for reverse transcription using Moloney murine leuke- 
mia virus reverse transcriptase (New England Biolabs). TOEl expres- 
sion was then assessed by PCR using the same primers described above 
for Northern probe preparation, and glyceraldehyde-3-phosphate dehy- 
drogenase expression was determined as a loading control using the 
primers 5'-AACCATGAGAAGTATGACAAC-3' and 5'-GTCATACCAG- 
GAAATGAGCT-3'. Expression of the p21 gene was determined using 
the primers 5'-CTCAAATCGTCCAGCGACCTT-3' and 5'-ACAGTCTA- 
GGTGGAGAAACGGGA-3'. TGF-^l expression was assessed using the 
primers 5'-GCCCTGGACACCAACTATTGCT-3' and 5'-AGGCTCCAA- 
ATGTAGGGGCAGG-3', and cyclophilin A was amplified using the 
primers 5'-CTCCTTTGAGCTGTTTGCAG-3' and 5'-CACCACATGCT- 
TGCCATCC-3'. PCR conditions were 95 "C for 30 s, 56 °C for 30 s, and 
72 °C for 1 min for 25 cycles. 

Real time PCR reactions were performed using the one-step RT-PCR 
SYBR green kit from Roche using a Roche Light Cycler instrument. 
Following the RT reaction for 30 min, the PCR conditions were 95 °C for 
15 s, 55 "C for 15 s, and 72 °C for 30 s for 40 cycles. mRNA quantitation 
was performed by measuring cyclophilin mRNA levels against a stand- 
ard curve measurement of cyclophilin mRNA from a control sample. 
The primers used are described above. 

In Vitro Kinase Assay—In vitro phosphorylation was performed as 
described (18). 

RESULTS 

Cloning of TOEl—We have previously characterized a clone 
of HT1080 cells, called H4, as a cell line that does not express 
either basal or UV-induced Egr-1. We have also described a 
series of stable transfected Egrl clones (19). We used the clone 
with the maximum expression of Egrl, termed E9, to isolate 
and identify in vivo Egrl target genes. We performed formal- 
dehyde cross-linking on untreated and UV-stimulated cells 
followed by chromatin immunoprecipitation as described ear- 
lier (8). Because it is generally accepted that Egrl-binding sites 
usually occur within the proximal promoter region of genes, our 
immunocaptured Egrl-bound sequences are likely to consist of 
predominantly promoter regions with extensions into the 5'- 
untranslated region and even into the coding region. To iden- 
tify target gene sequences we performed multiplex PCR using 
our immunocaptured Egrl-bound DNA sequences as 5' multi- 
plex primers. As template we selected a cDNA library and used 
a T7 primer that anneals 3' to all cDNAs permitting full-length 
cDNA amplification. Using DNA captured from E9 cell Egrl 
immunoprecipitates, we found that multiplex PCR-amplified 
products only in the presence of the multiplex primers, cDNA 
library, and the 3' T7 primer (Fig. lA, lane 2). When multiplex 
primers derived from UV-treated E9 cells were used, on occa- 
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FIG. 1. Cloning and characterization of the newly identified 
Egrl target gene TOEl. A, multiplex PCR amplification of Egrl 
target genes from a NT2 cDNA library. Linker PCR amplification 
products of DNA from Egrl containing immunoprecipitates were used 
as multiplex primers in a PCR reaction containing a NT2 cell cDNA 
library template as well as the T7 3' primer. cDNA amplification 
products are seen in lanes 2 and 5, where all components are present. 
Both control and UV-treated E9 cells produced PCR products. Lane M, 
1-kilobase pair DNA markers. B, multiple tissue Northern blot hybrid- 
ized with a TOEl probe shows expression of an approximate 2-kb 
message in adult human tissues. The nucleotide sizes are indicated to 
the left. Br, brain; H, heart; Sm, skeletal muscle; C, colon; Th, thymus; 
Sp, spleen; Ki, kidney; Li, liver; SI, small intestine; PI, placenta; Lu, 
lung; PL, peripheral leukocytes. 

sion we found some self-amplification from the multiplex prim- 
ers resulting in a high molecular weight smear (Fig. LA, lane 4). 
However, the addition of cDNA library template produced a 
much stronger and distinctly different profile of amplified prod- 
ucts (Fig. lA, lane 5), suggesting that cDNAs were obtained 
from these primers as well. To directly address the question of 
whether these amplified cDNAs represented bona fide Egrl 
target genes, we isolated and cloned an individual target gene. 

We focused on the distinct DNA band amplified using prim- 
ers isolated from E9 cells and migrating with an approximate 
size of 2 kb (Fig. lA, lane 2). Cloning and sequencing of this 
DNA revealed an open reading frame coding for a predicted 
polypeptide of 510 amino acids and with a predicted molecular 
mass of —58 kDa. To confirm that this clone represented a 
full-length cDNA, we performed 5' rapid amplification of cDNA 
ends. Sequencing results confirmed that the captured sequence 
represented a full-length cDNA clone. A data base homology 
search of the DNA sequence identified the chromosomal map 
position on human chromosome 1 (lp34.1-35.3). Comparison of 
the sequence of this region of chromosome 1 to our cloned cDNA 
identified an 8 exon gene. BLAST homology searches (20) re- 
vealed no extended homology with any known protein. How- 
ever, a potential single zinc finger was noted as well as a 
possible nuclear localization signal. 

To show that the clone represented an expressed gene, a 
multiple tissue Northern blot was hybridized and showed in- 
tense hybridization to a 2-kb mRNA species in six of the 12 
tissues with the highest level of expression in placenta, liver, 
and kidney (Fig. IB). We cloned the open reading frame of the 
cDNA, together with a FLAG epitope tag, into a mammalian 
expression vector and transfected the construct into H4 cells. 
Western analysis of cells transfected with the FLAG-tagged 
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FIG. 2. Egrl binds to the 5' region of TOEl and activates its 
expression. A, PCR amplification of the TOEl 5' region from cross- 
linked chromatin. Either total cross-linked chromatin (Input) or Egrl 
immunoprecipitates (Egrl i.p.) were screened directly for the presence 
of TOEl 5' sequences by PCR using primers designed to amplify a 
580-bp fragment 5' of the initiation codon. The same samples were also 
used for amplifications using primers for TGF-/31 and cyclophiUn A. The 
same primers were used to analyze Egrl immunoprecipitates from 
untreated or 12-0-tetradecanoylphorbol-13-acetate-treated MCF7 cells. 
B, Egrl expression activates TOEl expression. RT-PCR amphfication of 
TOEl from Egrl transfected H4 cells. Increasing amounts of Egrl 
(shown above the lane) were transfected into H4 cells, and total RNA 
was prepared 24 h later to perform RT-PCR for TOEl. Primers within 
the coding sequence of TOEl were designed to amplify a 454-bp prod- 
uct. An equal RNA loading in the RT-PCR reaction was determined 
using primers amplifying glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH). C, Egrl binds directly to the TOEl 5' region. The 580-bp 
region upstream of the initiation codon of TOEl was used as a probe in 
the gel shift assay. Increasing amounts of recombinant Egrl showed the 
binding to this region. Specific binding was determined by adding either 
unlabeled homologous probe DNA or nonspecific DNA at a 50-fold molar 
excess. The positions of the free probe (FP) and Egrl shift (Egrl) are 
indicated. D, Egrl transactivates expression from the TOEl 5' region. 
The same 580-bp 5' sequence from TOEl was cloned into the pGLSbasic 
luciferase reporter. Empty reporter vector or the TOEl reporter in the 
presence or absence of co-transfected Egrl expression vector were 
transfected into 293 cells. 24 h later the cells were harvested and 
analyzed for luciferase activity. The results have been normahzed for 
transfection efficiency as determined by ^-galactosidase measure- 
ments. The results are plotted as the average values ± standard devi- 
ations. The experiment was repeated three times with similar results. 

expression vector and anti-FLAG antibodies showed that the 
expressed protein migrated on SDS-PAGE with a molecular 
mass of —60 kDa, in close agreement with its predicted mass of 
58 kDa (data not shown). 

TOEl Is a Target for Egrl Binding and Transactivation—To 
confirm the specificity of Egrl binding to TOEl in vivo, DNA 
recovered from immunoprecipitates was PCR-amplified to de- 
tect the 5' region of TOEl. As shown in Fig. 2A we were able to 
amplify TOEl from E9 but not from H4 immunoprecipitates. 
We did, however, confirm the presence of the TOEl gene in the 
total chromatin fraction, thus ruling out the formal possibility 
that the TOEl gene is deleted in H4 cells. Further, the known 
Egi-1 target gene TGF-/3 was also amplified from E9 cells (21). 
The lack of amplification of cyclophilin sequence served as a 
negative control. This provided evidence that TOEl was indeed 
a target ofEgrl in these cells and that the immunoprecipitated 
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FIG. 3. TOEl is a nuclear/nucleolar 
protein. Control vector and a FLAG- 
tagged TOEl expression vector vpere 
transfected into H4 cells. The cells vpere 
immunostained with antibodies to FLAG 
and to the nucleolar protein nucleolin. 
Texas Red and fluorescein isothiocyanate- 
labeled secondary antibodies veere used to 
label nucleolin and FLAG, respectively. 
Confocal microscopy was performed 
showing nucleolar co-localization of TOEl 
and nucleolin. The bar in each panel rep- 
resents 10 microns. 

DNA included the 5' region of the gene. Because E9 cells 
constitutively overexpress Egrl, we sought to determine 
whether TOEL is an EgrL target in an alternate cell type upon 
transient EgrL induction. MCF7 cells were stimulated to ex- 
press EgrL by L2-0-tetradecanoylphorbol-L3-acetate treat- 
ment, and then the ChIP assay was performed on untreated or 
L2-0-tetradecanoylphorboI-L3-acetate-treated cells. The re- 
sults shown in Fig. 2A, TOEL was also an EgrL target gene in 
these cells. To determine the role of EgrL in regulating the 
transcription of TOEl, we used RT-PCR following transfection 
with an increasing amount of an EgrL expression vector and 
found a proportional increase in TOEL expression (Fig. 2B). 

Direct binding of EgrL to the TOEl promoter region was 
assessed by a gel shift analysis using as probe a region span- 
ning 580 bp upstream of the translation start. Using recombi- 
nant EgrL we found specific binding to the probe (Fig. 2C). 
When oligonucleotides representing the consensus EgrL-bind- 
ing site were used as competitor, effective competition was also 
observed (data not shown). As a test of the functional proper- 
ties of the complex we inserted the same 580-bp 5' region 
upstream of a luciferase reporter. We observed that this region 
responds to EgrL expression by activating transcription (Fig. 
2D). Together, these results are consistent with in vivo binding 
of EgrL to and transactivation of the TOEl gene. 

Subcellular Localization of TOEl—To determine the intra- 
cellular localization of TOEL, a FLAG-tagged expression con- 
struct was transfected into H4 cells. As shown in Fig. 3, follow- 
ing immunostaining for the FLAG epitope, the subcellular 
localization of TOEL was distinctly nuclear. Transfection and 
staining of H4 and 293 cells (not shown) showed patterns of 
concentrated localization within the nucleus. These sites of 
concentration appeared to correspond to nucleoli. Dual staining 
using anti-FLAG and anti-nucleolin antibodies followed by con- 
focal microscopy (Fig. 3) showed that most of the expressed 
TOEl co-localized with nucleolin, indicating a predominant 
nucleolar location for TOEL. In addition to its nucleolar local- 
ization we observed intense staining for TOEL as multiple 
nuclear speckles. As noted above, data base homology searches 
identified a putative nuclear localization sequence consisting of 
KRRRRRRREKRKR located at positions 335-347 in the 5L0- 
amino acid protein. Deleting the putative nuclear localization 
basic stretch of amino acids resulted in the cytoplasmic local- 
ization of TOEL (Fig. 4), suggesting that this sequence is re- 
sponsible for TOEL nuclear targeting. 

TOEl Expression Affects the Growth of 293 and H4 Cells—To 
test whether TOEL might be involved in mediating the growth 
effects of EgrL, we measured the growth rate of cells stably 
transfected with a TOEL expression vector. Fig. 5A shows that 

Control 

TOEl 

FIG. 4. Identification of TOEl nuclear localization sequence. 
H4 cells were transfected with either a FLAG-tagged wild type TOEl 
expression vector (leftpanel) or a FLAG-tagged TOEl expression vector 
containing a deletion in the putative nuclear localization sequence 
(right panel). Following fixation, the cells were subjected to immuno- 
staining using anti-FLAG (red). For the cells expressing the TOEl 
nuclear localization sequence deletion, the nuclei were counterstained 
with 4',6-diamidino-2-phenyl. 

the growth rate of TOEL-expressing cells was severely reduced 
in comparison with empty vector control cells. The doubling 
time for control cells was —24 h, whereas a pool of TOEL 
expressing clones required 40 h to double in number. Transfec- 
tion of the same vector expressing the calcium binding protein 
calbindin had no effect on cell growth (data not shown), sug- 
gesting that inhibition by TOEL was not a nonspecific effect of 
protein over expression. Similar results were obtained in H4 
cells (data not shown). 

Cell growth inhibition in TOEL-expressing cells was also 
examined by performing colony forming assays. Control cells 
formed numerous rapidly growing colonies, whereas TOEL- 
expressing cells were only able to form 30% as many colonies 
(data not shown). To determine whether the decrease in cell 
growth of TOEL-expressing cells represented a generalized 
slowing of growth or a cell cycle stage-specific slowing, we 
performed flow cjrtometry on log phase cells. We found a sig- 
nificant increase in the firaction of cells present in the Gg/M 
phases of the cell cycle in TOEL-expressing cells (27%), com- 
pared with the control cells, with L3% of the cells in this 
fraction (Fig. 5B). We found no difference between the mitotic 
index of control and TOEl-expressing cells, suggesting that 
TOEL was pausing the cells in the Gg phase (data not shown). 
In addition, it should be noted that we found TOEL expression 
to be highly influenced by the growth state of the cells. Specif- 
ically, we have found TOEL expression to be regulated by cell 
culture density, possibly indicating a form of activation caused 
by contact inhibition.^ The expression of TOEL in dense cell 
cultures occurred even in cells that cannot express EgrL, indi- 
cating that although EgrL can activate expression of TOEL, the 

^ I. de Belle and J.-X. Wu, unpublished observation. 
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FIG. 5. TOEl expression affects cell 
growth and the cell cycle. A, TOEl 
decreases the growth rate of 293 cells. 
Pooled clones of empty vector or TOEl- 
expressing cells were used to determine 
their growth rate over a period of 5 days. 
Solid squares, control transfected cells; 
solid triangles, TOBi-expressing cells. 
The results are the averages of triplicate 
readings, and the experiment was re- 
peated three times with similar results. 
B, TOEl expression affects the cell cycle. 
The cell cycle distribution of log phase 
growing control and TOEl expressing 
clones of H4 cells was determined by flow 
cytometry. The calculated percentages of 
the cell cycle phases are indicated. 
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gene must be subject to additional forms of regulation. 
TOEl Causes an Increase in p21 Expression in H4 Cells—To 

investigate the mechanism of TOEl induced Gg phase delay, 
we performed Western blotting on several Gg cell cycle mark- 
ers. Fig. 6A shows that there was no significant change in 
cyclin Bl, cdc2, or phospho-cdc2 levels between control, TOEl, 
and mutant TOEl-expressing cells (with the nuclear localiza- 
tion deleted). This suggested that the activation potential of the 
Gg-specific CDK complex was unaffected by the expression of 
TOEl. We therefore examined the possibility that the activity 
of the complex might be modulated by its known inhibitor p21. 
The level of p21 was dramatically up-regulated in TOEl-ex- 
pressing cells but not in either control or TOEl mutant cells. 
Because p53 is a known transactivator of the p21 gene, we 
examined the level and activation of p53 in our cells. We were 
unable to find a significant induction or activation of p53, at 
least insofar as serine 15 phosphorylation is concerned. Fur- 
ther exploration of the induction of p21 using RT-PCR showed 
that TOEl-expressing cells up-regulated p21 at the mRNA 
level (Fig. 6B). This activation was not seen in cells expressing 
non-nuclear mutant TOEl. To demonstrate that the increase in 
p21 was functionally associated with an effect on cdc2 activity, 
we immunoprecipitated cyclin Bl and measured the associated 
kinase activity in vitro with histone HI as substrate. Fig. 6C 
shows a significant decrease in kinase activity only in TOEl- 
expressing cells, correlating with increased p21 expression in 
those cells. 

Increased TGF-pi in TOEl-expressing cells—Because Egrl 
expression is known to affect TGF-j31 levels (21), we sought to 
determine whether the increase in p21 levels might be medi- 
ated by TGF-pi. Using real time quantitative PCR, we exam- 
ined the TGF-pi levels in cells transfected with a TOEl ex- 
pression vector. As shown in Fig. 7, using both MCF7 and H4 
cells lines, we noted an increase in the level of TGF-jSl mRNA 
in TOEl transfected cells compared with control transfected 
cells. 

0=    ^    ^ #    -^    ^- o     ^     s 
/ 
^ 

p21 

GAPDH 

Histone HI 

FIG. 6. TOEl affects growth inhibition through increased p21 
expression. A, control, TOEl, and TOEIANLS cells were probed by 
Western blotting with the indicated antibodies. B, RNA was extracted 
from cells, and RT-PCR was performed for the expression of p21 and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)- C, in vitro phos- 
phorylation assay. Cyclin Bl immunoprecipitates were incubated with 
histone HI and radiolabeled ATP. The products were visuaUzed by 
SDS-PAGE and autoradiography. 

DISCUSSION 

With these studies we report, for the first time, the appUca- 
tion of chromatin immunoprecipitation to cDNA cloning using 
a form of multiplex PCR. We have demonstrated that this 
technique was successful not only in cloning transcription fac- 
tor target genes but also in the identification of a new target for 
Egrl. Together our results indicated that the multiplex ampli- 
fication produced a genuine cDNA and that the cloned DNA 
represented an expressed gene. This newly cloned gene encodes 
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MCF7 H4 
FIG. 7. TOEl expression affects the levels of TGF-/31 mRNA. A, RT-PCR measurement of TGF-^l and TOEl from MCF7 and H4 cells 

transfected with an empty vector control (-) or a TOEl expression vector (+). 24 h after transfection, RNA was harvested from the cells, and 
RT-PCR was performed using the protocol described under "Materials and Methods" with 25 cycles of amplification. Cyclophilin A amplification 
was used to demonstrate the equal RNA amounts included in each reaction, B, real time quantitative PCR was performed on MCF7 and H4 cells 
transfected with either control empty vector or a TOEl expression vector. 24 h following transfection, RNA was collected and subjected to real time 
PCR for TGF-jSl mRNA quantitation. The open bars represent the relative quantity of TGF-^l level in control cells, and the closed bars represent 
that for TOEl transfected cells. mRNA samples were normalized to cyclophilin A levels. The results shown are the averages of four independent 
experiments showing standard deviations. 

a 510-amino acid protein that vsre have shown to be an authen- 
tic Egrl target gene. To confirm that the gene codes for an 
endogenously expressed protein, we have recently raised a 
polyclonal antibody using a S5mthetic peptide epitope derived 
from the predicted amino acid sequence. Prehminary testing 
has shown reactivity against both recombinant and an endog- 
enous protein of identical molecular mass, suggesting that the 
cDNA is expressed at both the mRNA and protein level. 

During the course of these studies an unpublished and un- 
named cDNA generated through a library sequencing effort 
was deposited in the GenBank^"^ data base that was identical 
to our cloned cDNA (nucleotide accession number AK024011). 
Based on the sum of our observations, we have called this 
cDNA the HUGO approved name and symbol TOEl for target 
otEgrl. Expression of TOEl was detected in all of the adult 
human tissues examined but at var3dng levels, indicating that 
the regulation of this gene may vary depending on cell or 
tissue type. 

Examination of the sequence of TOEl did not reveal con- 
served domain structures apart from a single potential zinc 
finger and a possible nuclear localization signal. Immuno- 
staining confirmed that TOEl was found localized to the nu- 
cleoplasm and nucleolus. Despite the absence of a recognized 
DNA-binding domain, we have examined the possibility that 
TOEl might participate in transcriptional regulation. How- 
ever, TOEl cloned as a GAL4 fusion failed to activate a GAL4- 
binding site reporter, suggesting that TOEl alone is not suffi- 
cient for transcriptional regulation. The possibility remains 
that TOEl can participate in transcriptional regulation 
through protein interactions and indirect DNA association not 
recapitulated in the GAL4 fusion experiments. Although no 
extended homology to any known gene was noted by BLAST 
searches, a limited region of homology to poly(A)-specific dead- 
enylation nuclease was revealed. We are currently investigat- 
ing the possibility that TOEl may function as a nuclease. 

To better understand the biological role of TOEl, we exam- 
ined the effects of its expression and noted a dramatic decrease 
in both the growth rate and colony growth of H4 cells. We found 
that this was not the result of a general decrease in growth rate 
but rather was due to a Gg cell cycle phase delay. Furthermore, 
the Gg-specific cell cycle delay correlated with an increase in 

the expression of the cyclin-dependent kinase inhibitor p21. 
Deletion of the nuclear localization signal abrogated this effect, 
suggesting not only that TOEl could induce cell cycle-specific 
G2 pausing but also that its nuclear/nucleolar localization was 
critical for this function. The localization of TOEl in the nu- 
cleolus may provide further evidence for a role in cell cycle 
regulation because it has been found that many important cell 
cycle proteins can be found in the nucleolus as a means of 
sequestration, thereby limiting their function until the appro- 
priate time (22-24). 

Because p21 is also able to inhibit cyclin-dependent kinase 
activities controlling passage through the G^ restriction point, 
it would be predicted that the TOEl-directed increase in p21 
levels would also display a Gj phase pausing. Although we did 
not see this in log phase growing cells, when cells were syn- 
chronized in the M phase and then released to pass through Gj, 
we noted a marked delay in the TOEl-expressing cells (data 
not shown). This suggested that the increase in p21 levels was 
also active at the G^ check point, but this was only seen if cells 
had been synchronized outside of the Gg phase. Although p21 is 
well known for its activity in G^ phase pausing, its role in Gg is 
being increasingly recognized (25, 26). These results suggest 
that the mechanism by which TOEl affects cell growth is 
through transcriptional up-regulation of the p21 gene. We have 
not, however, formally ruled out the possibility that the in- 
crease in p21 levels might be due to an increase in transcript 
stability rather than increased expression. Also, we have not 
completely ruled out a contributing role for p53 in the up- 
regulation of p21 but have demonstrated that p53 levels and 
serine 15 phosphorylation were not altered. Further, we have 
provided evidence that TOEl-dependent TGF-j31 activation 
may participate in the increase in p21. However, it also re- 
mains possible that TOEl and p53 cooperate in the transacti- 
vation of p21 either directly or indirectly. We have preliminary 
evidence that TOEl and p53 are able to interact physically, but 
the significance and specificity of this interaction remain to be 
analyzed.^ Although the precise mechanism of action remains 
to be studied, our results have shown that expression of TOEl 

' I. de Belle, unpublished observation. 
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leads to growth inhibition as well as a decrease in colony 
forming ability, likely involving the activation of p21. Given 
that these same features are seen following expression ofEgrl, 
we expect that the downstream target TOEl plays an impor- 
tant role in executing this physiological function of Egrl in its 
proposed role as a tumor suppressor. 

Finally, It is intriguing to note that the chromosomal loca- 
tion of TOEl maps to lp34.1-35.3. Deletion of the distal por- 
tion of Ip accounts for a significant proportion of chromosome 1 
aberrations and has been observed in brain, breast, ovarian, 
colorectal, and other tumor types (27-29). Combined data sug- 
gest that chromosome Ip likely harbors one and possibly mul- 
tiple tumor suppressor genes, and given the growth inhibitory 
effect of TOEl, we are currently investigating the possibility 
that TOEl may also function in this capacity. 

Acknowledgment—Vfe thank Dr. Erkki Ruoslahti for critical reading 
of the manuscript. 
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The PTEN tumour suppressor' and pro-apoptotic^ gene is 
frequently mutated in human cancers. We show that PTEN 
transcription is upregulated by Egr-1 after irradiation in 
wild-type, but not egr-1-/-, mice in vivo. We found that 
Egr-1 specifically binds to the PTEN 5' untranslated 
region, which contains a functional GCGGCGGCG Egr-1- 
binding site. Inducing Egr-1 by exposing cells to ultravio- 
let light upregulates expression of PTEN messenger RNA 
and protein, and leads to apoptosis. egr-1-/- cells, which 
cannot upregulate PTEN expression after irradiation, are 
resistant to ultraviolet-light-induced apoptosis. Therefore, 
Egr-1 can directly regulate PTEN, triggering the initial 
step in this apoptotic pathway. Loss of Egr-1 expression, 
which often occurs in human cancers, could deregulate 
the PTEN gene and contribute to the radiation resistance 
of some cancer cells. 

The PTEN/MMACl/TEPl tumour suppressor gene is mutated 
in a wide range of human cancers^'\ and germline mutations 
of PTEN have been found in three inherited hamartoma 

tumour syndromes''^^. PTEN encodes a hpid phosphatase that 
removes the D3 phosphate from phosphatidylinositol-3-phosphate 
substrates, thereby inhibiting the generation of second messen- 
gers". Deleting the PTENgtne in mice leads to embryonic lethality 
because of hyperproliferation of embryonic cells'. In Jurkat T 
leukaemia, breast and thyroid tumour cell lines, transient and 
inducible ectopic expression of PTEN induces cell-cycle arrest and 
ceU death"' ". Expression of PTEN in PTEN-deficient muhiple 
myeloma cells abolishes tumour growth in vivo"; PTEN phos- 
phatase activity is essential for this effect". Together, these findings 
suggest that loss of PTEN activity sensitizes cells to malignant 
transformation and imply that PTEN is a regulator of an important 
physiological pathway. 

There have been no reports of transcriptional regulation of the 
PTEN gene to date, but a genomic fragment of DNA containing the 
full-length PraNgene has been sequenced (K. Jensen et al, unpub- 
lished results; GenBank accession number AF067844). We noticed 
that a 2-kilobase (kb) fragment upstream of the translation start 
site is highly GC-rich and contains several potential binding sites 
for the 'early growth response-1' (Egr-I) transcription factor; we 
tested these binding sites for activity. The hypothesis that Egr-1 (ref. 
14) might regulate the transcription of the PTEN gene was attrac- 
tive because the mutations in the two genes lead to some similar 
effects in cells, with variations depending on specific cell types. Like 
PTEN, the Egr-1 gene also has growth-suppressing activities'^ " 
and it was reasonable to think that PTEN could be regulated at least 
in part by Egr-1. A growing body of evidence indicates that Egr-1 is 

also required for apoptosis in some cclls^"'^'. The results described 
here support the hypothesis that Egr-1 transactivates the PTEN 
gene to induce apoptosis. 

Irradiation greatly upregulates production of Egr-1 (ref. 22). We 
used uhraviolet-C radiation to stimulate endogenous Egr-1 in 29.?T 
human fetal kidney and normal mouse mammary gland 
(NMuMG) epithelial cells to test whether PTEN expression was 
affected. Figure 1 shows that 4 h after irradiation with ultfaviolct-C 
light at 40 J m'^ both PTEN and Egr-1 niRNAs (Fig. la, lanes 3 and 
5) and protein (Fig. lb, lane 2) were strongly upregulated, as was 
expression elicited by exogenous Egr-1 introduced by transient 
transfection (Fig. la, lane 2), This suggested that Egr-1 may act in 
the same signalling pathway as PTEN, and could be directly inter- 
acting with the Pr£N promoter to effect diis induction. 

To find out how Egr-1 is able to regulate PTEN^mc expression 
and what the mechanism might be, a 2-kb genomic DNA fragment 
corresponding to the PTENptomolet and its 5' upstream regulato- 
ry sequences was amplified from human genomic DNA and cloned 
into a luciferase reporter plasmid thus creatmg PTEN"hia This 
construct contained the full-length S'lioncoding region of the 
mRNA. To determine whether the putative Egr-1-binding sites arc 
involved in the regulation of the PTEN gene, PTEN-hwwa$ tran- 
siently transfected into HEK293T, HTIOSO fibiTOarcoma (clone 
H4) or NMuMG cells with or without exogenous Egr=l expression 
or with exposure to ultraviolet-C (40 J m'*),'y-iffadiation (5 Gy) or 
the DNA-damaging agent etoposidc (20|agml"'). Expression of 
PTEN-hicwas well stimulated by exogenous Egr-1 expression, radi- 
ation or etoposidc treatment in 293T (Fig. Ic) and NMuMG cells 
(Fig. Id), but only ectopic Egr=l was able to stimulate PTEN=htc 
expression in H4 cells, which lack Egf-1 (ref. 16; Fig. le). Using an 
antisense oligonucleotide to specifically inhibit Egr-1 expression 
blocked radiation- and etoposide-sthnulated PTEN promoter 
activity (Fig. Ic, d). These results demonstrate not only that Egr-1 
is able to stknulate PliN promoter activity, but, more important- 
ly, that Egr-1 is required tbr radiation- and etopOside-induced 
stimulation of PTEN expression. We also confirmed tliat the induc- 
tion of PraNpromoter activity was dependent on the dose of Egr-1 
transfected m 293T cells, which peaked at a fourfold induction 
(data not shown). 

To determine whether PTEN transcriptional uprcgulatiOii by 
Egr-1 occurs in vivo, wild=type and egr-l''- mice were y-irradiated 
and killed 2.5 h later, when Egr-1 induction is known to be high. 
Several tissues were rapidly dissected and flash frozen to analyse 
PTEN expression using reverse transcrlptase-polymerase chain 
reaction (RT-PCR). Figure If shows that PTEN expression in wild- 
type mice was strongly increased in at least six tissues and moder- 
ately increased in three other tissues that have higher basal levels of 
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Figure 1 Ultraviolet irradiation and ectopic Egr-1 stimulate expression of 
PTEN mRNA and protein, a, Analysis of PTEN and Egr-1 mRNA expression levels 
by semi-quantitative RT-PCR assay with total RNA extracted from 293T nonstimulat- 
ed (NS) cells as a template (lane 1); from 293T cells expressing exogenous Egr-1 
(lane 2); ultraviolet-stimulated 293T cells (lane 3); nonstimulated mouse mammary 
cells.dane 4); and ultraviolet-stimulated mouse mammary cells (lane 5). 
Amplification of GAPDH mRNA was monitored as an internal control, b, Immunoblot 
analysis for PTEN was performed with protein extract from nonstimulated (lane 1) 
and ultraviolet-stimulated NMuMG cells (lane 2), using a specific PTEN antibody as 
described in the Methods. Expression of (3-actin was monitored as an internal con- 
trol, c-e, The full-length PTEN 5' promoter-reporter construct (PTEN-/uc) was tran- 

siently transfected with or without 0.2 (iM antisense (AS) Egr-1 oligonucleotides into 
293T cells (c), NMuMG cells (d) or HT1080 cells (e), which do not express Egr-1, 
stimulated by ultraviolet irradiation, THrradiation, etoposide or exogenous Egr-1. 
Luciferase activity was determined as described in the Methods. Empty vector 
luciferase values correspond to the background expression of the pGL3 basic 
empty reporter gene. The luciferase activity values and error bars reflect the aver- 
age and the standard deviation between at least three separate experiments with 
six replicates, f. Analysis of PTEN and Egr-1 mRNA expression levels by semi-quan- 
titiative RT-PCR, in nine different tissues from wild-type and egr-1-'- mice that were 
or were not firradiated with 5 Gy and killed 2.5 h later. 

PTEN mRNA. Corresponding with the radiation-induced PTEN, 
the expression of Egr-1 was induced about tenfold in most tissues 
(Fig. If, row 2). In contrast, Egr-1 expression in tissues from Egr-1- 
deficient mice was tmdetectable and unindiicible (Fig. If, row 5) 
and PTEN expression was detectable but was uninduced by radia- 
tion (Fig. If, row 4). The analyses were performed with equal 
amounts of mRNA, as shown in the levels of the control mRNA 
from the GAPDH gene. These results indicate that Egr-1 is a major 
inducer of the PTEN gene in vivo. 

The full-length PTEN" promoter has numerous putative Egr~l- 
binding sites. To determine which sites might be responsible for 
Egr-1 stimulation, a series of deletions were made. The translation 
start site was designated as -1-1 for this study. The first three 5' or 
distally truncated PTEN promoter constructs had similar stimula- 
tory activity compared with the full-length promoter (data not 
shown), as did fragment A5', which contained the proximal half of 
the sequences tested (-1 to -1031; Fig. 2a, b). Both transiently 
transfected Egr-1 and endogenous Egr-1 stimulated by ultraviolet 
irradiation of the cells produced very similar transactivating activ- 
ity. Furthermore, the deletion of most of the 3' end of these cloned 
regulatory sequences from the position -1 to -779 (the A3' con- 
struct) did not abolish this stimulation. This narrowed the putative 
active binding sites to the remaining sequences located between 
nucleotides -779 and -1031, which includes the start of transcrip- 

tion. This fragment (min PTEN-luc) retains fixll activity (Fig. 2a, 
b). This fragment contained a 117-base pair (bp) GC-rich region 
containing tiiree putative Egr-1-binding sites. Deleting this region 
in the context of the full-length PTEN regulatory sequences elimi- 
nated stimulation, narrowing the search to this short piece of DNA 
(Fig. 2a, b). 

The three Egr-1-binding sites (EBSA, EBSB and EBSC) shown in 
Fig. 2c were individually mutated to give the mut A, mut B and mut 
C constructs. Mutation of EBSB and EBSC did not affect induction 
of the PTEN promoter in response to ultraviolet light or exogenous 
Egr-1 expression, whereas mutation of EBSA abolished the effect of 
both (Fig. 2d). These results demonstrate that the nine nucleotides 
GCGGCGGCG located between positions -947 and -939 consti- 
tute a functional cis-acting element necessary and sufficient for 
PTEN promoter stimulation by both transiently transfected Egr-1 
and endogenous Egr-1 stimulated by ultraviolet irradiation. 

The specificity of Egr-1 binding to the PTEN promoter was con- 
firmed by in vitro gel-mobility shift assays using a 27-bp probe con- 
taining the normal or mutated EBSA site. Supershift assays with 
antibodies to Egr-1 confirmed the identity of Egr-1 binding to the 
probe (data not shown). 

In order to assess whether direct binding of Egr-1 to the 117-bp 
portion of the endogenous PTEN regulatory sequences occurs in 
intact cells^^ we performed chromatin crosslinking studies on liv- 
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Figure 2 Mapping the Egr-1-responsive element in the PTEN promoter. 

a, Full-length and deleted PTEN regulatory sequences are represented on the left. 

The numbers indicate the position of the deleted fragments relative to the transla- 

tion start site (-fl). An arrow represents the start of transcription. Right, PTEN-luc 

and the deleted constructs were transiently transfected into 293T cells stimulated 

or not with ultraviolet irradiation or ectopic Egr-1 expression. Luciferase activities 

were assayed as described in the Methods and are shown as absolute values of rel- 

ative luciferase units (RLU). b, Ultraviolet and Egr-1 stimulated activity. The values 

(x-fold stimulation) are derived from the ratio between the basal and the Egr-1- 

induced promoter activities shown in a. c, A GC-rich region in the PTEN 117-bp 

fragment corresponding to the three putative Egr-1-binding sites (EBSA, EBSB and 

EBSC). Left, unmutated EBSA, EBSB and EBSC are represented in the context of 

the full-length promoter by open boxes and mutated versions by black boxes. Right, 

the wild-type and mutated constructs were transfected into 293T cells stimulated 

or not by ultraviolet or exogenous Egr-1, and assayed as described in the Methods. 

d. Ultraviolet- and Egr-1-stimulated activity represented as the ratio (x-fold stimula- 

tion) between the basal and the Egr-1-induced absolute values of the promoter 

activities assessed in Fig. 2c. • 

ing cells, recovering Egr-1-binding sites by irnmunoprecipitation 
(see Methods). Three different conditions of 293T cells were tested: 
cells transfected with empty expression vector without ultraviolet 
irradiation was a control; a similar sample irradiated to induce 
endogenous Egr-1; and cells transfected with an Egr-1 expression 
vector. Egr-1 became fbxed to its DNA target sequences after chro- 
matin crosslinking, allowing recovery of the Egr-1-boimd genomic 
DNA fragments by specific Egr-1 inmiunoprecipitation. We used a 
nonimmune serimi as a negative control. The detection of the 
PTEN genomic fragment among all tlie captured fragments was 
made by PCR amplification using a pair of specific primers located 
at each end of the 117-bp sequence containing the Egr-1-binding 
site. Cells transfected with Egr-1 or ultraviolet-irradiated yielded an 
amplified product that showed the same migration pattern (Fig. 3, 
lanes 5, 6) as the 117-bp PTEN-luc control fi-agment (Fig. 3, lane 
7). In contrast, no amplification was foiuid either for the nonirra- 
diated cells containing empty vector (Fig. 3, lane 4) or for the con- 
trol nonimmune serum immimoprecipitated samples (Fig. 3, lanes 
1-3). Each PCR band was purified and its identity verified by DNA 
sequence analysis. The sequences of the amplified PCR bands were 
identical to the 117-bp region in the PTEN promoter (data not 

Nonimmune Egr-1 antibody 

Figure 3 Egr-1 binds directly to PTEN regulatory sequences in vivo. 

Nonstimulated 293T cells (NS, lanes 1 and 4), 293T cells stimulated by Egr-1 

(lanes 2 and 5) or ultraviolet light (lanes 3 and 6) were chromatin crosslinked and 

then immunoprecipitated^' with a specific Egr-1 antibody or a nonimmune control 

antibody. The detection of the PTEN GC-rich 117-bp captured fragment was per- 

formed by PCR as described in Methods. Lane 7 corresponds to the control (Ctl) 

117-bp PTEN fragment directly amplified from PTEN-iuc. Lanes 1, 2 and 3 show 

the PCR amplification from the control nonimmune immunoprecipitation and lanes 

4, 5 and 6 correspond to the PTEN 117-bp captured fragment amplified from the 

Egr-1-specific immunoprecipitation. M, marker. 
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Figure 4 Egr-1 is required for PTEN-dependent ultraviolet-induced apopto- 
sis. a, Monolayers of wild-type and Egr-1-null mouse embryo fibroblasts (IVlEFs) 
were exposed to ultraviolet-C radiation as described, and 24 h later the ratios of 
fragmented nuclei were compared (means of two experiments), b, MEFs collected 
at the indicated times after irradiation were assayed for PTEN mRNA levels by semi- 
quantitative RTPCR. c, Dishes (60 mm) containing egr-1 '- IVlEFs were transfected 
with 2 or 4 Mg Egr-1 expression vector or empty vector (EV) and 30 pl of lipofecta- 
mine. The day after transfection the cells were collected and PTEN mRNA levels 
were assayed by semi-quantitative RT-PCR. d, Inhibition of PTEN activity decreases 

the sensitivity of the cells to ultraviolet-induced cell death. 293T cells were trans- 
fected with the expression vectors shown in the absence of irradiation, or irradiated 
with or without overexpression of the catalytically inactive form of the PTEN protein 
(Cys 124->Gly). Empty vector was transfected as a negative control. Dead cells 
were determined 24 h later by trypan blue staining. Detached and trypsinized cells 
were pooled and incubated with 0.2% trypan blue. Cell death is shown as percent- 
age of blue cells, e. The signalling events leading to apoptosis in 293T and NMuMG 
cells. The red circle represents the Egr-1-binding site; GF-R, growth factor receptor; 
P13K, phosphoinositide 3-kinase; Akt/PKB, Protein kinase B. 

shown), demonstrating tliat this sequence is an Egr-1 target in Hv- 
ing cells. This result is consistent with the in vitro data and clearly 
demonstrates that Egr-1 binds directly to the genomic PTEN 5' 
noncoding region in cells that have been ultraviolet irradiated, as 
well as in cells that overexpress exogenous Egr-1. 

In 293T cells, the PTEN gene is intact, because exogenous Egr- 
1 or ultraviolet-C irradiation induce PTEN mRNA and protein, 
followed by apoptosis 24 h later. It has been shown that ultraviolet 
irradiation leads to apoptosis of 70% of pterf'~ mouse embryo 
fibroblasts (MEFs), but pteir'' MEFs survived-' indicating that the 
loss of PTEN activity probably causes resistance to ultraviolet- 
induced apoptosis. Therefore, we tested egr-l~'~ MEFs in which 
ultraviolet irradiation does not induce PTEN mRNA (Fig. 4b) and 
found that these cells were also resistant to apoptosis induced by 
ultraviolet-C irradiation (Fig. 4a). The introduction of exogenous 
Egr-1 into the egr-1''' MEFs restored the stimulation oi pten gene 
expression (Fig. 4c). In wild-type MEFs, high levels of Egr-1 and 
PTEN mRNA expression were induced 2-4 h after irradiation (Fig. 
4b), and a significant proportion of cells died within 24 h. 
Furthermore, inhibiting endogenous PTEN activity by overex- 
pressing the catalytically inactive form of PTEN'" (the Cys 
124—>Gly construct) leads to a 50% decrease of the sensitivity of 
293T cells to ultraviolet-induced apoptosis mediated by Egr-1 
(Fig. 4d). Because both the absence of Egr-1 and the inhibition of 
PTEN activity allow the cells to survive this death signal, we con- 
clude that Egr-1 induction of pten is required for ultra\'iolet- 
induced apoptosis. 

Therefore, the Egr-1 transcription factor directly transactivates 
the PTENgtnt and is responsible, at least in part, for the apoptot- 
ic response after PTEN is induced by radiation or etoposide. Loss of 
Egr-1 may therefore contribute to radiation resistance of some can- 
cer cells. n 

Methods 
Transfection, ultraviolet/^irradiation and etoposide treatment 
Celts were sccdod into 48-well plates ,it the density of 12,000 cells per well one day before trnnsfection. 
The tr.nnsfeclion was performed witli llie Fircene 6 reagent (Roclle Molecular Biocheniicals. 
Indianapolis, IN). Typically 2.S0 nj; of total plasmid DN.\ (100 nj^ of reporter constrtict, 100 nj^of F.t',r 
I-expressing, vector, and 50 np of empty pcON.^3 vector) were mixed with I |il, ? |ll and .3 fil of lirj'.ene 
6 respectively for 29.3T, H4 and NMiiMG cells. Cells were collected 24 It after Iransfeclion .and 
luciferase activities were assessed iisinp the Lticiferase .\ss.ay System (Prornef^a, Madison, V\T) and an 
EG&G Berlliold LB96P luminomeler (PE Biosj'stems, Wellesley, M.-\). Cells were ultraviolet C irradiat ■ 
ed (40 I nr-) in a Stratalinker (Stratagene. I.a lolla, CA), Y irradiated (S Gy) or treated with 20 fij', ml' 
etoposide to induce a response that includes hiph and transient induction of Epr-I (ref 2r>). After 
treatment the cells were incubated 4 h before har\eslinjV 

To block r^r 1 expression we used a 20 mer-phosphorothioate analoj^ie antisense olij'.onticleotide 
hiplily specific to Ep,r 1 (sequence available upon recjues-t). 

MEFs derived from egr-1-null mice^^ 
Dermal fibroblasts from skin e.xplants from ci^r ]-'- and cgr-1''' monse embryos were cultured as 
described previously'^ to derive .^T.^i type cells. MEFs (56 population dotiblinj^s) were seeded at I X 10^ 
per 60 mm dish overnij^ht, irradiated with ultraviolet C lij^,ht .at 40 J ni-- and harvested at 0, 2,4 and 
6 h for RT PCR analysis of Epr 1 and PTEN (see below). Duplicate dishes contaiuini; 5x10' cells were 
cultured for 24 h after irradiation and apoptosis was estimated by staininp, with propidium iodide and 
cotintin[7 the proportion of cells with fragmented nuclei. 

Plasmid construction 
We amplified 5' PTE-Vrej^ulatorj' sequences by PCR from [genomic DN.-\ tisinj'. a pair of appropriate 
primcTs (5'-Jspu^GCCGGGTTTC.^CGCGGC-3' and S'-Hrudlll-GTCTGGG.AGCCTGTGG 3') located 
respectively at the position-I .and-1,978 from the .ATG. The amplified product was purified and 
cloned into the A'/'t'I/HJtrdlll-dif.esfed pGI.3 basic reporter pene to give the JTEW-Zf/cconstruct. The 
A5' construct was amplified by PCR from PTEN- lite ustnc the primers 5'-K;»<I-CCTCCCCTCGCC- 
CGGCGCGG-3' and 5' H/udlll GTCTGGGAGCCTGTGG 3'. The amplified product was purified and 
cloned into the f^/ifd/Hjtrdlll dif'ested pGE3 basic reporter gene. 

nie A3', min PTFN-luc, Al 17, mut A, mul li and mut C constructs were made by directed muta 
genesis according, to the Quick-Change kit protocol (Stratagene). To create A3' and AI17, respectively 
778 bp and 117 bp were deleted from PTEN-liic using the oligoniicleotides 5'-GAGTTG.\GCGGCT- 
GTGAGGCG.\GGC.-\.\GCTTGGC.WTCCGGTACTGTTGG 3' and S'-CTCGGTCTTCCG.AGGCGC 
CCGGGCGCGGC.AGG.'>LT.\CGCGCTCGGCGCTG-3', respectively. To create the min PTEN-ZHCcon- 
struct, 778 bp were deleted from A5' using the oligomicleotide 5'-G.A.GTTG.'\GCCGCTGTC.AGGC- 
G.'\GGC.-\.\GCTTGGC.\TTCCGGT.-\CTGTTGG 3'. To create mut A, mut B and rmit C constructs, 
the PTI;N-IIIC EBSA, EBSB and EBSC were changed into firoRI restriction sites using respectively the 
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followini: olinciniidrolid.-s 5'AGGCGC.CCGC;GCrCa:GGCGAATTc:GCG- 
GAGGGGGCGGGCAGGCC0GCGGGCC;GTGATGT .i', S' AGC;CGa:CCGGCTCGCGGCGCG 

GCGGCGAAITCAnCGGCAGGGCOGCGGGGGGTGATCT y ami ;>'GGCGCGGCGGCG 

GAGGGG(;tX;GGCAGAATl'CGAATTCG1'GATGTGGGAGGACTCITTATG 3'. All llu'DNA pliismid 

conslrnrls w.-ro piirifii-d iisini' roliinins rroni Qini^n (Vali-m-ki. CA). The Cl 24G catahlically imi-livr 

form of rT];N was riiadf as tlfsc litusl flscwhorc'", 

RT-PCR and western blots 
Bolli lolal UNA aritl piolciris wvir purillnl from 793T cells iisini'. llu- TRl/ol rcaf.pnl (lift- 

'IVtlnloloj\i('s) aaordini', lo titf mamifartiirn's proloatl. Wlu-n llic a-Hs wi'n* iillraviolt't irradiau-d, the 

fxirattions wm- done 4 li after Irfaltiicnt. KV PCR was pcrforrm-d willi ?00 nt^ of lolal RNA as Ifni 

plalo iisirii'.llii- siipcrscripl UT PC:H kit rcajyrit arrordiii;^ to matiiifactiinT's instructions (Ijfc 

Technologies, Rorfceille, MD). PTKN, Vyf 1 and control GAPDII niRNAs were reverse' transcribed and 

anirlined nsinn the sp.-rinc primely: S'-GAf:AGGCATCATCAAAGAGA 3' and r.'TGAGGGCTCCTG 

TACTCnr 3'; 5' CCCAGGTCATGAAA 3' and 5' CACCACACTnTGTC-3'; S'-AACCATGAGAAG- 

TATGACAA('-3' and S' GTCATACCAGGAAATGAGCT 3', respectively. The anipli(i«l prodiKis were 

resolved on a 7% ai'arost' t;el. 

I'or the western hlot anah-ses, after extraction, the proteins were boiled for 3 inin and separated 

with IO*);* SnS polyacrylamide j'.el electrophoresis (PAGI-). The proteins were transferred to 

Imniohilon P nlembrant^ (Millipore Corporation. Kedford, MA), Mock<-d, reacted with primary anti 

bodies at i Jlj' ml ' and an anti rabbit secondary antibody coniiiiVlted to horseradish peroxidase for 

enhanced chemilnmini-scence detection of the sii',nals {Amershani, Grand Island, NY). 

Crosslinking and identification of Egr-1 bound to DNA 
Live cells were treated with formaklehyde to crosslink clitomalin complexes and l-,{',r 1 containing fra;', 

nients were recovered by inimiinoprecipitation as described elsewhere". Identification of the captured 

PTUhl .S' rep.iilatory sequences was performed by PCR analysis iisinj; the primers .S'-CfCGGTl^TCC- 

G.^GGC 3' and .S'-CCG,'\GCGCGTA'IX:C:TG 3'. Two consecutive rounds of 30 cycles each of PCR were 

performed, tisinf, the capt iired fra|',nients as templates. The bands were excis<'d from the j'.el used to 

analyse the product, ptirilled and seqiienced usinj\ an .Mi] 377 sequencer s\^tem (ABl, Foster City, 

CA). 
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ABSTRACT 

A methodology is described that allows 
the in vivo trapping of transcription factors 
to their target regulatory elements in multi- 
ple genes simultaneously. Cross-linking us- 
ing formaldehyde is the first of several steps 
to isolate, purify, clone and characterize 
multiple gene promoter DNA fragments. 
The example that we use indicates that the 
TGppi gene is a direct target induced by 
Egr-1 in HT1080 cells that express constitu- 
tive Egr-1, thus explaining the growth retar- 
dation that follows Egr-1 expression. The 
genes identified using this procedure refiect 
the specific activities of Egr-1 at that mo- 
ment in the cell and provide a method for 
confirmation of genes that are the direct 
targets of Egr-1 action. 

INTRODUCTION 

Egr-1 is an immediate early growth 
response gene induced in response to 
serum stimulation of quiescent or grow- 
ing cells. The alternate names for Egr-1 
reflect the mode of its discovery. We 
first reported the cloning of the Egr-1 
gene in fibroblasts and its role in devel- 
opment and in neuronal activity and dif- 
ferentiation (16). Other names are 
Zif268 (2), indicating its zinc finger 
DNA binding motif; Krox24 (1), show- 
ing its relation to the Kriippel family of 
homeobox transcription factors; NG- 
HA (14), because of its induction in 
PC 12 cells by nerve growth factor; and 
TIS8 (12), because it is a gene induced 
by phorbol ester tumor promoters. Egr- 
1 is also the most responsive (mRNA 
induced within 5 min, protein level 
maximal at 60 min) of the stress-activat- 
ed genes. Egr-1 is induced by radiation 
at all wavelengths, all tested growth fac- 
tors, calcium ions, reactive oxygen 
species, heavy metals, depolarization 
and stretch among other stimuli. Its ac- 
tions are partly governed by the levels 
achieved, stability and state of phospho- 
rylation. Egr-1 protein is generally 
short-lived with a half-life of 90 min, 
but its expression can be much extended 
after stress and certain other stimuli that 
lead to its phosphorylation (6). 

The Egr-1 gene family codes for 

transcription factors that bind to GC- 
rich regions in gene promoters. There 
are several members with similar struc- 
tural features, but only the zinc finger 
domain has high homology among 
family members. The DNA consensus 
binding sequence is GCGG/TGGGCG, 
and it occurs in the promoters of sever- 
al growth-related genes including Egr- 
1 itself, WTl (related to Egr-1), EGF 
receptor, PDGF-A, PDGF-B, FGF-2, 
Bcl-2, p53, TGFpl, IGF-II, IGF-IR and 
a number of extracellular matrix genes. 
A notable feature of the GC-rich bind- 
ing site for Egr-1 is that it occurs most 
frequently in the proximal promoter re- 
gions of many growth-related genes, 
especially those that do not have TATA 
or CAAT boxes. 

One set of genes regulated by Egr-1 
endows a tumor suppressor function, 
and another set endows a survival re- 
sponse to damaging irradiation. Anoth- 
er important function of Egr-1 concerns 
the differentiation of many cell types. 
The mechanism for a change in cellular 
responses caused by Egr-1 would be 
clarified if we knew what new promot- 
ers Egr-1 protein binds to affect the ac- 
tivities. This paper describes and tests 
such a method by applying a stimulus 
of UV-C irradiation to determine what 
new Egr-1 target genes are bound by 
Egr-1 in HT1080 human fibrosarcoma 
cells. The cross-linking of proteins to 
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DNA was achieved with formaldehyde 
and was based on a method described 
previously (5,15). The method is 
termed direct in vivo Egr-1 target (DI- 
VET) cloning. The method may be ap- 
plied to capture the target genes of any 
transcription factor for which there is a 
specific immunoprecipitating antibody. 

MATERIALS AND METHODS 

Cells and Culture Conditions 

The human fibrosarcoma HT1080 
cell clone, H4, was kindly provided by 
Dr. S. Frisch (The Bumham Institute). 
H4 cells stably expressing Egr-1, E9 
cells, have been previously described 
(9). Cells were cultured in DMEM con- 
taining 10% PBS and maintained in a 
5%-C02 atmosphere at 37°C. 

Chemical Cross-Linking and 
Chromatin Isolation 

Formaldehyde-induced cross-link- 
ing and chromatin isolation was per- 
formed as previously described (3,11). 
An outline of the procedure is shown as 
a flow diagram in Figure 1. The opti- 
mal time of exposure of H4 and E9 
cells to formaldehyde was determined 
by pilot experiments to be 1-2 h. This 
length of exposure was found to give 

the best yield of Egr-1 capture from the 
cross-linked chromatin. Cross-linking 
was performed on approximately 1 x 
10'^ attached cells in 15-cm dishes. 
Chromatin, purified by urea gradient 
centrifugation at SOOOOx g for 16 h, 
was stored at -80°C. Before immuno- 
precipitation, 30-60 \ig DNA in chro- 
matin were digested overnight at 37°C 
with 60 U EcoRl. 

Antibodies and 
Immunoprecipitation 

An affinity-purified rabbit polyclon- 
al antibody (8) raised against amino 
acids 27-318 was used for both im- 
munoprecipitation of and Western ana- 
lysis for Egr-1. The antiserum was 
affinity-purified over a column of re- 
combinant Egr-1 coupled to CNBr-acti- 
vated Sepharose® beads (Sigma, St. 
Louis, MO, USA). 

For immunoprecipitation, 30-60 fig 
cross-linked and EcoRI-digested chro- 
matin were brought to a volume of 1 
mL in RIPA buffer to which 1 \ig affin- 
ity-purified anti-Egr-1 antibody was 
added together with 40 fiL 50% sus- 
pension of protein A-Sepharose beads. 
Samples were rotated overnight at 4°C, 
and the bead-captured immunecom- 
plexes were washed four times with 
RIPA buffer. Samples were then 
washed with TE buffer [10 mM Tris 

Formaldehyde crosslinklng of 
proteins to DNA /n vivo 

Lyso colls by sonication 
In 4% SDS Mlution 

Isolate croasltnked genomic DNA 
by centrifugation through a 5-8M 

urea gradient 

Dialyze crosslinked DNA to 
remove urea 

Digest crosslinked DNA with 
a restriction enzyme 

i 
Immunoprecipltale Egr-1 
crosslinked DNA with 
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proteinase K and heat 
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Figure 1. Flowchart to illustrate the early steps of the DIVET cloning procedure. 
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(pH 8.0) and 1 mM EDTA] and divided 
into two equal aliquots. 

For Western analysis, one aliquot 
was washed with 10 mM Tris (pH 7.5), 
2 mM MgCl2, then resuspended in 100 
\iL of the same buffer with 10 U DNase 
I (Promega, Madison, WI, USA) and in- 
cubated at 37°C for 10 min. The samples 
were then boiled in SDS sample buffer 
for 10 min and analyzed by 7.5% SDS- 
PAGE. Western analysis was performed 
using the same anti-Egr-1 affinity-puri- 
fied antibody at a 1:1000 dilution. 

For DNA recovery from the second 
aliquot, cross-links were reversed with 
heat and proteinase K (Promega) diges- 
tion and DNA purified as previously 
described (3). Using both proteinase K 
digestion and heat treatment has been 
shown to achieve total reversal of 
cross-linking, which yields completely 
protein-free DNA (15). 

Linker Ligation and PCR 
Amplification of Captured DNA 

The purified DNA following cross- 
link reversal was redigested with 20 U 
EcoBJ at 37°C for 2 h to ensure all ends 
were compatible with the linkers. The 
digested DNA was ligated to EcoRi 
linkers consisting of the following 
oligonucleotides: 5'-AATTCGAAGCT- 
TGGATCCGAGCAG-3' and 5'-CTGC- 
TCGGATCCAAGCTTCG-3'. Follow- 
ing linker ligation at 16°C overnight, 
the ligated DNA was subjected to PCR 
amplification. 

PCR amplification of the linker-lig- 
ated DNA was performed using the 20- 
mer oligonuclebtide from the linker lig- 
ation as the PCR primer and Pfu DNA 
polymerase (Stratagene, La JoUa, CA, 
USA), using buffer conditions supplied 
by the manufacturer. PCR cycling para- 
meters were as follows: 95°C for 45 s, 
65°C for 30 s and 72°C for 5 min. The 
number of cycles was determined em- 
pirically so that few or no PCR prod- 
ucts were visible in the control samples 
consisting of Egr immunoprecipitates 
from H4 cells (Figure 3, lanes 1 and 2). 
The number of cycles performed was 
typically 20-30. PCR products were 
purified by agarose gel electrophoresis 
and QIAquick™ gel extraction (Qia- 
gen, Valencia, CA, USA). Linkers were 
removed by EcoRl digestion, and prod- 
ucts were ligated in CcoRI-digested 
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pBluescript® (Stratagene). XL2B cells 
(Stratagene) were transformed with the 
ligated products, and the individual 
bacterial colonies were isolated for 
characterization. 

Gel Shift Assay 

The inserts from individual colonies 
were isolated by EcoRl digestion and 
labeled for use as probes in a gel shift 
assay by fill-in synthesis using a 
Klenow fragment in the presence of 
[32p]-dATP. Probes were purified by 
electrophoresis through a 6% acryl- 
amide gel, elution in 10 mM Tris (pH 
8.0), 50 mM NaCl andl mM EDTA and 
then passed through an Elutip®-d mini- 
column (Schleicher & Schuell, Keene, 
NH, USA). The gel shift assay was 
performed as previously described (7), 
using recombinant glutathione-S-trans- 
ferase(GST)-Egr-l. 

For gel shift competition, Egr-1 was 
allowed to bind to the probe for 15 min 
at room temperature, and then a 50-fold 
molar excess of unlabeled competitor 
oligonucleotide was added and samples 
incubated for a further 15 min. The 
wild-type Egr-1 binding sequence used 
as a specific competitor consisted of the 
following oligonucleotides: 5'-GATC- 
ACTCGCGGGGGCGAGGA-3' and 
5'-TGAGCGCCCCCGCTCCTCTTA- 
G-3'. For a mutant Egr-1 binding site 
competitor, the following oligonucleo- 
tides were used: 5'-GATCACTCAC- 
ATrTACAAGGA-3' and 5'-TGAGTG- 
TAAATGTrCCTCTAG-3'. 

Luciferase Reporter Assay 

Luciferase reporter plasmids were 
constructed by ligating the Egr-1-cap- 
tured DNA sequences into pA56fos-Lu- 
ciferase (a kind gift from Dr. C. Hauser, 
The Bumham Institute), which contains 
a c-fos minimal promoter upstream of 
the luciferase reporter gene. The re- 
porter construct was transfected into H4 
cells in the presence or absence of a cy- 
tomegalovirus (CMV)-Egr-l expression 
vector by LIPOFECTAMINE™ transfec- 
tion (Life Technologies, Rockville, 
MD, USA). Forty-eight hours after 
transfection, cells were collected, lysed 
in 100 mM KPO4 buffer (pH 7.8) con- 
taining 0.2% Triton® X-100 and 1 mM 
dithiothreitol. The cell lysate was then 

assayed for luciferase activity in the 
presence of 10 mM ATP, 15 mM 
MgCl2 and O.I mM luciferin substrate 
(Analytical Luminescence Laboratory, 
San Diego, CA, USA). Luciferase activ- 
ity was measured in an EG&G Berthold 
microlumat LB96P luminometer (PE 
Biosystems, Foster City, CA, USA). 

PCR Amplification of the TGFpi 
Promoter 

Following immunocapture of Egr-I 
cross-linked to its target sites from E9 
cells, the purified DNA was subjected 
to PCR amplification reactions for the 
detection of the TGppi promoter. The 
primers used for amplification were: 5'- 
GGGCTGAAGGGACCCCCCTC-3' 
and 5'-TCCTCGGCGACTCCTTCC- 
TC-3'. They represent base pairs -201 
to -182 and +119 to +138 upstream and 
downstream, respectively, of the puta- 
tive Egr-I binding site in the TGppi 
promoter (10,13). Amplification condi- 
tions were 30 cycles of 95°C for 45 s, 
60°C for 30 s and 72°C for 45 s. 

RESULTS 

Immunocapture of Egr-1 from 
Cross-Linked Chromatin 

An outline of our DIVET method to 
clone Egr-1 binding sites is presented 
as a flow diagram in Figure 1. Previ- 
ously, we have shown that H4 cells do 
not express Egr-I, even following a 
stimulus known to induce Egr-I ex- 
pression. Importantly, we have found 
that H4 cells do not express Egr-I fol- 
lowing UV irradiation, normally a 
strong inducer of Egr-1. However, 
when H4 cells were stably transfected 
with Egr-1, several clones expressing 
Egr-1 robustly in a constitutive manner 
were isolated and one of these was 
named E9 (9). Since these cells provide 
an ideal comparison for the effects of 
Egr-1 expression, we chose for the pre- 
sent study to characterize the binding of 
Egr-I to its in vivo sites in E9 cells. To 
assess the immunocapture of Egr-1 to 
its binding sites, we performed Western 
analysis of Egr-I following immuno- 
precipitation of cross-linked and digest- 
ed chromatin from both H4 and E9 
cells. Because Egr-1 can be induced 

and activated by a variety of extracellu- 
lar stimuli, we also examined Egr-1 im- 
munoprecipitates from cells treated 
with 40 J/m2 UV-C (254 nm) and incu- 
bated for 2 h following irradiation. Fig- 
ure 2 shows the results of Egr-I im- 
munoprecipitation from samples of 
cross-linked chromatin. In H4 cells, 
there was little or no Egr-1 present in 
the immunoprecipitates, as we expect- 
ed. In the Egr-I constitutively express- 
ing E9 cells, however, we successfully 
immunoprecipitated Egr-1 from both 
untreated and UV-C-treated cells. 
These results indicate that at least some 
of the Egr-1 expressed in E9 cells is 
bound to DNA in vivo and therefore 
has the potential to be functional. Fur- 
thermore, we observed that compared 
to untreated E9 cells, our immunopre- 
cipitates contained considerably more 
Egr-1 following UV-C irradiation, 
which suggested that this stimulus pro- 
moted an increase in the binding of 
Egr-1 to its target sequences (Figure 2, 
compare lanes 3 and 4). 

Figure 2. Egr-1 protein recovered from cross- 
linlced cliromatin. After immunoprecipitation of 
the chromatin fragments containing Egr-1,-the 
DNA was digested, and the recovered protein 
was analyzed by SDS-PAGE and immunoblot- 
ting with the same affinity-purified rabbit anti- 
Egr-1 IgG. Lanes 1 and 2 show that little if any 
Egr-1 is recovered from H4 cells before and after 
UV irradiation. Lanes 3 and 4 show that Egr-1 re- 
covered from E9 cells indicates a substantial in- 
crease in target frequency in UV-treated cells. 
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Amplification of Egr-1-Bound DNA 

To assess the capture of Egr-1- 
bound DNA sequences, we performed 
linker ligation followed by PCR ampli- 
fication on samples of Egr-1 immuno- 
precipitates from H4 and E9 cells. Fig- 
ure 3 shows that after 20 cycles, DNA 
was amplified from E9 but not from H4 
immunoprecipitiates. DNA fragments 
ranging in size from 0.5-3 kb were de- 
tected. This result is consistent with the 
presence shown by Western analysis of 
Egr-1 in E9 but not in H4 chromatin 
immunoprecipitates (Figure 2) and is a 
direct demonstration that Egr-1 is 
bound to DNA in these cells. Our re- 
sults also suggest that following UV ir- 
radiation there may be additional sites 
to which Egr-1 binds, as evidenced by a 
different amplification profile seen in 
irradiated E9 cell (compare Figure 3, 
lanes 3 and 4). 

The expression of Egr-1 in E9 cells 

is constitutive, and it is possible that the 
level is higher than one would expect 
after the normal induction of Egr-1. 
Therefore, we also tested physiological- 
ly induced Egr-1 expression in MCF7 
human mammary carcinoma cells, us- 
ing a two-hour exposure to tetrade- 
canoylphorbol acetate (TPA). On a 
Western blot, the level of Egr-1 protein 
was twofold higher than that expressed 
in E9 cells, indicating that the method 
does not require high constitutive Egr-1 
expression (data not shown). Also, mul- 
tiple DNA fragments were captured us- 
ing cross-linking of the Egr-1 to its tar- 
get genes in MCF7 cells following our 
method. The sensitivity of the method 
is likely determined by the avidity of 
the antibody. To test the generality of 
the method, we also applied antibodies 
to c-Jun, with appropriate controls, with 
the result that presumptive c-Jun target 
genes were also captured after cross- 
linking (data not shown). 

Specific Binding of Egr-1 to 
Captured and Cloned Binding Sites 

To demonstrate that the DNA se- 
quences that were amplified from E9 
cells represent specific target binding 
sites for Egr-1, we performed gel shift 
assays on individual captured binding 
sites. Individual DNA sequences were 
isolated by ligating PCR products into a 
cloning vector and selecting single bac- 
terial colonies after transformation, as 
described in the Materials and Methods 
section. Figure 4A presents gel shift re- 
sults from three individually cloned and 
isolated Egr-1 binding sites from E9 
cells. Purified recombinant Egr-1 
bound to each of these Egr-1 binding 
sites. Egr-1 binding was abolished by 
competition using unlabeled wild-type 
consensus oligonucleotides but was un- 
affected by the mutant oligonucleo- 
tides, indicating that the binding was 
specific. The specific binding of Egr-1 
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demonstrated here confirms that our 
method is effective in selecting for 
DNA sequences to which a transcrip- 
tion factor, in this case Egr-1, is directly 
and specifically bound in the cell. 

Captured Egr-1 Binding Sites 
Display Transcriptional Activity 

An important criterion in the charac- 
terization of in vivo Egr-1 binding sites 
is to determine not only the specificity 
of Egr-1 binding but also that the func- 
tional consequence of binding. Because 
Egr-1 is an immediate early transcrip- 
tion factor, we examined whether or not 
the Egr-1 binding sites that we had cap- 
tured and cloned were capable of influ- 
encing the transcription of a linked re- 
porter gene. Individual Egr-1 binding 
sites derived from UV-treated E9 cells 
were cloned into a luciferase reporter 
vector and transfected into H4 cells 
alone or co-transfected with an Egr-1 
expression construct. Figure 4B shows 
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were amplified by PCR after reversal of cross-links between Egr-1 and its target DNA (see Materials and 
Methods for details). The lanes refer to the same cell extracts as in Figure 2. 
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Figure 4. Egr-1 binding to and transactivation of captured DNA. (A) Gel Shift assays to show the bind- 
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tative Egr-1 binding sites (BBS). Recombinant GST-Egr-1 was allowed to bind as described in the Materials 
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captured DNAs as in A were ligated to a minimal promoter-Iuciferase gene. After transient transfection into 
H4 cells, the luciferase activity of cells co-transfected with Egr-1 (black bars) was induced compared to the 
"empty vector" control (white bars). Only EBS3 DNA contained a UV-activated target promoter. 
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the results from three Egr-1 binding 
sites and demonstrates that all binding 
sites were transcriptionally activated in 
the presence of Egr-1. 

For Egr-1 binding sites 1 and 2, the 
transcriptional activation was modest 
and may reflect a requirement for addi- 
tional cis and/or trans-acting factors for 
maximal activity. The transcriptional 
activity induced by binding sites 1 and 
2 was not influenced by UV activation 
of Egr-1. In contrast, Egr-1 binding site 
3 produced a significant trans-activa- 
tion in the presence of Egr-1. Further- 
more, following UV irradiation, we 
observed a further increase in tran- 
scriptional activity that was attribut- 
able to this binding site. This result 
provides a good example of the 
cloning of an Egr-1 binding site from 
irradiated cells that displays Egr-l-de- 
pendent and UV-activated transcrip- 
tional activity. From these results, it is 

clear that the Egr-1 binding sites cap- 
tured by our method display both speci- 
ficity of Egr-1 binding as well as Egr-1- 
dependent transcriptional activity. The 
method described here represents a 
useful means by which the direct bind- 
ing targets of transcription factors can 
be cloned, identified and characterized. 

Cross-Linking and Capture of 
Known Egr-1 Target Sites 

Twelve DNA fragments were se- 
quenced, and searches of GenBank® 
and other databanks indicated that none 
of the sequences matched known 
genes, expressed sequence tags or oth- 
er DNA sequences. Of the 12 se- 
quences, three were repeats and nine 
were unique. To confirm that our 
method of isolating Egr-1 target site se- 
quences is working effectively, we set 
out to determine whether or not we 

were able to capture a known target of 
Egr-1. We have reported recendy that, 
in E9 cells, Egr-1 is a direct transactiva- 
tor of the TGFpi gene and contributes 
to the growth inhibition of these cells 
(13). We therefore tested for the pres- 
ence of the TGppi promoter sequence, 
containing the Egr-1 binding sites, in 
the DNA captured from E9 cells before 
and after UV irradiation. Figure 5 
shows the amplification of the 338-bp 
sequence of the TGppi promoter from 
E9 cells. Interestingly, we found the 
TGppi promoter sequence bound by 
Egr-1 in E9 cells before but not after 
UV irradiation. Therefore, Egr-1 may 
no longer transactivate the promoter 
fragment 2 h after irradiation of the 
cells, indicating a change in function. 
These results validate our method of 
target site cloning and demonstrate the 
capability of cloning Egr-1 target se- 
quences regulating a single-copy gene. 
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DISCUSSION 

Egr-l is an immediate early gene 
elicited by a large range of extracellular 
stimuli such as growth factors. Egr-l 
has multiple activities in the cell by reg- 
ulating the transcription of coordinated 
sets of genes. One of the central themes 
increasingly studied with transcription 
factor function is the search for sites 
within the genome that bind these pro- 
teins to endow their regulatory func- 
tion. In the case of the immediate early 
transcription factors, it is also funda- 
mental to understand the mechanism of 
binding site selection that allows the 
characteristic diversity of response. To 
identify the complement of sites to 
which a transcription factor binds in 
vivo at any moment and under a specif- 
ic set of conditions would represent a 
significant step toward the understand- 
ing of the activities directed by that 
transcription factor. 

We have described here our method 
for cloning, which was designed to al- 
low these questions to be answered di- 
rectly. Our results have demonstrated 
that Egr-l is bound to numerous sites 
within the genome and has the potential 
to influence the transcriptional activity 
at these sites simultaneously. We have 
presented results on three cloned DNA 
sequences. Using this method, we have 

Figure 5. The capture of an authentic Egr-1- 
regulated promoter, the TGFpi promoter in 
the DNA targets from E9 cells proves that DI- 
VET cloning is practical. Primers that bracket 
the putative Egr-1 binding site in the TGPP1 pro- 
moter were used with the captured DNA as tem- 
plates in a PCR. A band of the predicted size in- 
dicated that the TGppi promoter was captured in 
the recovered cross-linked DNA. 

generated an Egr-l binding site library 
that is being studied further. 

It is possible that formaldehyde 
could cross-link protein to DNA non- 
specifically, and it is likely that not all 
of the genuine binding sites are active 
in regulating transcription under all 
conditions. The cloning of transcription 
factor binding sites by this method 
must therefore include characterization 
for specificity of binding and a demon- 
stration of functional activity associat- 
ed with the binding of the transcription 
factor to the DNA. During the charac- 
terization of binding sites, some obvi- 
ous considerations include the require- 
ment for heterodimerization or 
cofactors. Dimerization has not been 
observed in the case of Egr-l, however. 
In many cases, a single transcription 
factor does not trans-regulate alone, but 
rather contributes to gene regulation as 
part of a complex set of protein-DNA 
and protein-protein interactions. 

Despite these considerations, we 
have for the first time successfully 
cloned DNA sequences that both bind 
Egr-l directly and influence transcrip- 
tion. In one case presented here, we 
have cloned a sequence that not only 
binds Egr-l but is also UV responsive 
(Figure 4B, pEBS-3). This demon- 
strates the possibility of identifying 
specific targets of transcription factors 
in response to a specific stimulus. In an- 
other example, we showed that TGppi 
gene promoter sequences were captured 
by cross-linking to Egr-l in E9 cells 
(Figure 5). This not only proves the 
principle of the method (because 
TGFpl is a known target of Egr-l in- 
duction) but also is the first demonstra- 
tion that Egr-l functions in vivo by its 
direct binding to the TGFpi promoter. 

Our observation that Egr-l was not 
bound to the TGFpi promoter follow- 
ing UV irradiation may indicate that, 
following this stimulus, there is a de- 
crease in the Egr-l-induced growth sup- 
pression in these cells. This would be 
consistent with our recently published 
results showing that following UV treat- 
ment, the expression of Egr-l is associ- 
ated with an increase in cell survival 
that correlates with a transient increase 
in the rate of cell cycle progression (4). 

Moreover, we are developing a fur- 
ther step in this cloning method by us- 
ing the longest captured DNA frag- 
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ments as labeled probes to hybridize to 
multiplex arrays of cDNAs. Cleariy, 
this technique has the potential for dis- 
secting the diverse activities of tran- 
scription factors responding to a variety 
of signals and may reveal novel genetic 
targets of these factors. Moreover, the 
elucidation of gene clusters that are co- 
regulated by a stimulus is a major ad- 
vantage of this method. 
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