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Production of thymidine kinase (TK) protein parallels the onset ofDNA synthesis during the cell cycle. This
process is regulated at transcriptional, posttranscriptional, and translational levels to cause a 40- to 50-fold
increase in cytosolic enzymatic activity as cells progress from G, to S phase. Transcriptional activation of the
mouse TK gene through the cell cycle is dependent upon previously characterized cis elements of the proximal
promoter, called MT1, MT2, and MT3, that bind at.least two different complexes: TKE during the transition
of cells from quiescence (Go) to G1, and Yi later at the GJ/S boundary. To identify the transcription factors
involved in this regulation, we screened a mouse fibroblast cDNA expression library with a labeled MT3
oligonucleotide probe and isolated a clone that encodes Egr-1, an immediate-early transcription factor, whose
expression is regulated by serum or growth factors during the Go-to-G1 transition when cells reenter the cell
cycle. Electrophoretic mobility shift assays demonstrate that Egr-1 is involved in the TKE complex that binds
to the MT3 element and that expression of Egr-1 induces transcription of a mouse TK-chloramphenicol
acetyltransferase reporter in transient transfections. These results suggest a role for Egr-1 in regulating
expression of the TK gene at the Go-to-G, transition.

Thymidine kinase (TK) is a cytosolic enzyme that catalyzes
the phosphorylation of thymidine to form dTMP, a precursor
of DNA. Like other genes encoding enzymes that participate
in the biosynthesis of DNA, the TK gene is regulated at
transcriptional, posttranscriptional, and translational levels to
ensure a large increase in TK activity when cells enter S phase
(10, 11, 18, 19, 21, 23, 39). Regulation of the TK gene is
complex, and its mechanism depends on the physiological state
of the cells (cycling cells versus quiescent cells and transformed
cells versus nontransformed cells). We have focused on tran-
scriptional regulation of the mouse TK gene as a model for the
progression of cultured cells through the cell cycle, particularly
during the critical transition between the G1 and S phases. It is
likely that the same mechanisms that activate TK transcription
also participate in controlling the expression of other genes
and DNA replication during the Gl-to-S transition; therefore,
TK is a useful model for studying regulatory events in the cell
cycle (for a review, see reference 32).
We have characterized cis-regulatory sequences located

between -174 and + 159 bp of the mouse TK translation start
site that are essential and sufficient to confer efficient and
serum-responsive expression of a reporter gene (15). By
DNase footprint analysis, we identified three distinct regions
within this sequence, called MT1, MT2, and MT3, that can
bind nuclear factors (11). Electrophoretic mobility shift assays
(EMSAs) demonstrate the presence of at least two cell cycle-
regulated DNA-binding protein complexes that interact with
those sequences: TKE in early G1 and in normal cells, Yi at the
G1-to-S transition (11, 12). In transformed cells, which have
partially lost the ability to control their cell cycle, Yi binding
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activity remains present in Go after serum starvation and is
stable across the cell cycle (4), suggesting a role for the Yi
complex in normal growth regulation. To further characterize
these binding activities and generate molecular probes that
would allow analysis of regulatory events important in the
progress of a cell through the cell cycle, we proceeded to
direct-expression cloning of cDNAs encoding proteins capable
of binding the MT sites.
Agents that stimulate quiescent cells (Go) to reenter the cell

cycle, such as serum and growth factors, start with the induc-
tion ofRNA of immediate-early response genes (5, 25) without
the need for de novo protein synthesis. Most of these genes
encode DNA-binding proteins (2, 3, 7, 24, 26) and include
members of the c-fos, c-jun, c-myc, and Egr families (for a
review, see reference 41).

Egr-1 (also known as NGF1-A, TIS8, Krox-24, and Zif268)
expression is rapidly induced with fos-like kinetics by diverse
mitogens during the GO-to-G1 transition in several cell types
(27, 41). Members of the Egr family contain three zinc finger
DNA-binding domains with similarity to the DNA-binding
domain of transcription factor Spl (22). Egr-1 can activate
transcription by high-affinity binding to the regulatory element
GCG(G/T)GGGCG (EGR) in a zinc-dependent manner (6, 7,
28). This recognition element has been identified by educated
guesses and demonstrated by using synthetic oligonucleotides,
but only a few physiologically relevant target genes of Egr-1 are
actually known (1, 6, 7, 13, 20, 28).
We report here that Egr-1 binds specifically to the MT3 site

of the mouse TK promoter at the GO-to-G1 transition of the
cell cycle, and it induces TK-chloramphenicol acetyltransferase
(CAT) reporter activity in transient transfections. The involve-
ment of Egr-1 in transcriptional regulation of the mouse TK
gene documents a physiologically relevant target gene for
Egr-1 and provides additional information on the mechanism
involved in G0/G1 activation of the TK gene.
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TABLE 1. Oligonucleotides used in this study

Oligonucleotide Sequence

MT1l.. TCG AGT CTT CGT CCC GCC CCC TTT
CA GAA GCA GGG CGG GGG AAA AGC T

MT2.. TCG AGA GTT CGC GGG CAA ATG
CT CAA GCG CCC GTT TAC AGC T

MT3.. TCG ACA CCC ACG GAC TCT CGG TGC T
GT GGG TGC CTG AGA GCC ACG AAG CT

EGR.. AGC TTC GCG GGG GCG AGG A
AG CGC COO CGC TCC TTC GA

MATERIALS AND METHODS

Oligonucleotides. Sequences of the oligonucleotides used
are listed in Table 1. The probe used for library screening was
a concatemer of the MT3 double-stranded oligonucleotide,
random labeled by nick translation (Bethesda Research Lab-
oratories kit). DNA probes for EMSAs were end labeled by
filling in the 4-base overhangs with the Klenow fragment,
including [x-32P]dCTP.

Library screening. A lambda gtll cDNA expression library
from mouse 3T3-L1 cells (gift of B. Spiegelman) was screened
with the concatemer 32P-labeled MT3 oligonucleotide as a

ligand according to the published protocol (37).
Inserts were subcloned into pBluescript KS+ (Stratagene)

and sequenced by the dideoxynucleotide chain termination
method (35) with a Sequenase kit (U.S. Biochemicals).

Expression vectors and reporter constructs. Glutathione-S-
transferase (GST) fusion plasmids were made by subcloning
into a pGEX vector either the full-length EcoRI insert of clone
17 to produce pGEX/17 or a StaI fragment from the endoge-
nous StuI site (nucleotide 922 of Egr-1 [41]) to the 3' end of
clone 17 (nucleotide 1552 [41]) to form pGEX/17Stu, encoding
the DNA-binding domain of Egr-1.
pCMVEgr-1 and pCMVETTL expression vectors were a

generous gift from V. Sukhatme (20). pCMVEgr-1 contains
the entire coding sequence of Egr-1 under the control of the
cytomegalovirus promoter. pCMVETTL contains a terminator
codon after serine 170 of pCMVEgr-1.

Construction of the pmTK-CAT reporter construct has been
described elsewhere (previously called pACATm[- 174]A)
(15). Briefly, pmTK-CAT contains the mouse wild-type TK
promoter sequence located between -174 and + 159 bp of the
translation start site and inserted into the promoterless vector
pBLCAT3 (29) modified as described previously (14).
pmutTK-CAT has a 16-bp deletion and 4-bp substitution that
completely removes the MT3 recognition element so that in
the final sequence the EcoRI recognition site, GAATTC,
corresponds to the original position -41 to -20 bp of the
promoter.

Bacterial expression ofGST fusion proteins. Expression and
recovery of purified GST fusion proteins by adsorption to
glutathione-Sepharose were performed as described previously
(38). The relevant pGEX expression vectors were transformed
into Escherichia coli JM109 and induced with 1 mM isopropyl-
,B-D-thiogalactopyranoside (IPTG) for 3 to 4 h. For affinity
purification of the corresponding fusion proteins, bacteria
lysates were bound to glutathione-Sepharose, eluted in a 50
mM Tris buffer (pH 8.0) containing 10 mM reduced glutathi-
one, and stored at -70°C in the same buffer containing 10%
glycerol.

Southwestern (DNA-protein) blot analysis. Transformed
bacteria induced with IPTG were pelleted, lysed in Laemmli
buffer, and separated by sodium dodecyl sulfate-10% poly-
acrylamide gel electrophoresis, and proteins were electroblot-

ted onto nitrocellulose membranes. Blots were blocked for 1 h
on ice in TNE60 (10 mM Tris [pH 7.5], 60 mM NaCl, 1 mM
EDTA) containing 1 mM dithiothreitol, 10 ,ug of salmon
sperm DNA per ml, and 5% nonfat milk. Binding reactions
were performed for 1.5 h at room temperature and then for 20
min on ice in TNE60-2 mM dithiothreitol-2 jig of poly(dI-dC)
per ml with an MT3 double-stranded multimerized oligonucle-
otide as a probe. Before autoradiography, filters were washed
in TNE60 three times for 10 min on ice.

Preparation of nuclear extracts. Nuclear extracts were pre-
pared as described previously (36).
EMSA. DNA binding assays were performed with labeled

double-stranded oligonucleotides (MT3 or EGR) essentially as
described previously (4). Excesses of nonlabeled oligonucleo-
tides (MT1, MT2, MT3, and EGR) were added as competitors
in binding reactions as indicated. Complexes were resolved on
a 4% nondenaturing polyacrylamide gel.
For antibody perturbation experiments, 1 ,ul of a 1/10

dilution of the corresponding polyclonal antibodies or normal
rabbit serum was added to the nuclear extract for 15 min at
room temperature prior to the addition of the binding mixture.
From the affinity-purified Egr-1 antibody, 1 pAl per reaction was
used under the same conditions as described above.

Egr-1-specific antiserum was a gift from V. Sukhatme, and
the affinity-purified antibody was from F. Rauscher III. C-12
antiserum, raised against a different MT3-binding protein, and
TS antiserum (9) were used as nonspecific sera in these
experiments.

Cell lines and culture. Mouse BALB/c3T3 clone A31 cells,
benzo[a]pyrene-transformed BALB/c3T3 clone BPA31 cells,
and monkey kidney CV1 cells were maintained in an atmo-
sphere of 10% CO2 at 37°C in Dulbecco's modified Eagle's
medium containing 10% bovine calf serum and 4 mM L-
glutamine.
As indicated, A31 and BPA31 cells were brought to quies-

cence by serum deprivation in the presence of 0.4 and 0.2%
calf serum for 60 and 84 h, respectively, as previously described
(4).

Cell transfections. CV1 cells were transfected by the calcium
phosphate-DNA coprecipitation method (31). Transfection
efficiency was monitored with a lacZ expression vector under
the control of the ,-actin promoter. Typically, 2 ,ug of pmTK-
CAT or pmutTK-CAT reporter plasmids, 1 to 10 ,ug of
pCMVEgr-1 or pCMVETiTL expression vectors, and 2 ,ug of
lacZ construct were used. Total DNA was completed with
10 jig of salmon sperm DNA. Cells were incubated with the
DNA precipitate for 16 h and glycerol shocked. Following
glycerol shock, transfected CV1 cells were starved for 24 h
(0.4% calf serum) before being harvested.
Chloramphenicol acetyltransferase (CAT) assays were per-

formed as described previously (31).
1-Galactosidase activity in the same cellular extracts was

determined by using o-nitrophenyl-galactopyranoside (ONPG)
as the substrate, essentially as described previously (31).

RESULTS

Isolation of a cDNA clone encoding an MT3-binding pro-
tein. To identify recombinant clones that encode proteins
capable of binding to the mouse TK MT3 element, a lambda
gtll 3T3 fibroblast cDNA library was screened with a 32p
labeled double-stranded oligonucleotide containing concate-
mers of the MT3 oligonucleotide. Several recombinant clones
that reproducibly bound the multimeric MT3 probe were
isolated. One of them, clone 17, contained an insert of about
1.5 kb. DNA sequence analysis of this insert disclosed that it
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FIG. 1. Egr-1 binds the MT3 element in a Southwestern blot assay.
Shown is a Southwestern blot of the cloned bacterially expressed Egr-1
GST fusion protein (pGEX/17) and a truncated version of the fusion
protein containing only the DNA-binding domain (pGEX/17Stu). The
blot was probed with a 32P-labeled double-stranded MT3 oligonucle-
otide. The Egr-1-containing fusion protein (lane 2) as well as the Egr-1
DNA-binding domain (lane 5), but not the GST-encoding parental
plasmid (lane 1), produces a fusion protein capable of binding the
MT3 element. Binding activity is dependent upon induction of the
transformed bacteria by IPTG (lane 3, no IPTG; lane 4, 1 mM IPTG
in the culture medium).

encodes an uninterrupted open reading frame continuous with
the 3-galactosidase gene of the cloning vector. Data bank
comparison showed a perfect identity with the murine tran-
scription factor Egr-1 (8, 27, 41) between nucleotides 235 and
1552 of the Egr-1 nucleotide sequence (41), including the three
zinc fingers of the DNA-binding domain.

Sequence-specific DNA binding of Egr-1 to the MT3 element
in vitro and in vivo. To evaluate the binding of Egr-1 to the
promoter of the mouse TK gene, we expressed in bacteria, as
GST fusions, either the full-length clone 17 (pGEX/17) or a
more soluble 243-amino-acid peptide corresponding to the
DNA-binding domain of Egr-1 (822 to 1552), spanning nucle-
otides 587 to 1317 of the clone 17 sequence (pGEX/17Stu).
Lysates from bacteria transformed with pGEX/17 or pGEX/
17Stu expression vectors contained a protein that is inducible
by IPTG (Fig. 1, compare lanes 3 and 4) and recognized by the
MT3 probe in a Southwestern blot (Fig. 1, lanes 2, 4, and 5).
Lysates from control bacteria, expressing GST alone, were not
recognized by the MT3 probe under similar conditions (Fig. 1,
lane 1).

Fusion protein purified from lysates of bacteria transformed
with the pGEX/17Stu expression vector bound 32P-labeled
MT3 in an EMSA with high affinity and specificity (Fig. 2A).
Binding to MT3 was abolished by an excess of the homologous
unlabeled MT3 oligonucleotide (Fig. 2A, lanes 7 and 8) but not
by the same excess of the unrelated oligonucleotide MT2
(lanes 5 and 6). MT1, which contains a perfect SP1 consensus
binding site, exhibited low affinity for the Egr-1 DNA-binding
domain (Fig. 2A, lanes 3 and 4).
We compared the affinity of Egr-1 toward the MT3 site with

its affinity toward an established Egr-1 binding site (EGR) (6,
7, 28). Equal amounts of the affinity-purified Egr-1 binding
domain were bound to the MT3 probe and inhibited by
increasing amounts of unlabeled MT3 or EGR oligonucleo-
tides (Fig. 2B). Under these conditions, about 4 ,imol of MT3
was necessary to inhibit 50% of Egr-1 DNA binding activity,
whereas only about 1 pLmol of the EGR oligonucleotide was

required to inhibit it at the same level. Thus, the bacterially
expressed Egr-1 zinc finger domain of clone 17 has fourfold-
greater affinity for the EGR consensus recognition site than for
MT3.

Following demonstration of high-affinity binding of Egr-1 to
the MT3 element in vitro, we wanted to know if Egr-1
participates in the MT3-binding complex present in serum-
stimulated nuclear extracts. BPA31 fibroblasts were synchro-
nized in Go and stimulated with serum. Nuclear extracts were
prepared from cells at various time points following serum
stimulation, and extracts were assayed for the presence of
proteins capable of binding the MT3 element and the EGR
site. DNA binding activity detected with both probes and of
indistinguishable low mobility was induced by serum stimula-
tion of the cells (Fig. 3). This activity comigrates as does the
previously described TKE complex in A31 cells (11). TKE
DNA binding activity, absent in serum-starved cells, was
detected after as little as 30 min of serum stimulation (Fig. 3,
lanes 3 and 9), peaked at 1 h, and visibly declined within 4 h.
A similar activation pattern was found when A31 nuclear
extract was applied (data not shown). These kinetics are
consistent with those described for the induction of Egr-1 in
serum-stimulated fibroblasts (6). In addition to the TKE band,
nuclear extracts contain an MT3-binding Yi complex which is
stable across the cell cycle in transformed BPA31 cells, as
already described (4). The nature of the constitutive band
detected with the EGR probe is not known.
The relationship of serum-induced TKE activity to Egr-1

was studied by using an antiserum that specifically recognizes
Egr-1. Addition of this antiserum to the gel shift reaction led to
elimination of serum-stimulated Egr-1 binding to the EGR
probe (Fig. 4A, lane 2). We observed similar inhibition of
serum-stimulated TKE binding activity to MT3 by this anti-
serum (Fig. 4B, lane 2, and 4C, lanes 2 and 5). Addition of
antisera to unrelated proteins did not eliminate the TKE band,
attesting to the specificity of the assay just as retention of the
Yi band in the presence of any antiserum does. Inhibition of
TKE and Egr-1 DNA binding by the Egr-1 antiserum is
consistent with the antiserum having been raised against
almost the entire protein and has been shown previously to
interfere with the DNA binding activity of Egr-1 in EMSAs (6).
In addition, the migration of the native Egr-1-specific band is
similar to that of the purified DNA-binding domain of Egr-1
(Fig. 2). The small difference is probably derived from the
molecular weight difference of native and truncated forms of
Egr-1. We observed a nonspecific increase in TKE and Egr-1
complexes in the presence of the different antisera tested (Fig.
4A; 4B, lanes 3 to 5; and 4C, lanes 1 and 4), as well as the
appearance of an additional complex of lower mobility with the
MT3 probe. This phenomenon is reproducible, and we assume
that the weak binding of Egr-1 to the MT3 element observed in
vitro in the absence of a certain minimal protein concentration
in the assay might also be compensated for in vivo by the
protein concentration in the nucleus. The additional complex
formed in the presence of MT3 might be a reflection of a
nonspecific MT3 binding activity present in the rabbit serum.
These results demonstrate that an activity indistinguishable in
its mobility and immunological reactivity from Egr-1 partici-
pates in formation of the serum-stimulated TKE complex on
the MT3 site of the TK gene.

Egr-1 activates the mouse TK promoter through the MT3
element. Having demonstrated Egr-1 binding to the MT3
element, we then asked whether Egr-1 could activate transcrip-
tion of a reporter gene driven by the MT3-containing TK
promoter sequence, previously shown to be serum responsive
(15). Cotransfection of an Egr-1 expression plasmid with the
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pGEX/17Stu
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FIG. 2. Sequence-specific DNA binding of Egr-1 to the MT3 element. Gel retardation of labeled MT3 oligonucleotide by the bacterially
expressed DNA-binding domain of clone 17 was determined. Purified bacterially expressed GST fusion protein containing a 243-amino-acid
fragment spanning the DNA-binding domain of Egr-1 was used to shift a 32P-labeled MT3 probe in nondenaturing 4% polyacrylamide gel
electrophoresis. (A) Competition by unlabeled oligonucleotides. The identity of the competitor oligonucleotide and its molar excess over the MT3
probe (60 fM) are indicated above each lane. Lanes 1 and 9, free probe (FP); lanes 2 and 10, no competitor DNA (NC). (B) Comparison of the
affinity of Egr-1 for MT3 with its affinity for a consensus EGR site. The same amounts of protein as in panel A were inhibited by the indicated
molar excesses of EGR or MT3 oligonucleotide for binding to the MT3 probe.

pmTK-CAT reporter led to sixfold stimulation of reporter
gene activity (Fig. 5A). A control expression plasmid encoding
a truncated version of Egr-1 (pCMVETTL) led to no increase
in reporter gene activity. To demonstrate that activation of the
TK promoter by Egr-1 was dependent on the MT3 binding site,
we utilized a reporter plasmid in which the MT3 site had been
destroyed by site-directed in vitro mutagenesis. CAT activity
driven by the mutant reporter plasmid was not increased by
cotransfection of the Egr-1 expression plasmid (Fig. SB).
Activation of the TK promoter by Egr-1 was much stronger in
serum-starved cells than in cells maintained in the presence of
serum after transfection (data not shown). The difference can
be explained by the higher basal activity of the reporter
plasmid under serum-rich conditions. This observation is con-
sistent with the possibility that other factors, such as Yi,
present in cells growing in serum can obscure the effect of
exogenous Egr-1 directed by the expression plasmid.

DISCUSSION

Cell cycle-dependent regulation of the mouse TK gene
correlates with changes in the binding of nuclear proteins to
three cis-acting DNA elements: MT1, MT2, and MT3 (11). At
least two distinct DNA-binding complexes have been shown to
assemble on these regulatory elements. The TKE complex,
induced early upon serum stimulation, binds exclusively to the

MT3 site, and Yi complexes that are induced later upon growth
stimulation bind all three elements (11, 12). Using the MT3
sequence as a probe, we isolated a cDNA clone and found that
it encodes the known DNA-binding protein Egr-1. We have
shown that bacterially expressed Egr-1 is capable of binding
specifically to the MT3 element in vitro, that antiserum
directed against Egr-1 interferes with the DNA binding activity
of the TKE complex in nuclear extracts from serum-stimulated
cells, and that Egr-1 activates a reporter gene driven by the TK
promoter in a transient cotransfection assay. Activation by
Egr-1 is dependent on the presence of intact MT3 in the
reporter gene. These observations led us to conclude that
Egr-1, or a functionally and structurally related protein, par-
ticipates in formation of the previously characterized GJGl
cell cycle-dependent DNA binding activity TKE.
At least two distinct signals have been hypothesized to

regulate the reentry of cells into the cell cycle and progression
of normal cells through the cycle. The first, governing the
transition of cells from quiescence, or Go, to G1, is the
induction of competence genes, including many immediate-
early genes. This occurs in response to certain exogenous
growth factors, and while it is insufficient in and of itself to
promote progression through the cell cycle, this signal is
necessary to bring cells to a state of competence for responding
to later stimuli (34). A second signal, responding to additional
growth factors, including IGF-1 (43), and presumably involving
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FIG. 3. TKE and Egr-1 binding activity are indistinguishable at the
exit from Go to the early GI phase of the cell cycle. Nuclear extracts
from BPA31 cells harvested at the indicated time points after serum
stimulation (10% fetal calf serum) were used in gel retardation assays
to shift the MT3 probe (lanes 1 to 6) or the consensus EGR site (lanes
7 to 12). Positions of migration of the TKE-Egr-1 complex and the Yi
DNA-binding complex are indicated by arrows on the sides.

the Yi complex, is required to carry competent cells through
the final stages of G1 and across the G1/S boundary (15). Our
data suggest that Egr-1 may be a competence factor acting in
early G1 and may be relevant to the ultimate activation of the
TK gene later in the G1/S phase.

This new Egr-1 recognition sequence, MT3, matches only
loosely the previously identified EGR consensus sequence, and
in vitro Egr-1 protein has lower affinity for MT3 than for other
previously defined EGR-binding sites. The sequences to which
Egr-1 binds were initially identified by anticipating that the
promoter of the Egr-1 gene itself might have binding sites for
this protein. This turned out to be the case, and once these
prototypical sequences were identified, a number of potential
EGR-binding sites in the promoters of other genes were found
by nucleotide homology search and confirmed by DNA binding
assays. This information was used to establish a consensus
high-affinity binding sequence for Egr-1: GCG (G/C/T)GG
GCG (6, 7, 28). However, in addition to the Egr-1 gene itself,
to date only two target genes that are regulated by Egr-1 in vivo
have been identified: the rat cardiac ct-MHC gene through the
binding site GTG GGG GTG (20) and the murine adenosine
deaminase gene through the sequence GCG TGG GCG (1).
The Wilms' tumor gene product, WT1, has been shown to be
a member of the Egr family and can also bind the EGR
consensus site (30, 33). WT1 binds to several cis elements of
the IGF-II promoter and acts as a transcriptional inhibitor,
probably by interfering with the action of Egr-1 (13). Binding
sites for WT1 in the IGF-II promoter are of two kinds.
High-affinity binding can be seen at sites that resemble the
Egr-1 recognition elements (GCG GGG GCG), and lower-
affinity binding can be seen at other GC-rich sequences in the
promoter. It seems likely, therefore, that Egr-1 could also bind
to nonclassic sequences with lower affinity. Such a nontypical
recognition site (TCCTCCTCCTCCTC) was also reported in
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FIG. 4. Immunological identity between TKE and Egr-1. Extracts
from early-G1-phase BPA31 (A, B, and C, lanes 4, 5, and 6) and A31
(C, lanes 1, 2, and 3) cells were used in a gel retardation assay to shift
the consensus EGR-binding site (A) or the MT3 element (B and C).
One microliter of 1/10 diluted rabbit antiserum to Egr-1 or three
unrelated control sera (normal rabbit [Norm. rabbit], C-12, and TS)
was added to the assay mix. Egr-1 antiserum, but none of the control
antisera or the addition of phosphate-buffered saline (PBS), interferes
with Egr-1 binding to the EGR probe (A) and with TKE binding to the
MT3 site (B). A similar effect was observed with 1 ,ul of affinity-purified
Egr-1 antibody in the assay (C). Individual DNA-protein complexes
are identified by arrows.

the promoter of the platelet-derived growth factor A chain
(42). Although a detailed mutagenesis study has not yet been
reported, compilation of data from the literature shows that
Egr-1 can bind to many sequences and a loose consensus
element, G(C/A/T)G (G/T/C)GG G(C/T)G, can thus be de-
fined. In this context, the MT3 site (G AGT CCG TGG GTG)
becomes a fairly good Egr-1 binding site and is consistent with
the relative promiscuity of Egr-1 binding reported so far.

Egr-1 is believed to be involved in both proliferation and
differentiation signaling. However, most target genes identified
to date are implicated in a differentiation pathway. The Egr-1
gene is induced during neuronal differentiation of PC12 cells
(6), the rat cardiac a-MCH gene binds Egr-1 in a model system
of cardiac myocyte differentiation (20), and the IGF-II gene is
involved in the differentiation of multipotent kidney blastemal
cells (13). In contrast, the TK gene represents an identification
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FIG. 5. An Egr-1 expression vector activates the TK promoter in transient transfections. Wild-type mouse TK promoter (A) or a mutated form

in which MT3 has been replaced by an EcoRI recognition site (B) was linked to the promoterless pBLCAT3 to give pmTKCAT and pmutTKCAT,
respectively. Two micrograms of each construct was transiently cotransfected in CVI cells together with the indicated concentrations of
pCMVEgr-1 or pCMVETTL expression vectors, and cells were serum starved for 24 h before harvest for CAT activity. CAT activities are reported
as increases above the basal activity of TK-CAT reporter genes transfected in the absence of an expression vector.

of a growth-related target gene for Egr-1. We speculate that
the lower affinity of Egr-1 binding to MT3 than to the classic
EGR site (Fig. 2B) may be functionally compensated for in
vivo by the presence of other factors specific to the GWGS
phase or by interaction with other constitutive binding factors,
such as the nearby Spl (see below). This mode of cooperation
between several factors might allow tighter regulation of the
TK gene and its timely expression along the proliferation
pathway. The existence of factors modifying the activity of
Egr-1 is suggested by our observation that Egr-1-mediated
activation of the TK reporter gene could be seen only in
serum-starved cells and not in a population of serum-fed
cycling cells (data not shown).
The TKE binding complex appears early and transiently on

the MT3 element of the TK promoter at passage between Go
and G1, when quiescent cells are induced to proliferate, and it
is replaced later by Yi complexes (11, 12). The Yi binding
activity of 3T3 cells is absent in Go, is low throughout Gl,
increases sharply as the cells cross the G1/S boundary, and
remains elevated through the S and G2 phases, showing a close
correlation with the G1/S-specific induction ofTK gene expres-
sion. This course of induction suggests that the Yi complex
may play a more important role in TK gene activation than the
TKE complex and is consistent with the observation that the
TK gene is also activated at the G1/S boundary of actively
dividing cells, i.e., in the absence of Egr-1 induction. Further-
more, in a detailed dissection of the TK promoter, we have
found that mutations and deletions of the MT3 site produce
less pronounced effects on overall reporter gene activity than
mutations that affect the MT2 site, a site that does not bind
TKE. However, the Go and early G1 levels of expression of
mutant MT3-containing reporter genes were slightly elevated
and exhibited an earlier time of induction after serum release
relative to the wild-type TK promoter (reference 16 and
unpublished observations).

Egr-1 is a bifunctional regulatory protein. Amino acids 281
to 314 are able to repress transcription on a heterologous

DNA-binding domain of GAL4, while the N-terminal domain
is a potential activator of Egr-1. It is conceivable, therefore,
that in the context of the normal TK gene and under condi-
tions of entry from quiescence into the cell cycle, Egr-1 delays
TK expression until the G1/S boundary, at a time at which the
Yi complex is fully induced. Induction of the TK-based re-
porter gene observed in our transient transfection assays might
then be explained by the limited supply of an additional
factor(s) necessary for appropriate function of Egr-1. An
alternative hypothesis is that Egr-1 functions to alter the
regional structure of chromatin in the TK gene and to prepare
the TK promoter for further activation at the G1-to-S transi-
tion. In this case, the role of Egr-1 in the proliferation pathway
would be more as a Go-to-G1 transition factor than as an
activator of transcription per se.
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