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The Krox-20 gene is rapidly and transiently induced when quiescent 3T3 cells are stimulated to reenter the
proliferative cycle. We identified the major serum-responsive transcription initiation site and found that it
differs from the initiation sites previously identified for the Krox-20 gene. Transcripts from the major
serum-responsive initiation site increased at least 40-fold in serum-stimulated cells compared with logarithmi-
cally growing cells.

The murine Krox-20 gene (4) encodes a protein containing
three potential zinc finger domains, which are DNA-binding
motifs present in eucaryotic transcription factors (5). The
level of Krox-20 mRNA is rapidly and transiently increased
following serum stimulation of quiescent NIH 3T3 cells (4).
Krox-20 mRNA is also increased after cycloheximide treat-
ment of quiescent cells and is superinduced by addition of
cycloheximide during serum stimulation (1). We have exam-
ined the 5' ends of Krox-20 mRNA after serum stimulation of
quiescent cells in the presence and absence of cycloheximide
and have found that the increase in Krox-20 mRNA results
from an increase in transcripts initiating at a previously
unidentified serum-responsive initiation site. The cluster of
transcription initiation sites identified previously (2) lie up-
stream of the predominant transcription initiation site.

Identification of the Krox-20 serum-responsive transcription
initiation site. NIH 3T3 cells were plated (5 x 105 per
225-cm2 tissue culture flask) in Dulbecco modified Eagle
medium containing 5% supplemented calf serum (Hyclone),
100 U of penicillin per ml, and 100 ,ug of streptomycin per ml
and grown for 48 h at 37°C in 5% CO2. Cells were then
harvested for RNA (logarithmic-phase cells), or the medium
was removed and replaced with medium containing 0.5%
serum. After 48 h cells were harvested for RNA (quigscent
cells), or fresh medium containing 10% serum was added and
the cells were harvested after 30 min (serum-stimulated
cells), the time at which Krox-20 mRNA levels peak after
serum stimulation (4). Cell populations were analyzed by
flow cytometry (Fig. 1). Cytoplasmic RNA was prepared by
the method of Maniatis et al. (11) as modified from Favaloro
et al. (6), quantified by spectrophotometry, and visualized by
ethidium bromide staining on agarose gels to ensure that
degradation had not occurred (Fig. 2A). We consistently
observed differences in the relative abundance of rRNAs in
RNA prepared from logarithmically growing cells versus
serum-starved and restimulated cells. This is probably due to
differences in the ratio ofrRNAs to mRNAs between the cell
populations.
The 5' ends of Krox-20 mRNA were mapped by primer

extension analysis (Fig. 2B) with a primer complementary to
nucleotides 50 to 71 base pairs (bp) downstream of the 5' end
of the pEX2.8 Krox-20 cDNA (4). The extension product
corresponding to the major serum-responsive start site (des-
ignated + 1) was 78 nucleotides long, placing it 7 bp upstream
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of the 5' end of the cDNA (lane 4). Minor upstream start
sites, previously identified by Chavrier et al. (2), were also
seen in RNA from serum-stimulated cells (lane 4). Krox-20
transcripts were not detected in RNA from quiescent cells

FIG. 1. Flow cytometric analysis. Samples were prepared (7) at
the same time as cells were harvested for RNA preparations and
analyzed on an Epics Profile II flow cytometer (Coulter Corp). The
histograms show cell number (y axis) versus DNA content (x axis).
(A) Logarithmically growing cells. (B) Logarithmically growing cells
treated with cycloheximide for 4 h. (C) Quiescent cells. (D) Quies-
cent cells treated with cycloheximide for 4 h. (E) Quiescent cells
exposed to serum for 30 min. (F) Quiescent cells exposed to serum
plus cycloheximide for 4 h.
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FIG. 2. Mapping the Krox-20 transcription initiation site. (A) RNA concentrations were determined by two independent spectrophoto-
metric readings. A 500-ng amount of each RNA preparation was then visualized by ethidium bromide staining on an agarose gel. (B)
Cytoplasmic RNA (40 gLg) from logarithmically growing, quiescent, or stimulated NIH 3T3 cells was analyzed by extension with a primer
(described for panel C) phosphorylated with [-y-32P]ATP by using T4 polynucleotide kinase. Primer extension products were analyzed on an

8 M urea-10o polyacrylamide gel, and the autoradiogram was exposed for 12 h. The arrow indicates the serum-responsive transcription
initiation site, and the bracket indicates the previously mapped upstream start sites (2). The dot indicates a band of approximately 126
nucleotides that was not reproducibly detected. (C) Numbers above the diagram of the 5' end of the Krox-20 gene indicate nucleotide positions
relative to the major serum-responsive transcription initiation site (bold arrow). The cluster of upstream transcription initiation sites mapped
by Chavrier et al. (2) are indicated with connected arrows between -250 and - 325. The primer used in panel B is complementary to sequences
from +56 to +78 and is indicated with a heavy bar. Chavrier et al. (2) used a primer complementary to the sequence from -5 to -55 (open
bar) and an RNA protection probe complementary to the sequence from -157 to -870 (stippled bar). Also shown are the relative positions
of the serum response elements (SREs), the 5' end of the pEX2.8 Krox-20 cDNA (4), and the two in-frame translation start sites (ATGs)
located at +351 and +502. (D) A 10-Rg amount of each RNA preparation was analyzed by extension with a primer phosphorylated with
[y-32P]ATP by using T4 polynucleotide kinase. The primer is complementary to sequences -24 to -51 (relative to the translation start codon)
of the mouse a2-tubulin mRNA (19). Primer extension products were analyzed on an 8 M urea-100o polyacrylamide gel, and the
autoradiogram was exposed for 12 h. Lanes: M, DNA size markers (in base pairs); Q, RNA from quiescent cells; L, RNA from logarithmically
growing cells; S, RNA from quiescent cells stimulated with serum for 30 min; SC, RNA from quiescent cells stimulated with serum plus
cycloheximide for 4 h; C, RNA from quiescent cells treated with cycloheximide for 4 h; LC, RNA from logarithmically growing cells treated
with cycloheximide for 4 h.

(lane 2). Transcripts from the newly identified start site
increased at least 40-fold in serum-stimulated cells compared
with logarithmically growing cells, based on an RNA titra-
tion analysis (data not shown).

Separation of the cycloheximide and serum response effects.
Although the increase in Krox-20 mRNA peaks 30 min after
serum stimulation of quiescent cells (2), the mRNA is
superinduced if protein synthesis is inhibited by cyclohexi-
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FIG. 3. Comparison of the transcription initiation sites of several
early growth response genes. Shown are the sequences around the
transcription initiation sites (indicated by the arrow at + 1) of the
murine Krox-20 and Krox-24 genes and their human counterparts
Egr-2 and Egr-J, respectively. The transcription initiation site of an
unrelated gene, JE, that exhibits a similar response to serum
stimulation is also shown. The relative positions of the translation
initiation codons (ATG) are indicated.

mide during serum stimulation, with transcript levels peak-
ing after 4 h (1). Previous analysis of the Krox-20 initiation
sites (2) was performed with RNA prepared after a 4-h
stimulation of quiescent cells with serum plus cyclohexi-
mide. It was possible that cycloheximide treatment could
influence the ratio of start sites. To investigate the individual
effects of each treatment, we examined Krox-20 transcripts
30 min after addition of serum to quiescent cells, 4 h after
addition of cycloheximide at 10 jig/ml to quiescent cells, and
4 h after addition of both cycloheximide and serum to
quiescent cells (Fig. 2B). We found that transcripts from the
major serum-responsive initiation site were increased by
serum or cycloheximide (lanes 4 and 6) and were superin-
duced by serum plus cycloheximide (lane 5). In contrast,
transcripts from the previously identified -250 to -325
upstream initiation sites (2) were induced with serum (lane 4)
but were not induced with cycloheximide (lane 6), nor were

they superinduced with serum plus cycloheximide (lane 5).
In logarithmically growing cells, transcripts from the + 1
serum-inducible initiation site (but not the minor -250 to
-325 sites) were increased with cycloheximide (lane 7),
although to a much lower extent than in quiescent cells.
These observations suggest that the serum- and cyclohexi-
mide-inducible Krox-20 mRNA originates principally at the
initiation site we have identified. Krox-20 RNAs initiating at
the + 1 site were not detected previously because the probes
used in those studies were all upstream of this site (see Fig.
2C).
Krox-20 and c-fos transcripts increase with the same

kinetics after serum stimulation of quiescent cells. The
Krox-20 promoter has two serum response elements, orig-
inally identified in the c-fos promoter (17), that can confer
serum responsiveness to a heterologous promoter. It was
originally thought that the stronger serum response element
was downstream of the Krox-20 transcription initiation site
(2). However, this element is actually 70 bp upstream of the
major serum-responsive initiation site identified here.

Investigators studying fluctuations in c-fos mRNA levels
during serum stimulation of quiescent cells have used a-

tubulin mRNA levels as a control (9). Therefore, we exam-

ined the relative levels of mouse a2-tubulin RNA in our
RNA preparations (Fig. 2D). We observed a small increase
in a2-tubulin RNA levels 30 min after quiescent cells were
stimulated with serum (lane 4). These results are consistent
with previously reported experiments (9). This slight in-
crease was not observed if cycloheximide was added alone
(lane 6) or in combination with serum (lane 5), suggesting
that the increase is a secondary response to serum stimula-
tion. The addition of cycloheximide to logarithmically grow-
ing cells did not significantly change the levels of a2-tubulin
mRNA (lanes 3 and 7) or dihydrofolate reductase (DHFR)
mRNA (data not shown), demonstrating that the increase in
Krox-20 mRNA after cycloheximide treatment of logarith-
mically growing cells (Fig. 2B, lane 7) was not due to
incorrect quantitation of the RNA.
Comparison of the transcription initiation sites in the Kroxl

Egr gene family. The Krox-20 gene is one of many genes
cloned by cross-hybridization to the zinc finger region of the
Drosophila melanogaster Kruppel gene (3). A related mem-
ber of this gene family, Krox-24, has zinc fingers that are
almost identical to those in Krox-20 and is activated at the
GJG1 transition with similar kinetics (10). A comparison of
the Krox-20 serum-responsive start site with the Krox-24
start site (8) revealed a 7 of 8 bp homology (Fig. 3). There
was no homology between the Krox-24 start site and the
Krox-20 upstream starts. However, there was a minor start
site 210 nucleotides upstream of the Krox-24 major start site.
Transcription initiation sites of the human genes correspond-
ing to Krox-20 (Egr-2) and Krox-24 (Egr-J) have also been
mapped (18; V. Sukhatme, personal communication). The
similarities between the Krox-20, Krox-24, Egr-2, and Egr-J
start sites are diagrammed in Fig. 3. The human Egr-2 gene
initiates transcription at the same position as the Krox-20
serum-responsive start site identified in Fig. 2. We believe
that Chavrier et al. (2) identified upstream start sites because
the primer and the RNase protection probes used in those
experiments were complementary to sequences upstream of
the major start site (see Fig. 2C). The start site we have
mapped is 7 bp upstream of the 5' end of the Krox-20 cDNA
cloned by Chavrier et al. (4) and has sequence homology to
the start sites of the Krox-24, Egr-J, and Egr-2 genes and to
the start site of another serum-responsive gene, JE (15).
The region surrounding the transcription initiation site has

recently been demonstrated to be important in several mam-
malian genes. A protein binding at the murine DHFR initia-
tion site specifies the position of transcription initiation (12),
and the region around the terminal deoxynucleotidyl trans-
ferase initiation site has been shown to be required for
transcription (16). The initiation site can also function as a

negative regulator, as demonstrated by the decrease in
transcription observed when the herpes simplex virus ICP4
protein binds to its own transcription initiation site (13).

Conclusions. We have identified the major serum-respon-
sive transcription initiation site of the Krox-20 gene and have
shown that transcripts from this site were also greatly
increased after the addition of cycloheximide to quiescent
cells. In logarithmically growing cells, transcripts from the
+1 serum-inducible initiation site were also increased with
cycloheximide, although to a much lower extent than in
quiescent cells. This result could be due to a modest increase
in Krox-20 transcripts from cells in all stages of the logarith-
mic cell cycle or, alternatively, could be due to a large
increase from a small percentage of cells that have entered a

quiescent Go state. Interestingly, JE, one of the genes that
shares transcription initiation site homology with the Krox-
20 gene, can only be induced by serum or platelet-derived
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growth factor when cells are in a quiescent Go state (14).
Experiments designed to determine whether Krox-20 can
only be induced in quiescent cells are in progress.
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