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A cohort of the serum and growth factor regulated immediate-early gene set is induced with slower kinetics
than c-fos. Two of the first immediate-early genes characterized as such, c-myc and JE, are contained within
this subset. cis-acting genomic elements mediating induction of the slower responding subset ofimmediate-early
genes have never been characterized. Herein we characterize two widely separated genomic elements which are
together essential for induction of the murine JE gene by platelet-derived growth factor, serum, interleukin-1,
and double-stranded RNA. One of these elements is novel in several regards. It is a 7-mer, TITTGTA, found
in the proximal 3' sequences downstream of the JE stop codon. The 3' element is position dependent and
orientation independent. It does not function in polyadenylation, splicing, or destabilization of the JE
transcript. Copies of the 7-mer or its inverse are found at comparable 3' sites in 25 immediate-early genes that
encode transcription factors or cytokines. Given its general occurrence, the 7-mer may be a required cis-acting
control element mediating induction of the immediate-early gene set.

Platelet-derived growth factor (PDGF) stimulates tran-
scription of the immediate-early gene set within its target
cells. Included in the immediate-early gene class are numer-
ous transcription factors such as c-myc and c-fos (11, 21, 28,
29, 34). Other immediate-early genes, including the M-CSF
(43), KC/gro (2, 10, 37), and JE/MCP-1 (10, 43) (hereafter
referred to as JE) genes, encode cytokines. cis-acting regu-
latory elements, required for transcriptional activation to
occur, are present within these genes and define a useful
endpoint(s) for analysis of PDGF signal transduction path-
ways. Identifying and characterizing nuclear, trans-acting
proteins binding to these regulatory elements should allow
reconstruction of the chain(s) of events initiated by activa-
tion of the PDGF receptor and ending with transcriptional
activation of a gene.
Much progress has been made by using the c-fos gene as

an experimental paradigm. Functionally distinct elements
within the proximal 5' flanking sequences of c-fos respond to
serum, cyclic AMP, and PDGF B:B homodimers (3, 15, 49,
54, 58). A well-characterized 22-nucleotide region of dyad
symmetry, termed the serum response element (SRE), con-
fers serum inducibility onto the c-fos gene (16, 19, 20, 54, 55,
57). Nuclear trans-acting proteins binding to the SRE have
been isolated and characterized (14, 33, 35, 40, 41, 56). In
BALB/c 3T3 cells, induction of c-fos by PDGF is to a large
extent dependent on activation of protein kinase C (24). The
SRE and its binding proteins may therefore be an intranu-
clear apparatus responding to activation of protein kinase C
in the cell cytoplasm.
Comparative sequence analysis and promoter function

studies show that several other immediate-early genes, no-
tably those encoding zinc finger transcription factors, con-
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tainfos-like SRE elements in their 5' flanking sequences and
require these SRE elements for induction in response to a
stimulus (7, 42). The c-fos gene, however, does not stand as
a prototype for all members of the immediate-early gene set.
The JE gene was one of the first immediate-early genes to be
cloned and characterized as such (10). Despite its early
recognition, cis-acting genomic elements mediating the tran-
scriptional response of JE to PDGF have never been defined.
No fos-like regulatory elements are found within several
kilobases of JE 5' or 3' flanking sequences or within the
coding sequences of the JE gene. Furthermore, in BALB/c
3T3 cells, PDGF induces JE through a protein kinase C-in-
dependent signal transduction pathway (24). These data
suggest that PDGF induction of JE may involve novel
cis-acting genomic elements.
We set out to identify the cis-acting genomic element(s)

mediating PDGF induction of JE. These elements are of
interest for three reasons. First, they could provide access to
a minimally characterized, protein kinase C-independent,
PDGF signal transduction pathway. Second, since transcrip-
tion of JE is also stimulated by double-stranded RNA and
interleukin-1 (IL-1) (22, 23, 64), delineation of a PDGF-
responsive control element(s) could provide insight into the
control elements required for JE induction via these other
two biological response modifiers. Finally, control elements
comparable to those within the JE gene might be involved in
induction of additional PDGF-inducible immediate-early
genes. PDGF-responsive elements for c-myc, to cite one
example, have never been identified (for a review, see
reference 53). The c-myc gene, like JE, does not contain any
fos-like SRE elements.

In this report we describe a discontiguous pair of cis-
acting elements both of which are essential for induction of
the murine JE gene. In the presence of both elements,
induction of JE occurs in response to serum, PDGF, double-
stranded RNA, and IL-1. One of the elements is a 7-base
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motif located in the proximal 3' JE untranslated sequences.
Identical 7-mers are found in the proximal 3' untranslated
sequences of c-myc, multiple zinc finger transcription factor
genes, and multiple cytokines belonging to the immediate-
early gene set. Given its widespread occurrence and essen-
tial function in mediating serum and PDGF induction of JE,
this novel 7-nucleotide element may be a unifying feature in
the regulation of expression of transcription factors and
cytokines belonging to the immediate-early gene class.

MATERIALS AND METHODS

Growth factors and reagents. Recombinant A:A, A:B, and
B:B isoforms of PDGF and recombinant IL-1 alpha were
obtained from Upstate Biotechnology, Inc. Double-stranded
RNA [poly(rI-rC)] and RNase A were obtained from Phar-
macia. Proteinase K and RNase Ti were obtained from
Boehringer Mannheim Biochemicals. Bovine calf serum was
obtained from Hyclone. Human defibrogenated platelet-poor
plasma was prepared as previously described (38).

Cell culture, DNA transfections, stimulation assays, and
RNA preparation and analysis. BALB/c 3T3 cells (clone A31)
were maintained in Dulbecco's modified Eagle medium
(GIBCO Laboratories) supplemented with 10% bovine calf
serum. Twenty-four hours prior to transfection, cells were
plated at a density of 4.5 x 106 per 15-cm tissue culture dish.
Calcium phosphate-mediated DNA transfections were per-
formed as previously described (16) with the following
modifications. Cells were exposed to DNA-containing pre-
cipitates for 6 h and were then given a 2-min 20% glycerin
shock. Cells were then washed with Dulbecco's modified
Eagle medium and placed in 5% platelet-poor plasma. Trans-
fection mixtures included 50 ,ug of tagged JE reporter
constructs together with 10 ,ug of alpha-globin reference
construct (pSVa-1, a gift from M. Greenberg, Harvard
Medical School) per 15-cm tissue culture plate. After 40 to 44
h in 5% platelet-poor plasma, stimulated groups of cells were
exposed to 20% bovine calf serum, the three isoforms of
PDGF (30 ng/ml), IL-1 (10 ng/ml), or poly(rI-rC) (50 jig/ml)
for 2 h unless otherwise indicated in the figure legends. Total
RNA was prepared by the guanidinium isothiocyanate
method and purified on CsCl gradients (6).

Total RNA samples (30 jLg per assay) were analyzed by
RNase protection assay as previously described (63). RNase
treatment was done with 60 jg of RNase A per ml and 2 ,ug
of RNase Ti per ml for 105 min at 35°C. Nuclease resistant
fragments were separated on 8-mm 6% polyacrylamide gels.
Synthesis of labelled complementary RNA probes is as
described elsewhere (32) and utilizes pGEM vectors
(Promega). Probes were gel purified before use. The probe
for tagged JE expression is a 272-bp HincII JE cDNA
fragment spanning portions of the second and third exons.
The fragment is elongated by addition of a 33-bp tag into a
blunted Saul site (see below) and inserted into the SmaI site
of pGEM7. The length of the unprotected probe is 377 bases.
This probe does not include the JE start of transcription. An
811-bp probe including the JE start of transcription was also
used. The 272-bp HincII JE cDNA fragment, without the
tag, inserted into the SnaI site ofpGEM7 is the probe for the
endogenous JE gene. Undigested, labelled RNA probes
were used as size markers. Exposure and quantitation of gels
were performed for all experiments on a phosphorimager
(Molecular Dynamics).

Plasmid construction. A murine JE genomic clone (pGMJE-
1) with 464 bp of 5' flanking sequences and 1.9 kb of 3' flanking
sequences and a murine JE cDNA clone (pcJE-1) were gifts

from B. Rollins (Dana-Farber Cancer Institute). Both JE
constructs were originally inserted into the EcoRI site of
pGEM 1 (43). Tagged JE constructs were formed by ligation
of a blunted 33-bp XhoI-ClaI fragment of the pGEM7 poly-
linker to blunted SauI sites in the third exon of pGMJE-1
(1,049 nucleotides downstream of the transcription start
site), pcJE-1, and the RNA probe vector described above. A
2.8-kb segment of 5' JE flanking sequences was isolated from
a lambda gtll murine fibroblast library and ligated to the
EcoRI site of pGEM7. The longest tagged JE genomic
construct used (TG; see Fig. 1 and 3) was formed by ligation
of a 3.9-kb SauI-EcoRI fragment of tagged pGMJE-1 to
SauI-EcoRI fragment of the pGEM7 vector containing the
2.8-kb JE 5' flanking sequences. The length of TG is approx-
imately 9.4 kb. The longest tagged JE cDNA used (TC; see
Fig. 1 and 3) was formed by ligation of a 3.2-kb NaeI
fragment of TG (containing the 5' JE flanking sequences and
part of the first exon) to NaeI-digested, tagged pcJE-1. A
tagged JE genomic construct lacking 3' flanking sequences
(TG3'-) was formed by ligation of a 200-bp EcoRI fragment
of TC (containing third exon sequences and 49 bp of 3'
flanking sequences including the first polyadenylation signal)
to a 7.5-kb EcoRI fragment of TG. A tagged JE cDNA
construct including 3' flanking sequences (TC3'+) was
formed by ligation of a 2.1-kb EcoRI fragment of TG
(containing third exon sequences and 1.9 kb of 3' flanking
sequences) to a 6.4-kb EcoRI fragment of TC.

Constructs for the 5' deletion series (see Fig. 4) were
obtained by ligation of a 2.1-kb SmaI-Saul fragment of TG or
a 1.85-kb HincII-SauI fragment of TG (with 5' ends 2,538 and
2,298 bp upstream of the JE start of transcription, respec-
tively) to a 6-kb SauI-NaeI fragment of tagged pGMJE-1.
Constructs for the 3' deletion series were obtained by pro-
gressive ExoIII digestion ofXhoI- andAatII-opened TG. The
3' endpoints of the deletions were determined by DNA
sequencing (48).

Multiple 5' and 3' JE flanking sequence fragments are used
as shown in the schematics of Fig. 5, 6, 9, and 10. Fragments
of 5' flanking sequences include a 468-bp XbaI-HincII frag-
ment (with ends at -2766 and -2298) and a 240-bp SmaI-
HincII fragment (with ends at -2538 and -2298 bp). Frag-
ments of 3' flanking sequences include a 317-bp BamHI-PleI
fragment (with ends at +104 and +421 relative to the stop
codon), a 221-bp BamHI-HindIII fragment (with ends at
+104 and +325 relative to the stop codon), a 117-bp BamHI-
SspI fragment (with ends at +104 and +221 relative to the
stop codon), a 104-bp SspI-HindIII fragment (with ends at
+221 and +325 relative to the stop codon), and a 68-bp
MseI-DdeI fragment (with ends at +245 and +313 relative to
the stop codon). Complementary 14-bp oligonucleotides,
5'-ATGAATIITGTAAA-3' and 5'-TI 'TACAAAATTCAT-
3', and 7-bp complementary oligonucleotides, 5'-TITIT
GTA-3' and 5'-TACAAAA-3', were chemically synthesized.
Genomic 5' and 3' fragments and annealed 14- and 7-bp
double-stranded oligonucleotides were blunt ligated to a 5'
Sall polylinker site of tagged pGMJE-1 or a 3' XhoI poly-
linker site of TG3'- as shown in the schematics of the
figures.
The basal truncated tagged JE cDNA shown in Fig. 7 and

8 was formed by blunt ligation of a 0.9-kb SauI-BamHI
fragment of TC3'+ into the SmaI site of the pGEM7 poly-
linker. Additional constructs listed in Fig. 7 and 8 were
formed by blunt ligation of the 240-bp 5' SmaI-HincII and/or
221-bp 3' BamHI-HindIII fragments described above into a
5' XhoI site (position 1) or 3' ClaI site (position 2).
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FIG. 1. Structures of the tagged murine JE genomic and cDNA

genes. At the top is shown the structure of the longest tagged JE
genomic construct used consisting of 2.8 kb of JE 5' flanking
sequences, three exons denoted by open boxes, two introns repre-
sented by the dark lines between exons, and 1.9 kb of JE 3' flanking
sequences. At the bottom is shown the structure of the tagged JE
cDNA construct used which lacks introns and 3' flanking sequences.
Exon boundaries are highlighted by thin vertical lines. The tag is a
33-bp DNA spacer inserted into the third exon denoted by the dark
vertical band in both constructs. The transcription start site for both
constructs is marked by the bent arrow. The RNA probe used in all
RNase protection assays protects the shown 305-nucleotide frag-
ment of the tagged JE constructs (covering portions of the second
and third exons and including the 33-bp tag). Since the difference
between tagged and endogenous JE genes is only the presence of a
33-bp spacer, this probe also protects a 241-nucleotide fragment of
the endogenous JE gene shown at the bottom. An additional
31-nucleotide protected fragment of the endogenous JE gene (distal
to the tag) is run off the gel and therefore never seen in the reported
experiments.

All constructs were checked for accuracy by DNA se-
quencing (48).

RESULTS

Tagged murine JE and endogenous JE behave identically
upon serum or PDGF stimulation. We constructed JE re-
porter vectors by inserting a 33-bp tag into the third exon of
a genomic clone or the equivalent position in a cDNA clone
(Fig. 1). Expression of these tagged JE reporter constructs
generates transcripts that are 33 bases longer than endoge-
nous JE transcripts. Using a probe which spans the tag (Fig.
1), we can discriminate between transcripts of the endoge-
nous JE gene and the JE reporter vectors by RNase protec-
tion assay. Inductions of transfected JE reporter constructs
and endogenous JE genes can be compared directly on the
same gel. The RNA probe used in all succeeding figures
protects a 305-nucleotide fragment specific for the trans-
fected tagged JE constructs (covering portions of the second
and third exons and including the 33-bp tag [Fig. 1]). The
same RNA probe also protects a 241-nucleotide fragment
specific for the endogenous JE gene (Fig. 1). Since the 33-bp
tag is added to a SauI site 31 bp from the 3' end of the JE
cDNA fragment used to synthesize the riboprobes, the
protected tagged JE fragment (305 nucleotides) is 64 nucle-
otides longer than the protected endogenous JE fragment
(241 nucleotides) instead of simply 33 nucleotides longer
(Fig. 1).

Transient transfection experiments are prone to titration
artifacts because multiple copies of the transfected reporter
gene are often introduced into the nucleus (47). For this
reason, we first validated use of tagged JE genomic con-
structs in transient transfections by comparing their induc-
tion to that of the endogenous JE gene in serum and
PDGF-stimulated BALB/c 3T3 cells. In Fig. 2 (top), we
show the results of a dose-response experiment. Cells were
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FIG. 2. Tagged JE and endogenous JE genes behave identically
upon serum or PDGF stimulation. Top panel. (A) Dose response of
tagged JE genomic vector induction in response to serum. Shown
are RNase protection assays on 30 ,ug of total cellular RNA from
fibroblasts transfected with the indicated amounts of the tagged JE
genomic construct described in Fig. 1, allowed to become quiescent,
and then not exposed (-) or exposed (+) to 20% serum for 2 h.
Lanes 0, mock-transfected cells. The 305- and 241-nucleotide bands
are protected RNA fragments transcribed from the tagged JE gene
and endogenous JE gene, respectively, as described in the legend to
Fig. 1. In this and all subsequent experiments an inducible protected
fragment appears between the 305- and 241-base protected frag-
ments. This additional protected fragment is observed in all stimu-
lated groups of cells, including all stimulated groups of mock-
transfected cells, and represents a nonspecific digestion artifact of
the RNase protection assay. Shown in the leftmost two lanes only
are the results of RNase protection assay on 1 ptg of total cellular
RNA with a probe specific for a 272-base fragment of the endoge-
nous JE gene. (B) RNase protection assays on 10 ,ug of total cellular
RNA from the transfections shown in panel A with an alpha-globin
riboprobe. Bottom panel. (A) Time course of tagged JE genomic
vector induction in response to the A:B isoform of PDGF. Shown
are RNase protection assays on 30 ,ug of total cellular RNA from
fibroblasts transfected with 50 p.g of the tagged JE genomic con-
struct described in the legend to Fig. 1 (TG) or mock transfected,
allowed to become quiescent, and then exposed to PDGF A:B (30
ng/ml) for the indicated times. The 305- and 241-base bands are as in
the top panel. (B) Shown are different phosphorimager settings of
the 241-base protected fragments in panel A, representing the
endogenous JE gene, to facilitate direct comparisons with the
intensities and changes with time of the 305-base band in panel A.
(C) RNase protection assays on 10 ,ug of total cellular RNA from the
transfections shown in panel A with an alpha-globin riboprobe.
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transfected with increasing amounts of tagged genomic JE
vector ranging from 10 to 100 ,ug of reporter DNA per
culture. Transfected cultures were later stimulated with
serum for 2 h. Analysis in all cases was performed on a
phosphorimager (Molecular Dynamics) which allows accu-
rate quantitation of the inductions obtained in each experi-
ment. Transfection of increasing amounts of the tagged JE
genomic construct results in increasingly intense 305-nucle-
otide protected fragments, i.e., no plateau in the absolute
amounts of transcribed tagged JE after serum stimulation is
observed (Fig. 2, top). Reporter JE and endogenous JE
transcripts are both induced 75- to 150-fold by serum in all
groups. The experiment was performed three times with
similar results. Thus within the range of 10 to 100 ,ug ofDNA
per culture, we are not titrating out a regulatory factor(s)
necessary for inducible transcription of the JE gene. Fur-
thermore, a single start site for serum-inducible transcription
of the tagged JE gene was noted by using a probe spanning
the endogenous JE start of transcription (data not shown).
Controls for minor variations in transfection efficiency were
included in these and all subsequent experiments (see below
and also Fig. 2 legend).
The kinetics of PDGF induction of transfected tagged JE

and endogenous JE genes were also compared directly and
shown to be identical. Using PDGF A:B heterodimers as the
inducing agent, we observed a maximum 30- to 40-fold
induction at 2 h after PDGF addition (Fig. 2, bottom). This is
followed by a slow decrease in the amounts of RNA present
over a subsequent 4-h period. This can best be seen by
comparing changes in the JE reporter bands in panel A with
changes in intensities of the endogenous JE bands presented
in panel B of Fig. 2 (bottom). In the latter instance the
phosphorimager settings were adjusted to achieve compara-
ble intensities of the endogenous and reporter-protected
fragments.
The possibility that an apparent induction of the trans-

fected tagged JE gene might be the result of differences in
transfection efficiencies between tissue culture plates was
addressed with the use of a cotransfected, constitutively
active, alpha-globin construct. As shown in Fig. 2B (top) and
Fig. 2C (bottom), equal amounts of protected alpha-globin
fragments were noted in unstimulated and stimulated cells.
This control was run in all experiments presented in this
paper and demonstrates that differences in transfection
efficiencies among tissue culture plates cannot account for
the observed inductions of tagged JE.
Serum induction of JE requires the presence of 3' flanking

sequences. Preliminary experiments using chimeric murine-
human JE constructs suggested a role for the 3' JE flanking
sequences in serum induction of JE (data not shown). To
evaluate the role of 3' flanking sequences in transcriptional
induction of JE, tagged reporter vectors, including or lacking
JE 3' flanking sequences, were constructed. The structures
of these constructs and their responses to serum stimulation
are shown in Fig. 3. Genomic and cDNA reporters which
include JE 3' flanking sequence are induced 250- and 150-
fold, respectively, by serum. In contrast, equivalent ge-
nomic or cDNA constructs lacking JE 3' flanking sequences
are not induced by serum (Fig. 3). The experiment was
performed four times with similar results. Tagged JE con-
structs which lack 3' flanking sequences do include the first
JE polyadenylation signal. Hence lack of a functional poly-
adenylation signal cannot explain the loss of serum induction
upon removal of 3' JE flanking sequences.
Serum induction of JE requires both a 5' and a 3' genomic

element. The results of deletion analysis on serum inducibil-
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FIG. 3. Serum induction of JE requires the presence of 3'
flanking sequences. (A) Shown in schematic form are the structures
of the tagged JE genomic construct described in the legend to Fig. 1,
abbreviated TG; the same tagged JE genomic construct from which
the 3' flanking sequences have been removed (with the exception of
49 bp beyond the JE stop codon which includes the first JE
polyadenylation signal), abbreviated TG(3'-); the tagged JE cDNA
construct described in the legend to Fig. 1, abbreviated TC; and the
same tagged JE cDNA construct (TC) to which 1.9 kb of JE 3'
flanking sequences have been added, abbreviated TC(3'+). (B)
RNase protection assays on 30 pLg of total cellular RNA from
fibroblasts transfected with 50 pLg of the shown constructs or mock
transfected, allowed to become quiescent, and then not exposed (-)
or exposed (+) to 20% serum for 2 h. The rightmost two lanes only
are RNase protection assays on 1 ,ug of total cellular RNA with a
probe specific for a 272-bp fragment of the endogenous JE gene. The
305- and 241-base bands are as described in the legend to Fig. 2. (C)
RNase protection assays on 10 ,ug of total cellular RNA from the
transfections shown in panel B with an alpha-globin riboprobe.

ity of tagged JE genomic constructs are presented in Fig. 4.
Deletion of progressively greater portions of distal 5' JE
flanking sequences results in complete loss of serum induc-
ibility after deletion of a 240-bp genomic piece 2,298 bp
upstream of the transcription start site (Fig. 4, top). Deletion
of progressively greater portions of distal 3' JE flanking
sequences results in complete loss of serum inducibility after
deletion of a 299-bp genomic piece found 119 bp distal to the
JE stop codon (Fig. 4, bottom). The first noninducible
construct (D3 in Fig. 4, bottom) retains the first JE polyade-
nylation signal (data not shown). In both deletion series loss
of only one genomic element is sufficient to abolish serum
inducibility of the tagged JE construct.

Further evidence supporting an essential role for 5' and 3'
genomic elements in serum induction of JE is derived from
"add back" experiments. Data in the top panel of Fig. 5
depict the result of 5' add back studies. Readdition of a
240-bp 5' element to a noninducible tagged JE gene (includ-
ing the 3' flanking sequences) in both orientations restores
serum inducibility to the tagged JE gene (Fig. 5, top panel,
compare the stimulated lanes of constructs 2 and 3 with
construct 1). Readdition of a longer 468-bp 5' genomic
segment (including an additional 228 bp of contiguous 5'
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FIG. 4. Serum induction of JE requires both a 5' genomic
element and a 3' genomic element. Top panel. (A) RNase protection
assays on 30,ug of total cellular RNA from fibroblasts transfected
with 50,ug of tagged JE genomic constructs (TG) containing
progressively greater 5' flanking sequence deletions or mock trans-
fected, allowed to become quiescent, and then not exposed (-) or
exposed (+) to 20% serum for 2 h. The length of 5' sequence is
relative to the JE transcription start site. The construct containing
2,788 bp of 5' flanking sequences is the one described in the legend
to Fig. 1. The 305- and 241-base protected fragments are as

described in the legend to Fig. 2. All constructs include the full 1.9
kb of JE 3' flanking sequences. (B) RNase protection assays on 10
p.g of total cellular RNA from the transfections shown in panel A
with an alpha-globin riboprobe. Bottom panel. (A) RNase protection
assays on 30,ug of total cellular RNA from fibroblasts transfected
with 50,ug of tagged JE genomic constructs containing progressively
greater 3' deletions (TG and Dl through D4) or mock transfected,
allowed to become quiescent, and then not exposed (-) or exposed
(+) to 20% serum for 2 h. The length of 3' sequence is relative to the
JE stop codon. The 305- and 241-base protected fragments are as

described in the legend to Fig. 2. All constructs include the full 2.8
kb of JE 5' flanking sequences. (B) RNase protection assays on 10
p.g of total cellular RNA from the transfections shown in panel A
with an alpha-globin riboprobe.

sequence) to a noninducible JE gene in both orientations also
restores serum inducibility (Fig. 5, top panel, compare the
stimulated lanes of constructs 4 and 5 with construct 1).
Note that the restoration of serum inducibility is to a large

degree position independent, i.e., addition of the 240-bp
element to construct 1 in Fig. 5 (top panel) effectively moves
the 5' element 1.8 kb closer to the JE start of transcription.
The lower panel of Fig. 5 shows the results of 3' add back

experiments. Readdition of a 317-bp 3' genomic segment to
a noninducible tagged JE gene (including the 5' flanking
sequences) restores serum inducibility to the tagged JE gene
(Fig. 5, bottom panel, compare the stimulated lanes of
construct 2 with construct 1). Readdition of the proximal 221
bp of the 317-bp 3' genomic element to a noninducible JE
gene yields similar results (Fig. 5, bottom panel, compare the
stimulated lanes of constructs 4 and 5 with construct 1).
Readdition of an unrelated 328-bp genomic JE fragment
(consisting of 5' flanking sequences not containing the active
240-bp 5' element) to the same noninducible tagged JE gene
shown in Fig. 5 (construct 1, bottom panel) results in no
induction of the modified construct upon serum stimulation
(data not shown).

Induction of JE in response to PDGF, IL-1, and double-
stranded RNA requires the same 5' and 3' genomic elements as
serum induction of JE. We next established that the two
genomic elements required for serum induction of JE are
also required for JE induction in response to PDGF, double-
stranded RNA, and IL-1. Add back experiments identical in
design to those conducted with serum were performed. In
Fig. 6, the left hand panels (upper and lower) demonstrate
the role of the 5' and 3' genomic elements in the response to
the A:A, A:B, and B:B isoforms of PDGF. The right-hand
panels of Fig. 6 (upper and lower) demonstrate the roles of
the 5' and 3' genomic elements in the response to double-
stranded RNA and IL-1.
The three isoforms of PDGF are not equally effective at

inducing JE. Although equal concentrations of the three
isoforms of PDGF are added to all groups of transfected cells
(30 ng/ml), the B:B isoform of PDGF is a more effective
inducer of JE than the A:A isoform (Fig. 6, top left panel,
compare the BB-stimulated lanes of constructs TG, 2, and 3
with the AA-stimulated lanes of the same constructs). This
differential may reflect the reported fourfold-greater number
of PDGF B:B receptors than PDGF A:A receptors on 3T3
cells (36). Since the B:B isoform of PDGF activates the three
known PDGF receptors (9, 25), only the B:B isoform is
tested to demonstrate that construct 1 is not PDGF inducible
(Fig. 6, top left panel).

Roles of position and orientation in the function of the 5' and
3' genomic elements. Delineation of the active configura-
tion(s) of 5' and 3' genomic elements yields insights into their
mechanism(s) of action. To establish constraints on the
active positions and orientations of the 5' and 3' elements,
we started with a truncated tagged JE cDNA construct as the
basal reporter (Fig. 7A). The basal, tagged cDNA is not
induced in response to serum stimulation (Fig. 7B, third and
fourth lanes from the left). We then inserted the 5' and/or 3'
genomic fragments upstream (position 1) or downstream
(position 2) of the reporter cDNA. The 5' and 3' fragments
were tested singly or in pairs in each of 15 informative
configurations. Figure 7B shows a representative example of
the induction data. Serum inducibility of the complete set of
15 truncated JE cDNA constructs is summarized in Fig. 8.
Similar results were obtained with PDGF (B:B isoform) and
IL-1 stimulation of the listed series of constructs (data not
shown).
The data summarized in Fig. 8 make several points. Two

5' elements alone or two 3' elements alone do not restore
serum inducibility to the cDNA (Fig. 8, lines 10 and 11).
Hence the 5' and 3' JE genomic elements are not equivalent
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halves of a single larger genomic element. Although a small
5- to 10-fold induction is always observed with the 5' element

TG alone (Fig. 7B, fifth and sixth lanes from the left, and Fig. 8,
line 2), both elements must be present for the full 30- to
50-fold serum induction to occur (Fig. 7B, fifth and sixth
lanes from the right, and Fig. 8, compare lines 2 through 5
with line 6). The occurrence of a small serum induction in theg3}3 presence of the 5' element alone (Fig. 8, line 2) probably
results from using a JE cDNA in these experiments, which
lacks the two large JE introns and is therefore a significantly
altered reporter gene, rather than the tagged JE genomic

- 7 5 constructs used for the experiments shown in Fig. 2 through
6. These data demonstrate that neither element is function-
ing in splicing of the JE transcript. The 3' element displays
little if any activity when inserted into position 1 (Fig. 8, line
8). Maximal serum induction occurs with the 5' and 3'

4uh elements added in their relative in vivo positions and orien-
tations (Fig. 8, line 6). Inversion of the relative positions of
the 5' and 3' elements results in nearly total loss of serum
inducibility (Fig. 7B, first and second lanes from the right,

*** *@ and Fig. 8, compare lines 6 and 8). These latter results argue
that at least one element is not acting as a classical transcrip-
tional enhancer in response to a given stimulus. If both

- + + elements acted as classical transcriptional enhancers, it
would be expected that the relative positions of the two
elements could be inverted without significant loss of activ-
ity.
Two heterologous reporter genes were tested for serum

and PDGF inducibility in the presence of the 5' and 3' JE
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FIG. 5. Readdition of 5' and 3' flanking sequences restores
serum induction of tagged murine JE. Top panel. (A) Shown in
schematic form is the structure of the 5' end of the tagged JE
genomic construct described in the legend to Fig. 1 (TG). A 240-bp
segment, suggested to be required for serum induction of JE from
the 5' deletion analysis shown in Fig. 4, is marked by the hatched
box. The proximal (3') end of the 240-bp segment is 2,298 bp
upstream of the JE start of transcription. The rightward-pointing
bold arrow denotes the orientation of the 240-bp segment in the
endogenous JE gene. A tagged genomic construct containing only
466 bp (relative to the JE start of transcription) of 5' flanking
sequences is denoted 1. Constructs 2 and 3 are derived from construct
1 by addition of the highlighted 240-bp segment distal to the 466-bp
upstream region in the in vivo (construct 2) and reverse (construct 3)

orientations. Constructs 4 and 5 are derived from construct 1 by
addition of a 468-bp segment (containing the complete 240-bp
segment and a further 228 bp of contiguous 5' flanking sequences)
distal to the 466-bp upstream region in the in vivo (construct 4) and
reverse (construct 5) orientations. All constructs include the full 1.9
kb of JE 3' flanking sequences. (B) RNase protection assays on 30
1Lg of total cellular RNA from fibroblasts transfected with 50 jg of
the shown constructs or mock transfected, allowed to become
quiescent, and then not exposed (-) or exposed (+) to 20% serum
for 2 h. The 305- and 241-base protected fragments are as described
in the legend to Fig. 2. (C) RNase protection assays on 10 pLg of total
cellular RNA from the transfections shown in panel B with an
alpha-globin riboprobe. Bottom panel. (A) Shown in schematic form
is the structure of the 3' end of the tagged JE genomic construct
described in the legend to Fig. 1 (TG). A 317-bp segment, suggested
to be required for serum induction of JE from the 3' deletion analysis
shown in Fig. 4, is marked by the hatched box. The proximal (5')
end of the 317-bp segment is 104 bp downstream of the JE stop
codon. The rightward-pointing bold arrow denotes the orientation of
the 317-bp segment in the endogenous JE gene. A tagged genomic
construct containing only 49 bp of 3' untranslated sequences,
relative to the JE stop codon and including the first JE polyadeny-
lation signal, is denoted 1. Constructs 2 and 3 are derived from
construct 1 by addition of the highlighted 317-bp segment to the
49-bp 3' segment in the in vivo (construct 2) and reverse (construct
3) orientations. Constructs 4 and 5 are derived from construct 1 by
addition of a 221-bp segment (consisting of the proximal 221 bp of
the 317-bp region) to the 49-bp 3' segment in the in vivo (construct
4) and reverse (construct 5) orientations. All constructs include the
full 2.8 kb of JE 5' flanking sequences. (B) RNase protection assays
on 30 pLg of total cellular RNA from fibroblasts transfected with 50
F.g of the shown constructs or mock transfected, allowed to become
quiescent, and then not exposed (-) or exposed (+) to 20% serum
for 2 h. The 305- and 241-base protected fragments are as described
in the legend to Fig. 2. (C) RNase protection assays on 10 Wxg of total
cellular RNA from the transfections shown in panel B with an
alpha-globin riboprobe.
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FIG. 6. The 5' and 3' serum-responsive genomic elements also mediate JE induction by PDGF, IL-1, and double-stranded RNA. Top left
panel. (A) Shown in schematic form is the structure of the 5' end of the tagged JE genomic construct described in the legend to Fig. 1 (TG).
Constructs 1, 2, and 3 correspond to constructs 1, 2, and 4, respectively, in the top panel of Fig. 5. All constructs include the full 1.9 kb of
JE 3' flanking sequences. (B) RNase protection assays on 30 ,ug of total cellular RNA from fibroblasts transfected with 50 Fg of the shown
constructs or mock transfected, allowed to become quiescent, and then not exposed (-) or exposed (+) to 20% serum, or the A:A, A:B, or

B:B isoforms of PDGF (30 ng/ml) for 2 h. The 305- and 241-base protected fragments are as described in the legend to Fig. 2. (C) RNase
protection assays on 10 jig of total cellular RNA from the transfections shown in panel B with an alpha-globin riboprobe. Top right panel.
(A) Shown in schematic form is the structure of the 5' end of the tagged JE genomic construct described in the legend to Fig. 1 (TG).
Constructs 1, 2, and 3 correspond to constructs 1, 2, and 4, respectively, in the top panel of Fig. 5. All constructs include the full 1.9 kb of
JE 3' flanking sequences. (B) RNase protection assays on 30 Fg of total cellular RNA from fibroblasts transfected with 50 ,ug of the shown
constructs or mock transfected, allowed to become quiescent, and then not exposed (-) or exposed (+) to IL-1 (10 ng/ml) or double-stranded
RNA (50 Feg/ml) for 2 h. The 305- and 241-base protected fragments are as described in the legend to Fig. 2. (C) RNase protection assays on

10 pLg of total cellular RNA from the transfections shown in panel B with an alpha-globin riboprobe. Bottom left panel. (A) Shown in schematic

B

A

B

C:

13
4-

4.-

comrsti ur-t Mock I :;

-*e- m_aneam

MOL. CELL. BIOL.

I

1-
4" - m . f-0

Om VI% O-W -
..

I de I*



CONSERVED 3' MOTIF IN PDGF INDUCI1ON OF JE 5295
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FIG. 7. Roles of position and orientation in the function of the 5'
and 3' genomic elements. (A) Shown in schematic form is the
structure of a truncated tagged JE cDNA construct (TC) consisting
of 362 bp of 5' JE flanking sequences (relative to the start of
transcription) and 104 bp of 3' JE untranslated sequences (relative to
the stop codon and including the first JE polyadenylation signal).
The cDNA and 33-bp tag are as described in the legend to Fig. 1.
DNA elements are added to either position 1, directly upstream of
the 362-bp 5' flanking sequences, or position 2, directly downstream
of the 104-bp 3' untranslated sequences, as shown in the schematic.
(B) RNase protection assays on 30 pg of total cellular RNA from
fibroblasts transfected with 50 pg of the shown constructs or mock
transfected, allowed to become quiescent, and then not exposed (-)
or exposed (+) to 20% serum for 2 h. The 305- and 241-base
protected fragments are as described in the legend to Fig. 2.
Positions 1 and 2 are as shown in panel A. The designations 5' and
3' imply addition of the 240-bp 5' and 221-bp 3' JE genomic elements
described in the legend to Fig. 5, respectively, to the shown
positions. A rightward-facing bold arrow denotes an element added
in the in vivo orientation. A leftward-facing bold arrow denotes an
element added in the reverse orientation. (C) RNase protection
assays on 10 ,g of total cellular RNA from the transfections shown
in panel B with an alpha-globin riboprobe.

genomic elements. A chloramphenicol acetyltransferase
(CAT) gene under control of the thymidine kinase promoter
and a fos-beta-globin fusion gene under control of a trun-
catedfos promoter were employed (52). In neither case was
addition of the 5' and 3' JE elements to their respective
positions sufficient to confer serum or PDGF inducibility
onto the heterologous gene (data not shown). These data
suggest that there is an additional JE element(s), present

within the very proximal 5' flanking sequences, or within the
JE coding sequences, which is also required for serum and
PDGF induction of JE to occur.
The 3' genomic element is duplicated and does not function

in polyadenylation of the JE transcript. Given its apparently
unique properties we focused on the nature of the 3' ele-
ment. The JE gene possesses two polyadenylation signals
(43). The second polyadenylation signal occurs 229 bp
downstream of the first polyadenylation signal (43). In all
preceding figures the noninducible JE construct(s) includes a
short segment of 3' JE untranslated sequences containing the
first JE polyadenylation signal. The active 221-bp 3' genomic
element includes the second JE polyadenylation signal. It is
possible, therefore, that the function of the 221-bp 3' element
in the preceding experiments is simply to provide a preferred
polyadenylation signal for serum and PDGF induction of JE.
To test this possibility, the 221-bp 3' genomic element was
bisected into 117- and 104-bp nonoverlapping pieces. The
104-bp distal piece contains the second JE polyadenylation
signal. The individual pieces were then added to the 3' end of
a noninducible tagged JE gene, and serum inducibility of the
resulting constructs was determined.

Addition of either the 117-bp proximal portion or 104-bp
distal portion of the 221-bp 3' genomic element restores
serum inducibility to a noninducible tagged JE gene (Fig. 9,
compare the stimulated lanes of constructs TG, 2, 3, and 5
with the stimulated lane of construct 1). Hence the 3'
genomic element is functionally duplicated. Furthermore,
the 117-bp segment (which does not include the second
polyadenylation signal) is as effective at restoring serum
inducibility as the 104-bp segment (Fig. 9, compare the
stimulated lanes of constructs 3 and 5). Identical results are
obtained with IL-1 and the B:B isoform of PDGF (data not
shown). In summary, the 221-bp 3' genomic element neces-
sary for serum and PDGF induction of JE is functionally
duplicated. Furthermore, the experiments suggest that the 3'
JE element does not function in polyadenylation of the JE
transcript.
The 7-mer, TTITGTA, is a JE 3' element. The results

presented in Fig. 9 demonstrate that the 3' JE genomic
element is functionally duplicated. Fully functional elements
are present in the 104- and 117-bp 3' fragments. Given the
small sizes of the functionally equivalent 3' elements, com-
puter comparisons of the fragments for sequence identity
were undertaken. An identical 7-mer, 'TITGTA, was found
in both 3' elements. Similar 14-mers with 11 matches of 14,
ATGAAl'TTlGTAAA, are also found in both 3' elements.
Addition of a 14-mer or the 7-mer, in either orientation, to a
noninducible tagged JE gene restores the full magnitude of
PDGF inducibility (Fig. 10, compare the stimulated lanes of
constructs TG, 2, 3, 5, 6, 7, and 8 with the stimulated lane of
construct 1). Addition of a 68-bp 3' JE genomic fragment,

form is the structure of the 3' end of the tagged JE genomic construct described in the legend to Fig. 1 (TG). Constructs 1 through 5 correspond
to constructs 1 through 5, respectively, in the bottom panel of Fig. 5. All constructs include the full 2.8 kb of JE 5' flanking sequences. (B)
RNase protection assays on 30 F.g of total cellular RNA from fibroblasts transfected with 50 F.g of the shown constructs or mock transfected,
allowed to become quiescent, and then not exposed (-) or exposed (+) to the B:B isoform of PDGF (30 ng/ml) for 2 h. The 305- and 241-base
protected fragments are as described in the legend to Fig. 2. (C) RNase protection assays on 10 p.g of total cellular RNA from the transfections
shown in panel B with an alpha-globin riboprobe. Bottom right panel. (A) Shown in schematic form is the structure of the 3' end of the tagged
JE genomic construct described in the legend to Fig. 1 (TG). Constructs 1, 2, and 3 correspond to constructs 1, 4, and 5, respectively, in the
bottom panel of Fig. 5. All constructs include the full 2.8 kb of JE 5' flanking sequences. (B) RNase protection assays on 30 p.g of total cellular
RNA from fibroblasts transfected with 50 p.g of the shown constructs or mock transfected, allowed to become quiescent, and then not exposed
(-) or exposed (+) to IL-1 (10 ng/ml) or double-stranded RNA (50 p.g/ml) for 2 h. The 305- and 241-base protected fragments are as described
in the legend to Fig. 2. (C) RNase protection assays on 10 .g of total cellular RNA from the transfections shown in panel B with an
alpha-globin riboprobe.

VOL. 12, 1992



5296 FRETER ET AL.

*-362bp-* 104bp
I-r,

Position FoldPosition |Induction

1 2 1 2

O 0 0 0

5. 0 9.9 6.3

0 __ _ 0

3' 0 0 0

o 34 0 0

5. 3' 49.0 29.1

5. 3' 7.3 -

5' 8.8 0

-+ 4-

3. 5' 0 _
_+5+5- 5.5

3'3'0

3' 5'0_ 10.05

3'. 5' 0 6.8 -

o 3' 5- 43.0

0 3' 5' _ 1 0 . 6o 5. - 10.65

FIG. 8. Roles of position and orientation in the function of the 5'
and 3' genomic elements. Shown in schematic form at the top is the
structure of a truncated tagged JE cDNA. The details of this
reporter construct are given in the Fig. 7 legend. DNA elements are
added singly or together to position 1, directly upstream of the
362-bp 5' flanking sequences, or to position 2 directly downstream of
the 104-bp 3' untranslated sequences. The designation 5' refers to
the 240-bp 5' element added to a position. The designation 3' refers
to the 221-bp 3' element added to a position. 0, no addition at the
position. A rightward-pointing bold arrow denotes a fragment in-
serted in the in vivo orientation; a leftward-pointing bold arrow
denotes a fragment inserted in the reverse orientation. Transfected
3T3 cells were exposed to 20% serum for 2 h. For both experiments,
control mock-transfected 3T3 cells were exposed to serum for an
equivalent time. Inductions of the indicated constructs were dis-
played and quantitated on a phosphorimager apparatus as outlined
in Materials and Methods. The numerical data indicate fold induc-
tion (stimulated/quiescent) after subtraction of background counts
from the mock-transfected groups. 0, no induction above back-
ground; -, a construct not tested in a given experiment.

centered over the active 7-mer, also restores PDGF induc-
ibility to the tagged JE gene (Fig. 10, compare the stimulated
lanes of constructs 4 and 1). Identical results are obtained
with serum stimulation of the shown constructs (data not
shown). Since the full extent of serum and PDGF inducibility
of the JE gene is restored by the addition of the 7-mer alone,
these data demonstrate that a 3' JE element is the 7-mer

l1T1l1lTGTA. In Fig. 10, readdition of the 7-mer 1TlGTA,
the larger 14-mers, and the 117-bp 3' genomic fragment is
orientation independent. These findings are at odds with the
add back experiments presented in Fig. 5 and 8 in which
there is a partial orientation dependency to readdition of the
317- and 221-bp 3' elements. We cannot definitively explain
this discrepancy at present. Perhaps reversal of the rela-
tively large 317- and 221-bp 3' genomic segments interferes
with efficient polyadenylation of the JE transcript, thereby
reducing the levels of tagged JE observed in the stimulated
groups of cells.

DISCUSSION

Novel genomic elements in the 5' and 3' untranslated
sequences are required for JE induction in response to four
divergent stimuli. The mechanism(s) underlying serum and
PDGF-mediated induction of a large second class of imme-
diate-early genes, induced with slower kinetics than the c-fos
gene and including the c-myc and JE genes, has to date
remained unclear. In the experiments presented above,
using a tagged murine JE genomic construct, we have
duplicated the magnitude of and kinetics of serum and PDGF
induction of the endogenous JE gene. We have further
demonstrated that induction of the murine JE gene in re-
sponse to serum, PDGF, IL-1, and double-stranded RNA
requires two widely separated genomic elements. The ele-
ments are present in the 5' and 3' untranslated JE sequences
and are separated by 4 kb of intervening flanking and coding
sequences. We have shown that the 7-nucleotide sequence,
TTITGTA, present at the 3' end of the JE gene is a 3'
element. Addition of this 7-mer alone to the 3' end of a
noninducible JE gene is sufficient to restore the full extent of
serum and PDGF induction of JE.
The most interesting control feature of the JE gene ap-

pears to be the active 3' 7-mer. Computer searches of the
sequence data bases reveal a significant overrepresentation
of the JE 3' 7-mer in 3' untranslated sequences of immediate-
early genes. Summarized in Table 1 are 25 immediate-early
genes containing the JE 3' element, TlTITGTA, in their
proximal 3' sequences. In all examples cited, the 7-mer
occurs 138 to 1,161 bp downstream of the stop codons of
each gene (Table 1). The striking finding is that multiple
transcription factors and cytokines belonging to the imme-
diate-early gene class possess the active 7-mer in similar
positions within their proximal 3' untranslated sequences
(Table 1). The list includes human, murine, rat, and chicken
homologs of various immediate-early genes. In contrast,
other serum- and growth factor-inducible genes functioning
as cytoplasmic signal transduction proteins or structural
proteins do not contain the 7-mer within their proximal 3'
untranslated sequences. As an additional control for the
selectivity of occurrence of the 7-mer, multiple "housekeep-
ing" genes were surveyed and found not to contain the 7-mer
in their proximal 3' untranslated sequences (Table 1). The
genes listed in the 7-mer absent column include long-enough
segments of 3' untranslated sequences beyond their respec-
tive stop codons to allow valid comparisons with the imme-
diate-early genes listed in the present column. We recognize
that, if one searches the 3' untranslated sequences of enough
non-immediate-early genes, one would expect eventually to
find copies of the active JE 3' 7-mer within the sequences of
some of these genes. This does not mean that the 7-mer is
active within these non-immediate-early genes or that it is a
nonspecific sequence in immediate-early genes. Rather, ex-
periments presented here demonstrate that inclusion of 3'
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FIG. 9. The 3' JE genomic element is duplicated and does not
function in polyadenylation of the JE transcript. (A) Shown in
schematic form is the structure of the 3' end of the tagged JE
genomic construct described in the legend to Fig. 1 (TG). The 221-bp
element marked by the striped box corresponds to the 221-bp
element described in the bottom panel of Fig. 5 (construct 4). The
proximal (5') end of the 221-bp fragment is 104 bp downstream of the
JE stop codon. The righward-pointing bold arrow denotes the
orientation of the 221-bp fragment in the endogenous JE gene.
Constructs 1 and 2 correspond to constructs 1 and 4, respectively, in
the bottom panel of Fig. 5. Constructs 3 and 4 are derived from
construct 1 by addition of a 117-bp segment (the proximal portion of
the highlighted 221-bp fragment not including the second JE poly-
adenylation signal) to the 49-bp 3' segment of construct 1 in the in
vivo (construct 3) and reverse (construct 4) orientations. Constructs
5 and 6 are derived from construct 1 by addition of a 104-bp segment
(the distal portion of the highlighted 221-bp fragment including the
second JE polyadenylation signal) to the 49-bp 3' segment of
construct 1 in the in vivo (construct 5) and reverse (construct 6)
orientations. All constructs include the full 2.8 kb of JE 5' flanking
sequences. (B) RNase protection assays on 30 ±Lg of total cellular
RNA from fibroblasts transfected with 50 1Lg of the shown con-
structs or mock transfected, allowed to become quiescent, and then
not exposed (-) or exposed (+) to 20% serum for 2 h. The 305- and
241-base protected fragments are as described in the legend to Fig.
2. (C) RNase protection assays on 10 ,ug of total cellular RNA from
the transfections shown in panel B with an alpha-globin riboprobe.

untranslated sequences of the murine JE gene alone (includ-
ing up to three copies of the active 7-mer) confer no serum or
PDGF inducibility onto the JE gene in the absence of the
active JE 5' element (Fig. 4, 5, 6, and 7). Hence, the
specificity of serum and PDGF induction of JE, and by
extension other immediate-early genes in which the 3' 7-mer
is active, results from the presence of a specific 5' element(s)
in addition to the 3' 7-mer.
The minimal JE 3' element conferring inducibility func-

tions equally well in both orientations in mediating serum
and PDGF induction of JE (Fig. 10). This orientation inde-
pendence suggests that the 3' 7-mer acts at the DNA level.

PDGF + - + - + - * + + + + +-+

Mxrk TG 1 2 3 4 5 6 7 8

FIG. 10. Addition of the 7-mer '1T'GTA to the 3' end of a
noninducible tagged JE gene restores PDGF inducibility. (A) Shown
in schematic form is the structure of the 3' end of the tagged JE
genomic construct described in the legend to Fig. 1 (TG). The 117-bp
element highlighted by the striped box corresponds to the 117-bp
element descnbed in the legend to Fig. 9 (construct 3). The proximal
(5') end of the 117-bp fragment is 104 bp downstream of the JE stop
codon. The rightward-pointing bold arrow denotes the orientation of
the 117-bp fragment in the endogenous JE gene. Constructs 1, 2, and
3 correspond to constructs 1, 3, and 4, respectively, in Fig. 9.
Construct 4 is derived from construct 1 by addition of a 68-bp JE 3'
flanking segment (centered over the 7-mer TT-TTGTA in the proxi-
mal JE 3' flanking sequences) to the 49-bp 3' segment of construct 1
in the in vivo orientation. Constructs 5 and 6 are derived from
construct 1 by addition of the 14-mer, ATGAAT'l'GTAAA, to the
49-bp 3' segment of construct 1 in the in vivo (construct 5) and
reverse (construct 6) orientations. Constructs 7 and 8 are derived
from construct 1 by addition of the 7-mer, 'lT-lGTA, to the 49-bp
3' segment of construct 1 in the in vivo (construct 7) and reverse
(construct 8) orientations. The sequences of the 14- and 7-mers
shown are those of the coding strand. All constructs include the full
2.8 kb of JE 5' flanking sequences. (B) RNase protection assays on
30 ILg of total cellular RNA from fibroblasts transfected with 50 pLg
of the shown constructs or mock transfected, allowed to become
quiescent, and then not exposed (-) or exposed (+) to the B:B
isoform ofPDGF (30 ng/ml) for 2 h. The 305- and 241-base protected
fragments are as described in the legend to Fig. 2. (C) RNase
protection assays on 10 pg of total cellular RNA from the transfec-
tions shown in panel B with an alpha-globin riboprobe.

To postulate a primary function for the 3' element at the
RNA level in PDGF and serum induction of JE would be to
require that the element, TlTITGTA, and its equally active
inverse, TACAAAA, mediate the same process. This is an
unlikely possibility given the total dissimilarity of the two
sequences at the RNA level. Secondary functions of the 3'
7-mer at the RNA level are ruled out by experiments
presented herein. The 3' element is required for induction of
a tagged JE cDNA reporter vector in response to serum,

C

VOL. 12, 1992

I

3



5298 FRETER ET AL.

TABLE 1. Presence of the 7-mer, 'TTITGTA, or its inverse in 3' untranslated sequences of immediate-early genes'

Functional class, gene, and lengthb (bp)

7-Mer present 7-Mer absent

Transcription factors Cytoplasmic signal transduction proteins
c-jun (human) 1,161 ras p21 (human) 1,045
c-jun (murine - 'TTGTA) 556 Calcyclin (human) 1,003
junB (human) 194
junB (murine) 190 Structural proteins
junD (murine - T'I'GTA) 182 Beta-actin (human) 591
Krox 20 (murine) 982 Beta-actin (murine) 684
NGFI-A/egr-1/Zif-268/Krox 24 642 Beta-actin (rat) 966

(murine)
NGFI-B/nur/77 (murine) 240
NGFI-C (rat) 376, 540 Cell surface receptors
egr-1 (human) 650 fy-interferon receptor (murine) 546
c-fos (murine) 844 c-Jins (human) 773
fra-1 (rat-'lT'GTA) 259 c-fins (murine) 659
c-myc (murine) 336
c-myc (chicken) 282 Miscellaneous
c-myc (human - intron 2) Alpha-tubulin (murine) 189
Nuclear factor IL-6 (human) 468 Carboxypeptidase E (human) 725
Nil-2-a (human) 138 Carboxypeptidase N (human) 1,251
B12 (human) 595 Hexokinase 1 (human) 745
fosB (murine) Hexokinase (murine) 1,437

Malate dehydrogenase (murine) 202
Cytokines Trypsin (rat) 169
JE (murine) 165, 264
JE (human) 365 Secreted Proteins
KC (murine) 327, 461 Enkephalin (murine) 302
gro (human) 464 Enkephalin (human) 356
IL-2 (human) 150
M-CSF 1 (human) 658

a Immediate-early genes found to have the 7-mer, TTITGTA, present within their proximal 3' untranslated sequences are listed by functional classes. Since
the minimal constraints on the function of the 7-mer are not yet known, listed also are immediate-early genes including the 6-mer, TTTGTA, within their 3'
untranslated sequences; these exceptions are noted. The presence of the active 7-mer within a distal intron is noted and listed as such. Listed in the absent column
are a variety of growth factor-inducible (but not necessarily immediate-early) genes, and housekeeping genes, not possessing the 7-mer within their 3' untranslated
sequences. Most sequence information was obtained by accession of GenBank sequences. Sequences for zif/268 (8), fra-l (12), nur/77 (26), Krox-24 (30), junB
(45), fosB (62), human JE (44), KC (37), Nil-2-a (60), NGFI-C (13), B12 (61), and M-CSF (27) were obtained from the original reports.

b The numbers in the present column refer to the position of the 7-mer relative to the stop codons of a given gene. The numbers in the absent column refer to
the length of 3' untranslated sequences available for analysis, relative to the stop codons of a given gene.

c A number of minimally altered 7-mers are found in the proximal 3' untranslated sequences of these genes, including T'l'GTG, T'llGGA, 1T1TGTT,
TITrGTC, liTITATA, lTTTGAA, AACAAAA, and TCCAAAA.

PDGF, and IL-1 (Fig. 7 and 8). These data demonstrate that
the 3' element is not required for correct splicing of the JE
transcript. The 7-mer has been disassociated from the two
polyadenylation signals present within the JE gene (Fig. 9),
suggesting that the 3' element does not promote polyadeny-
lation of the JE transcripts. Moreover, since the inverse of
the 3' 7-mer, TACAAAA, confers serum and PDGF respon-
siveness to the JE gene (Fig. 10) the additional possibility
that the 3' element is functioning as a downstream G/T
cluster sequence necessary for correct polyadenylation of
nascent transcripts to occur is unlikely (4, 5). Finally, both
7-mer sequences are clearly different from the reported RNA
destabilizing element AT'ITA (51) and from the c-fos ARE
element (52).
The distal JE 5' element is position and orientation inde-

pendent and may therefore function as a regulated transcrip-
tional enhancer. At present the distal JE 5' element is
contained within a 240-bp genomic segment. The 240-bp
segment does not contain NF-kB, SRE, or SIF sequences
(50, 55, 58). The segment does not contain sequences which
could bind RSRF proteins (39). It also does not contain the
double-stranded RNA response element described for the
interferon gene (17, 18, 31), the IL-1 response element
described for the IL-6 gene (1), or a PEA 3 element (59). It

appears therefore that the 240-bp 5' JE element includes a
new sequence(s) responsive to at least four divergent stim-
uli. These data do not address whether one discrete 5'
subsequence is the target element for the four stimuli or
whether there are (up to) four separate response elements
within the 240-bp genomic segment. Preliminary dissections
of the 240-bp 5' segment demonstrate that the PDGF-
responsive element lies within a 71-bp subfragment (data not
shown).

Role of the 7-mer, TTTTGTA, in serum and PDGF induc-
tion of transcription factors and cytokines of the immediate-
early gene class. We propose that the novel 3' 7-nucleotide
element, T'llGTA, is a unifying feature in the control of
serum and PDGF induction of transcription factors and
cytokines belonging to the immediate-early gene class. Con-
sistent with this proposal is the selective occurrence of the
7-mer (or the 6-mer TJ'TGTA) in 3' untranslated sequences
of 25 transcription factors and cytokines of the immediate-
early class and the dramatic function of the 7-mer in medi-
ating serum and PDGF induction of murine JE (Fig. 10). For
convenience we will hereafter refer to the 3' 7-mer as the
immediate response box (IRB).

Catalogued among the immediate-early genes possessing
an IRB are the proto-oncogenes c-myc and c-fos (Table 1).

MOL. CELL. BIOL.



CONSERVED 3' MOTIF IN PDGF INDUCTION OF JE 5299

Although one PDGF-responsive 5' genomic element has
been shown to mediate a small induction of c-myc-CAT
fusion constructs in response to PDGF (46), cis-acting ele-
ments mediating the full induction of c-myc in response to
PDGF have never been defined (for a review, see reference
53). Serum and PDGF inducibility of c-myc may require, like
JE, two widely separated elements including the 7-mer,
TACAAAA (the inverse of the JE IRB), located 336 bp
downstream of the murine c-myc stop codon (Table 1).
The presence of an IRB in the 3' untranslated sequences of

murine c-fos (844 bp downstream of the stop codon [Table
1]) raises a different issue. A number of independent studies
have shown that the 5' c-fos SRE alone is sufficient to confer
serum inducibility onto a heterologous reporter gene such as
CAT (16, 19, 54). It is possible that the 3' IRB in c-fos is a
vestigial control element with no essential function. Alter-
natively, the c-fos 3' IRB may enhance the action of the 5'
SRE without being strictly essential for function. Experi-
ments are now in progress in our laboratory to determine
whether the IRB, TTTTGTA, or its inverse plays a role in
serum and PDGF induction of the c-fos and c-myc genes.
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