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ABSTRACT

The initial genomic response to serum growth factors

is the transcriptional activation of a set of immediate-
early genes. Serum-induced transcriptional activation

of several of these genes involves the formation of a
ternary complex that includes the serum response
factor (SRF), a 62 kDa ternary complex factor (TCF) and
a serum response element (SRE). TCF alone does not
bind the SRE of the protooncogene c- fos, but requires
the prior assembly of the SRF—SRE binary complex for

it to be recruited into a ternary complex. Here we show
that this SRF—SRE binary complex is not an obligatory
prerequisite for the formation of a serum responsive
ternary complex. We demonstrate that Elk-1, which has
properties of TCF, can recruit SRF into a ternary complex

on elements that do not support formation of the
SRF-DNA binary complex. We also show that for two
immediate-early genes, pip92 and nur77, formation of
the ternary complex may occur without the prior
assembly of SRF-DNA binary complex. Finally, we
show that the ability of different sequences to support
formation of Elk-1-SRF-DNA ternary complex  in vitro
correlates with their ability to respond to serum growth
factors in vivo. Our results suggest that a much
broader range of DNA sequences than the consensus
SRF and TCF binding sites can support ternary
complex formation, and by inference, serum induction.
Possible implications of these results are discussed.

INTRODUCTION

binding site $,6). The cfos CArG box binds a dimer of a 67 kDa
protein, serum response factor (SR)lduction of dosby TPA

in Balb/c 3T3 8) or NIH 3T3 cells §) requires another protein,

a 62 kDa ternary complex factor (TCF or P83, which binds

at the Ets-like binding site. TCF does not bind to tfesGSRE

by itself, but requires the prior formation of the SRF—SRE binary
complex (L0). At least two Ets family transcription factors, EIk-1
and SAP-1a, have properties of T@Fvitro (11,12). Although
Elk-1 can bind independently to its own high affinity binding sites
characteristic of Ets-domain proteins and can act as a transactiva-
tor (13,14), it does not bind to thefosEts-like site by itself. SRF
interacts physically with Elk-116,16) while bound upon the
CArG box, thus recruiting Elk-1 to bind a neighboring Ets-like
binding site to form a ternary complex. The distance between the
CArG-box and the Ets-site can vary without detracting from the
ability of SRF to recruit TCF for ternary complex formatia)(

To gain insight into the diversity of the regulatory mechanisms
that control the coordinate activation of immediate-early genes, we
have analyzed the regulation of several such genes that are
transcriptionally activated with kinetics similar to those &sc-
Among those genes studied agg6l which encodes an extra-
cellular matrix signaling molecule §); nur77, which encodes a
transcription activator of the steroid/thyroid hormone receptor
superfamily {9); andpip92 which encodes a short-lived, proline-
rich cytoplasmic protein of unknown functioBOf. Our results
indicate that the TCF/SRF-mediated mechanism of immediate-
early gene activation is surprisingly general, atleast in fibroblasts.
We initially thought that the immediate-early gegegs1was not
regulated through SRF since no CArG box veasd within 1.5
kb of the transcriptional start. Further analysis showedynéat
is indeed regulated through a CArG box located far upstt&EBm (
Likewise, initial analyses suggested tiat7 7 andpip92might be

One of the primary cellular responses to the actions of polypeptidegulated through an SRF-independent mechanism, as there were
growth factors is the rapid and transient activation of a set ab recognizable SRF-binding sites in thewrpoters. Detailed
immediate-early genes, which number as many as 100 in mows®lysis revealed that activation of these genes is mediated through
3T3 fibroblasts 1-3). A subset of these genes is co-regulatetmutated’ CArG sequences, significantly altered from the consen-
with the protooncogenefos they are transcriptionally activated sus such that they are not expected to bind strongly to22RB)(

within minutes of growth factor addition, reaching a maximal As suggested by the CArG-box consensus sequence,
level of transcription at 10—-30 min and are repressed within 1&C(A/T)sGG, it was thought that the GC base pairs were invariant

thereafter ). Among this group of genes, thdosprotoonco-

for SRF binding whereas the ATs in the middle tolerated sequence

gene has been studied most extensively with regard to tbwersity inasmuch as they were Ad% (This notion was reinforced

mechanisms underlying its rapid inductidaq). Activation of

by the following observationdi) in a PCR-based selection

c-fos by serum growth factors is mediated through a promotexperiment carried out with SRF and random oligonuleotides, only
element known as the serum response element (SRE), a sequaegeences that fit the CArG consensus were selected even unde
comprised of a CArG box [CC(A/gEG] and a weak Ets-like low-stringency conditions26); (i) SRF directly ontacts GG
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RSRFs 27), a group of transcription factors thought to have
binding specificities distinct from those of SRF, can in fact bind
SRF and interact Elk-1 to form a ternary complex where
neighboring Ets sites are available. These results indicate that the
range of DNA sequences that can support the assembly of a
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Elkl +SRF --- > SRF-TCF-DNA ternary complex is much broader then originally
SRF —> thought. We suggest that the interaction between SRF and TCF
might alter the DNA binding properties of both, allowing them to
bind a broader range of sequences then they otherwise can bind
individually.
Elkl => &

MATERIALS AND METHODS
Cell culture and transfections

NIH 3T3 cells were grown and transiently transfected with the
reference plasmid P@gal and a test plasmid as descriti&s).
Cells were rinsed in phosphate buffered saline (PBS) 1 day
following transfection and allowed to recover in growth medium
for one day. Cells were then switched to medium containing 0.5%
calf serum. Two days later, cells were either stimulated with 20%
calf serum for 3 h or were left unstimulated (quiescent). CAT and
B-galactosidase assays were performed as descif)ed least
three sets of transfections for each construct were analyzed.

Oligonucleotides and construction of test plasmids

Sequences of oligonucleotides used are as follows: CE, derived
Figure 1. Ternary complex formation upon their77 serum responsive from the cfospromoter CArG box), has the sequence gatcCTAC-
element. Nucleotides —126/—72 of tmer77 promoter was end-labeled and C_GCCAACC_GGAATAGTCCATATAAG_GACTCQ_; mCE, the‘ ,
incubated with various amounts of SRF or Elk-1 translateitro, and the pip92 CArG-like sequence and a proximal Ets site (same as ‘CP
resulting protein—-DNA complexes were subjected to EMSA. The amounts ofin ref. 23). The mmCE oligonucleotide differs from mCE by a
reticulocyte lysate programmed farvitro translation of either SRF or Elk-1 change in CArG-like site: TCTTATATG changed to TCTTAT-
used in the EMSA are indicated above the corresponding lanes. Elk-1-DN : o A
and SRF-DNA binary complexes, as well as the EIk-1-SRF-DNA ternar)%TGI'. Th.e mmCmE_ O!IgonUCIeOtlde differs from mmCE by a
complex is indicated by arrows. mutation in the Ets site QCGGAAG changed toTCGGAAG.

The —274/-249ur77(29) oligonucleotide: gatCCGAGAGGAA-

AACTATTTATAGATCAg. The lower case nucleotides represent
) . . ) . BanHI cohesive ends. Other oligonucleotides used as competitors
dinucleotides within the CArG box, and mutations in those contagt gpvsa (Ets, distal and proximapip92 Ets sites, andyr61
points have the most severe effects on the SRF/CAIG interactiei\;G hox) were describe@). Double-stranded oligonucleotides
(29); (i) the CArG boxes found in the promoters of severalyere cloned iBarHI site of tk CAT vectorZ?); direct sequence
immediate-early genes all conform to the CArG conse@S)isl{  analysis was carried out to confirm the sequences each clone isolatec

was thus surprising to us that deletion and linker scanning analyg@g| ysed. All tk CAT constructs used in this report have a single copy
of the pip92 and nur77 promoters pinpointed ‘CArG-like’ se- f an insert in the wild-type orientation.

guences, which did not fit the consensus, as being essential for

activation £2,23). Both sequences deviate from the CArG ; i i

consensus significantFCTTATATGG for pipg2 and CCTGT.  Cocuophoretic mobility shift assay (EMSA)

ATGG for nur77. Neither was expected to bind strongly to SRFAIl probes were double-stranded oligonuleotides described above,

(26). except that thewur77 126/72 fragment was excised from the
These findings prompted us to propose that in genes suchcg@gesponding tk CAT constru@). All probes were labeled by

nur77 and pip92, it is the binding of TCF to a high-affinity DNA polymerase Klenow fragment fill-in reactio@d]. In vitro

Ets-binding site in the vicinity of the ‘mutated’ CArG box thattranscription—translation, NIH 3T3 cell nuclear extract preparation,

recruits SRF to form a serum-responsive ternary compi@x ( binding reactions and electrophoretic analysis were carried out as

We have tested this hypothesis directly. In this report we show tié#gscribedZ3). The efficiency of translation of Elk-1 and SRF was

on elements with high-affinity Ets sites together with CArG-likeapproximately equal as determined #6-Met incorporation,

sites, which may differ from the consensus by 1 or 2 base pair (§pljowed by the SDS-PAGE analysis (data not shown).

changes, Elk-1 can recruit SRF to form a ternary complex. We

show that the SREs pip92andnur77form both SRF-DNA and RESULTS

Elk-1-DNA binary complexes, and also Elk-1-SRF-DNA ternar)éREs ofnur77 and pip92form binary complexes with

complex. We also show that elements with mutated CArG boxes t -

do not bind SRF alone but have strong Ets-binding sites c%ﬁ%er Elk-1 or SRF, and a temary complex with both

nevertheless support the formation of the Elk-1-SRF-DNA conThe SREs of the immediate-early gepas®2 andnur77 each

plex. Moreover, sites that fit the consensus binding sequence &amsists of a high-affinity Ets-binding site and a CArG-like site,
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CTACCGCCAACCGGAATAGTK‘:CATA’I‘AAGE?}ACTC
mCE:
*

CCGCCGTCAGCGTITCTTATATGGGCATCCGGAAGT
mmCE:

* "
CCGCCOCTCAGCGTTCTTATATGTIGCATCCGGAAGT
mm{CmE:

* @ *
COGCCGTCAGCGTTICTTATATG ik;CATTCGGA!\GT
nur77 -274/-249 ;

** w* *
CCCAGACGA;\A;\H,TATTTATAG!ATCA

Figure 2. Ternary complex formation upon Ets-CArG sites of various affinities for Elk-1 and AREE((cfos SRE), mCE (§ip92 SRE) or mmCE probes were
incubated with SRF and/or Elk-1 synthesizedtro, and resulting complexes were analyzed by EMSA. The oligonucleotide probeianitihsynthesized protein

used are indicated above appropriate laB@Sifnilar DNA—protein complex analysis as in (A), except that the probe used is mmCmE, which contains two deviations
from the CArG box consensus and one in the Ets site. NS indicates a non-specific c@npleim{lar assay as those shown in (A) and (B), except that the probe

is thenur77-274/-249 sequence. This sequence contains the RSRF site and a Ets-like bindd)dSsitpiences of probes used in EMSA. CArG or CArG-like
sequences are boxed; Ets binding sites are underlined. Each deviation from the consensus CArG and Ets sites is marked by an asterisk.

both of which are required for serum inductia®,23). The judged by EMSA. Furthermore, both SREs support the forma-
CArG-like sites are expected to have relatively low affinities fotion of the SRF-EIk-1-DNA ternary complex (Fijand?2).

SRF as they deviate from the consensus sequence. We examifikds, although these SREs do not have a consensus CArG box,
the abilities of these SREs to interact with SRF and Elk-1, artiey nevertheless interact with SRF and form a ternary complex
to form a ternary compleir vitro. We found that both the SRE with Elk-1; such a ternary complex is necessary for induction of
of nur77 (Fig. 1) andpip92 (mCE probe; Fig2A) (23) can the cfospromoter through protein kinase C and MAP kinase-
interact within vitro translated SRF and Elk-1 independently asnediated pathway8,30-32).
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Figure 3. Ternary complex formation of nuclear extract proteins upon various Ets-CArG sites. Nuclear extracts from NIH 3T3 fibroblasts were incubated with prot
indicated above the lanes, and binding reactions were subjected to EMSA. Competitor oligonucleotides, where indicated, were present at 200-fold molar exc
complex that competed with Ets oligos; I, complex that competes with CArG oligos; lll, ternary complex that competes with both Ets and CArG oligos.

Elk-1 can recruit SRF to form a ternary complex The above results show that oligonucleotides that do not exhibit
detectable binding to SRF alone can nevertheless support the

. formation of the ternary complex in the presence of Elk-1, given that
That thenur77 and pip92 SREs can form termary Complexes  sirong Ets-hinding Site exists in the vicinity of the low affinity

suggested to us that perhaps temary complex formation need -binding site. To test the effect of lowering the binding affinity
necessarily occur by SRF recruitment of Elk-1 as in the caseof ¢- 4t he Ets-site, we introduced a mutation into the Ets-site of mmCE
Specifically, we proposed that in SREs where the SRF-binding sitesS reate the mmcCmE probe (F2). Weak Elk-1-DNA binary
(CArG boxes) are weak but the Est-binding sites are strong, E"ﬂ':@)mplex could be detected for mmCmE (F1B) only when a
might be able to recruit SRF to form the ternary complex. To test tm§1atively high amount of Elk-1 was used in the EMSAI(2f
hypothesis, we designed a series of oligonucleotides with progregssiation product used in Fig@B for mmCmE compared with
ively altered CArG-boxes and a neighboring Ets-binding sit§ 5, ysed in Figur@A for mmCE). Moreover, in the presence of
(nomenclature for the oligonucleotides: ‘C", high-affinity, consensug|atively high amounts of both SRF and Elk-1, a ternary complex
CArG box: CC(AT}GG; 'E', consensus Ets core binding sité: capn form (Fig2B). Thus, although mmCmE does not bind SRF
CCGGAA; 'm’, a deviation from these sequences; se&Bg.In  55ne and binds Elk-1 with relatively low affinity, it can nevertheless
this set of oligonucleotides, CE carries the sequence ofd88RE ¢, 4 ternary complex in the presence of both SRF and Elk-1. This
whereas mCE carries the sequence @if#2SRE. Thus mCE has yeqit provides further support for the notion that there is a

a high-affinity Ets-site and CArG-like sequence with 1 b_p deViaﬂ(’l",‘ooperEltivity between TCF and SRF in formation of a ternary
from the consensus; mmCE has two significant deviation from t'l%mplex 63).

CArG consensus (FigD). We compared the abilities of the mCE,

CE and mmCE oligonucleotides to interact with Elk-1 and SR . :

and to form the ternary complex. As expected, CieJSRE) ﬁlglzDRNS E l;nlatsEﬁ(lﬁs_gléﬁ):p_oDrt’\;[Recgor;mfalg)l(oer; of

binds SRF strongly; while there is no detectable binding to EIk—f, P

CE also supports formation of the ternary complex in the presengesubfamily of proteins, the related-to-SRF (RSRF) proteins,
of SRF and Elk-1 (Fi2A). Similarly, mCE binds Elk-1 and SRF shares considerable sequence homology with SiFHowever,
independently and simultaneously, thus forming the tername binding sites of SRF and RSRF appear to be distinct: SRF does
complex. mmCE, however, is unable to bind SRF but is able twt bind the RSRF consensus site, CTAGNAG, and RSRF does

bind Elk-1. This is expected since mmCE contains a high-affinityot bind the CArG box3¢). The RSRF consensus can be regarded
Est-binding site but a CArG-like site with two significantas a subset of CArG boxes with two nucleotide substitutions, i.e.
deviations from the consensus. Strikingly, mmCE is still able t€T(A/T)6AG versus CC(A/RGG, although the central AT-rich
form the ternary complex in the presence of both Elk-1 and SREEquence is more limited than the CArG consensus. Thus, the RSRF
under the same conditions (F24\). These results strongly suggest site deviates from the CArG consensus in a way that is similar to the
that Elk-1 is able to direct SRF to form a ternary complex. ThusgmCE oligonucleotide (Fi@D), both changing two nucleotides in
formation of the SRF-DNA binary complex may not be arthe GC base pairs. The observation that mmCE can form a ternary
obligatory prerequisite for ternary complex assembly. complex in the presence of a strong Ets-binding site PAY.
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to DNA binding to an Elk-1-like protein (TCF), SRF and the
. - . ternary complex, respectively. CEf@sSRE) forms complexes Il
- and Il but not complex |, as expected. m@p92 SRE) forms
both complexes | and Il, as well as complex Ill, which corresponds
to the ternary complex that can be competed by either cold CArG
or Ets-binding sequences (Fig). The mmCE probe formed
complex | and 1lI, but not complex I, consistent with the mmCE
. . . . . . . . binding to Elk-1 but not SRF (Figsand3). The mmCmE probe
formed a very faint, poorly reproducible ternary complex band in
: some experiments where higher amount of nuclear extract was

1 . : used (data not shown). These results correlated well with the results
obtained within vitro translated SRF and EIk-1 (FR).

Q 5 Q 5 Q 5 Q 5
CE mCE mmCE mmCmE

Ternary complex formation in vitro correlates with serum
responsiveness vivo

_ _ o , To investigate whether formation of ternary compiexvitro
Figure 4. Formation of Elk-1-SRF-DNA complér vitro correlates with — coprelates with serum responsiveriessvo, we cloned the various
serum inducibility in NIH 3T3 cells. NIH 3T3 fibroblasts were transiently . . .
transfected with reporter constructs containing indicated oligos cloned in fronE_tS'CArG_ sites use_d_ In th_e Flglﬂk and B upstream Of_ the herpes
of the tk basal promoter in tk CAT plasmid, together with P@Kreference  Simplex virus thymidine kinase (tk) basal promoter driving the CAT
plasmid. Extracts containing equal amount§-ghlactosidase activity were  reporter gene. The resulting constructs were transiently transfected
analyzed for CAT activity. Q, quiescent cells; S, serum stimulated cells. into NIH 3T3 cells, and their ability to respond transcriptionally

upon serum stimulation was gquantified using CAT assays. Both CE

and mCE, which form the Elk-1-SRF-DNA ternary complex with
suggests that the RSRF site might also support ternary compt highest efficiency among the sites tested in this study, supported
formation. We therefore tested the possibility that the RSRF site,dfrong serum inducibility of the tk CAT reporter gene (#id23).
the vicinity of an Ets-binding site, might support the formation of aBy contrast, mmCE and mmCmE, which form the Elk-1-SRF—
Elk-1-SRF-DNA ternary complex. An atigucleotide correspon- DNA ternary complex with lower efficiency than mCE or CE,
ding to the —274/-249 region dhe nur77 promoter was mediated lower levels of serum responsiveness of the tk CAT
synthesized (Fig.2D) (22,29). This sequence includes a reporter (Fig4). The tk CAT vector alone provides only a low level
consensus RSRF site, previously shown to bind RSRFds  of CAT activity that is unaltered by serum stimulation (data not
well as an Ets-like site GAGGAA (see FRD). Whereas it is  shown) £2,23). We note that mmCE and mmCmE, which do not
expected that this fragment does not bind Elk-1, it is ratheipport the SRF—DNA binary complex in our experiments but form
unexpected that it is able to bind SRF (B). We are not sure of the Elk-1-SRF—DNA ternary complex, mediate a weak serum-in-
the reasons underlying the apparent discrepancy between this resiyled transcriptional response. This result provides additional
and those reported previousB#j, although it is possible that in our evidence that the ternary complex, rather than the SRF-DNA

experiments a much higher concentration of SRF was used thadgmplex alone, is the functional serum-responsive compix (
the previous study. It is also possible that not all 2 bp-mismatch

CAIG boxes are equivalent, thus SRF may bindutie7RSRF site DISCUSSION

(Fig. 2C) but not all mMmCEs under similar conditions ().
Remarkably, thenur77 —274/—249 fragment forms a ternary

complex in the presence of both SRF and Elk-1 @g&g. These

Recent studies on the transcriptional activation of immediate-early
genes have focused on the importance of a ternary complex,

A : comprised of SRF and TCF bound to SRE, as the integral part of the
results show that a sequence previously thought to interact o rum-responsive transcriptional apparaté Gince the import-

with RSRF can bind SRF as well, and suggest the possibility thaf - o the ternary complex was first recognizedas evhere SRF
RSRF sites may interact with neighboring Ets sites to mediate t fds strongly to and TCF is recruited by SRE)(TCF has been
serum response. This is consistent with the finding that ﬂ?@garded as an ‘accessory protein’ subservient to THF (
—278/-174 fragment ohur77 though not the major Serum — pagits presented in this report suggest that given the appropriate
responsive element, has been shown to promote some levels@lE sequence, TCF can also recruit SRF. A simple explanation for
serum-responsive transcripticie). the prominence of SRF infasregulation is the presence of a good
Binding of NIH 3T3 nuclear proteins to Ets-CArG sites CArG box that binds SRF strongly. At the same time, tfus c-
Ets-binding site (CAGGAT) is weak, being quite different from the
Since the above experiments were carried out with SRF and EICCGGAA high-affinity binding consensug). In thepip92 and
proteins synthesizéd vitro, we sought to determine whether similarnur77 promoter, where the Ets-binding sites (CCGGAA) are strong
protein binding patterns occur with NIH 3T3 cell nuclear proteinsand the SRF-binding CArG sites are weak, SRF and Elk-1 can bind
The same probes used in Fig@fe and B were incubated with independently but together they bind synergistically (Fgel2A).
nuclear extracts from NIH 3T3 cells, and the resulting complex&¥hen the CArG box is further weakened by mutation, then Elk1 can
were resolved by non-denaturing PAGE. Specific complexes wespparently recruit SRF to form a ternary complex @igThese
identified by their sensitivity to competition by a consensus CAr@esults indicate that the interaction between SRF and Elk-1 allows
box or an oligonucleotide with two high-affinity Ets sites. CE, mCEhem to bind a broader range of DNA sequences than previously
and mmCE all supported the formation of binary and ternampought.
complexes, consistent with interactions with SRF and an Elk-1-likeIn this report we have shown that Elk-1 can recruit SRF to
protein. As shown in Figut® complexes I, Il and Il correspond Ets-CArG elements that do not form detectable SRF—DNA binary
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