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ABSTRACT

The cdc25C, cyclin A and cdc2 genes are regulated
during the cell cycle through two contiguous repressor
binding sites, the CDE and CHR, located in the region
of transcription initiation and interacting with a factor
termed CDF-1. The target of this repression seems to
be transcriptional activation of these promoters by
transcription factors bound upstream. The majority of
these factors falls into the class of glutamine-rich
activators, suggesting that CDF-1-mediated repression
might be activation domain specific. In the present
study we have used chimeric promoter constructs to
demonstrate that the c¢dc25C UAS, but not the core
promoter, is crucial for repression. In addition, we show
that only specific transcription factors and activation
domains are responsive to CDE-CHR-mediated cell
cycle regulation. These observations clearly indicate
that CDF-1 interferes with activation of transcription by
a specific subset of transactivators. The repressible
activation domains belong to the same class of
glutamine-rich  activators, pointing to  specific
interactons of CDF-1 with components of the
transcription machinery. In agreement with this
conclusion we find that a simple inversion of the
CDE-CHR module completely abrogates cell cycle-
regulated repression.

INTRODUCTION

play a key role in periodic transcription of tt@c25Cgene. The

CDE and CHR are bound by a transcriptional repressog/® G
which is released in S§&3,4). The CDE-CHR interacting factor

has been identified and termed CDF-1 (see accompanying paper by
Liu et al). The CDE apparently does not interfere with basal
transcription from the core promoté&)(Its function is dependent

on a stretch of upstream sequences that is needed for transcriptional
activation (UAS). This led to the hypothesis that CDF-1 may
function by regulating the activity of upstream activators in a cell
cycle-dependent fashioB,5). This conclusion is supported by the
observation that the proteins interacting withatle25CUAS do

not only bind constitutivelyn vivo, but in a heterologous context
also activate transcription in a way that is not significantly
influenced by the cell cyclesy).

The major transactivator of tleelc25CUAS is the transcription
factor CBF/NF-Y, which binds to three sitedsobthe CDE §). A
second important transactivator is Sp1 (or other members of the Sp
family), which interacts with two sites further upstreah). (
Interestingly, the major activation domains in both Spiland
NF-Y (8,9) are glutamine rich and both factors are therefore likely
to contact a similar set of basal transcription factors, TAFs or other
components of the preinitiation complexd). It cannot, however,
be ruled out at present that CDF-1 simply functions by preventing
protein contacts through steric hindrandé)( It is therefore of
obvious importance to consider the question as to whether this
repression mechanism is restricted to a certain class(es) of activation
domains {2) and thus activator-basal complex contat. (In
support of such a hypothesis is the observation that the heterologous
SV40 enhancer, which is bound by multiple transactivating factors
belonging to different classek3), is less efficiently repressed than

We have chosen the humzaic25Cgene () as a model system to the cdc25CUAS (3).

investigate regulation of Si&pecific transcription in mammalian

The relevance of this question is stressed by the fact that the

cells -5). To elucidate the mechanisms involved in cellpromoters of various other cell cycle genes, sucbda® and
cycle-regulated transcription of thedc25C gene the human cyclin A are also regulated through CDE—-CHR elements and
promoter was cloned and a comprehensive structure—functitrarbor multiple Spl and NF-Y sites in the UASsL{). In
analysis was performe@)( Transient expression studies and addition, cell cycle genes repressed by transcription factor E2F
vivo footprinting studies led to the identification of two contiguousalso show a conspicuous preference for Spl and NF-Y ‘si@és 5

regulatory elements, termed thellccycle-cependent lement
(CDE) and the el cycle genesdmology_egion (CHR) 8,4,6).

the E2F sites1(d). It is therefore likely that the molecular basis
for E2F- and CDE-mediated negative regulation is very similar

These elements are located near the transcription initiation sites @mdl that repression of glutamine-rich activators like Spl and
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NF-Y is a common mechanism of cell cycle-regulated”lasmid constructs
transcription.

In the present study we have addressed the putative activator .
specificity of CDF-1-mediated repression in detail. To this end \Zﬁe cdc25Cpromoter-luciferase constructs €290, C75, C33 and
have investigated how an exchange ofdtie25CUAS or the .20 as well the CDE mutants R1 and T7 (referred to as mC.DE n
core promoter with heterologous sequences would affect CDEDIS Study) and the CHR mutant —6/-3 (referred to as mCHR in this
CHR-mediated repression. In addition, we have analyzed tifidy) have been described elsewhes8)( Other constructs were
responsiveness of specific transcription factors and activatigifnerated by cloning of synthetic oligonucleotides with appropriate
domains to CDE—CHR-mediated cell cycle regulation, Th&€rminal overhangs or by PCR strategies as previously described

4,18). The following oligonucleotides were used (as five copies)

results of these analyses are compatible with the conclusion t or cloning of reporter constructs containing multiple transcription
CDF-1 interferes with activation of transcription by a specifi L9 )
b y & sp ctor binding sites: NF-Y (Ea-Y, MHC class Il promot&g),

subset of transactivators, which all belong to the class g - i ) 4
glutamine-rich activators. We also find that a simple inversion of A1 1 T TTCTGATTGGTTAANFK-B; mouse K light chain

the CDE—CHR module completely abrogates cell cycle-regulatétnancerd0), S-AGAGGGGACTTTCCGAGA; NF-L/CTF (high

; ; : inity binding site from adenovirus origin of replicationy),
repression. Taken together, these observations point to spec nity X )
interactions of CDF-1 with components of the transcriptio GGCTACAAGCCAATA, Spl, SATGGGGCGGAGA;

machinery. 7); Gald, CGGAGTACTGTCCTCCG2Q). The oligonucleotides
were sythesized witBarmHI andBglll termini and cloned into the
BanHI-digestedcdc25C promoter construct C23), The Gald
expression vectors are based on pGal(1-28]YGAYA plasmids,
see Tabld) or pCG £2) (all other constructs). Chimeric promoters
were generated by fusing the following enhancers or UASs to the
cdc25Cconstruct C203): human troponin C promoter from —98 to
+23 (24); humarmmyf4/myogenin promoter from —210 to +545];
human tyrosinase enhancer (2.0 to —1.&ktRI-Ncd fragment)
(26); mouse TRR1 promoter from —332 to —237); SVv40
NIH 3T3 cells were cultured in Dulbecco’s modified Eagle’spromoter/enhancer from —281 to —45 (genomic region 273-36)
medium (DMEM) supplemented with 10% fetal calf serum(13); CMV enhancer (292—695 region from pcDNA3; Invitrogen).
(FCS), penicillin and streptomycin. Cells were transfected by thia the case of SV40 and CMV enhancers fusions were also made
DEAE-dextran technique. For synchronization go8lls were  with the cdc25C constructs C33, C51 and C20/+38). (For
maintained in serum-free medium for 2 days after transfectiomversion of the CDE-CHR in thelc25Cpromoter the sequence
Determination of luciferase activities were performed a&-GGGCTGGCGGAAGGTTTGAAT was changed to
published. Mel-ab cellslg) (provided by Prof. I.Hart, London, 5-GTTCAAACCTTGCCT. Other constructs were cloned using
UK) were grown in DMEM plus 10% FCS, 200 nM TPA andPCR-generated promoter fragments as indicated in Results and the
10 mM cholera toxin. C2C12 celld ) (ATCC CRL-1772; figures. All PCR-amplified fragments were verified by DNA
obtained from Prof. H.H.Arnold, Braunschweig, Germany) weraequencing using the dideoxynucleotide chain termination method
grown in DMEM plus 20% FCS. Synchronization of cells inusing Sequenase 2.0 (US Biochemical) or Tth polymerase
Go/G1 was followed by FACS analysis as describEd.( (Pharmacia).

MATERIALS AND METHODS

Cell culture, DNA transfection and luciferase assays

Table 1.Gal4 activation domain vectors used in the experiments in Figure 4

Type of activation domain Name of plasmid Description Origin
Gln-rich GAL4-N/Oct Oct-2 (amino acids 3—-154) T.Wirth
pSCTEV GAL4 Sp1:Q2 Spl (amino acids 340-485) W.Schaffner
GAYA-6 NFY-A (amino acids 1-132 D26-53) R.Mantovani
Ser/Thr/GIn-rich GAYA-5 NFY-A (amino acids 1-233 D26-53) R.Mantovani
GAYA-11 NFY-A (amino acids 1-233) R.Mantovani
Ser/Thr-rich pSCTEVGAL4 ITF2:ST ITF2 (amino acids 2-452) W. Schaffner
Acidic pCG GAL4 VP16 VP16 ( amino acids 413-490) R.Tjian
pGAL4 Myc c-Myc (amino acids 1-262) M.Eilers
Pro-rich pCG GAL4 CTF CTF (amino acids 399-499) W.Herr
Empty vector pCG (1-94) - W. Herr

pGal4 (1-147) - R. Mantovani
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Figure 1. The SV40 enhancer, but not the CMV enhancer, is partially repressgdéfisahrough the CDE-CHR in the context of¢de25Ccore promoter. SV40

TATA and CMV TATA, natural SV40 and CMV regulatory sequences containing the viral early promoter/enhancer region, TATAtlams@igtion start site.
Chimeric SV40 and CMV fusion constructs consist of the SV40 early promoter/enhancer region or the CMV enhancer linkedsieda2§TCpromoter fragment
harboring either a wild-type (wt) or mutated (R1) CDE and the core promotecde28Csequence from —20 to +121; C20/+30, —20 to +30; C33, -33 to +121; C51,
—51 to +121. The C75 (wild-type) and C75R1 (mutated GEIER5Cpromoter constructs (—75 to +121) were included for comparison. All constructs were tested
in quiescent (@ and growing cells. Data are represented as the ratio of luciferase activity in growing yemiis Gormalized to 1 for SV40 TATA (C75 and SV40
fusion constructs) or CMV TATA (chimeric CMV constructs). Values are given as aver&jesalculated from two to four independent sets of data.

RESULTS in Gg by serum deprivation. Analogous constructs were generated
, with the humamyf4/myogenin 25) and troponin CZ4) UASs

The cdc25CCDE-CHR module fails to repress and tested in the myoblast cell line C2C18)(These cells were

heterologous enhancers arrested in @by exposure to 5% horse serum instead of 20% FCS

We first addressed the question whether CDE-CHR-mediatéd®)- With none of the constructs were we able to observe any cell

repression might be dependent on a specific UAS. For this purpd§é3|e regulation. These obse_rvatl_ons clearly suggest '_[hat efﬁc_@nt

the cdc25C UAS was exchanged with various heterologousell cycle-regulated repression is observed only with specific

enhancer sequences. Since it could not be excluded that the spa@fiyating sequences, such asatie25CUAS.

between activators and repressor might be important, the

heterologous sequences were fused with vadda®5Cpromoter

fragments starting at —51, —33 or —20 and extending to +121. In

addition, we used a fragment lacking most of the downstreafhe CDE-CHR module represses thedc25CUAS in the

sequence, extending to +30. All fragments were used in th@ntext of heterologous core promoters

wild-type form and, as controls, with mutated CDEs. @the25C

promoter fragments were fused with both the cytomegalovirus i ,

(CMV) enhancer and the simian virus 40 (SV40) early enhancéf¥e next asked the question whether the core promoter might be

promoter regions and tested for cell cycle-regulated repressionGh Similar importance as the UAS. We use the term ‘core

transient luciferase assays in NIH 3T3 cells. As shown in Figure Promoter” for the transcription initiation region of théc25C

the chimeric CMV constructs did not show any significant cell cycl@ene. This region, which shows basal promoter activity, extends

regulation, in contrast to the chimeric SV40 constructs. In the latt#iom approximately +1 to +50 (see accompanying paper by

case cell cycle regulation was, however, only partially restored atdrneret al). To address this issue we fusextia25Cpromoter

[B-fold below the induction value seen with the natada25C ~ fragment (=290 to +2) harboring the UAS and the CDE-CHR, but

promoter construct C290. lacking the core promoter, to the core promoters of the human
We also used the enhancer sequences from a number of ottegminal deoxynucleotidyl transferase (TdI$)and SV40 early

promoters in similar experiments (data not shown). The humagenes {3). As can be seen in Figu2ethese chimeric promoters

tyrosinase enhancer2q) and tyrosinase-related protein-1 showed a similar cell cycle regulation as the wild-type promoter

(TRR1) UAS (27) was fused to adc25Cpromoter fragment C290, indicating that CDE—CHR-mediated repression is not core

(—20 to +121). The resulting chimeric constructs were tested promoter specific. In the subsequent experiments we therefore

the melanocytic cell line Mel-ali§), which can be synchronized directed our attention to the observed activator specificity.
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Fold induction

(Growing/Go)
UAS core promoter
c290 11.5 + 1.8
-
C290+2 7 111 + 0.6
CDE/CHR
C290+2TdT H——, 145 + 0.2
TdT(-41/+56) .=D= 1.3 + 0.4
Inr
C2980+28V40 e 9.8 + 0.2
SV40(-56/+45) ] 2.2 + 0.1
TATA
SV40-TATA 1.2 + 0.3

Figure 2. Repression through the CDE-CHR is functional with heterologous core promotetdcZEEUAS plus the CDE—-CHR module (-121 to +2) were fused
to the core promoters of the human terminal deoxynucleotidyl transferasd déner the SV40 early region. Thelc25C TdT and SV40 fragments alone, as well
as the C29@dc25Cpromoter construct (—290 to +121) and the SV40 TATA construct (see legend to Fig. 1) were included for comparison. BidcR3gars,
sequences; white baBdT sequences; hatched bars, SV40 sequences. Data are represented as the ratio of luciferase activity in growjrghersaki€s are
given as averagesSD calculated from three independent experiments.

The cdc25CCDE-CHR module represses activation by
specific transcription factors TF-binding sites CDE/CHR
20 cdc25C 121

The observations described above suggest that CDE-CHR} I —T T 1
mediated repression might work only in the context of specific
activators. To address this question more directly we sought tq =~ RLUs Growing / RLUs Go Celi cycle
investigate the function of the CDE~CHR module in the context of| B"%"9S® .0 CDE/ICHR  Mutated CDE/CHR  "egulation
promoters which interact with only one transcription factor (family).

To this end we constructed promoters where five binding sites fof  ney 5.8+ 1.1 19406 3.0
NF-Y, NFk-B, NF-I or Sp1 fused to thedlc25Cminimal promoter
construct C20 (20 to +121). To be able to distinguish cell cycle] NFx-B 15+0.4 14205 1.1

effects exerted through the CDE-CHR from those due to othet
regulatory effects on the transactivators all constructs were generatdd
with both a wild-type CDE and a mutated CDE. The constructs were
tested in both growing and quiescent NIH 3T3 cells @yighll four
mutant constructs lacked any significant cell cycle regulation, as did

the wild-type ones containing MFB or NF-I binding sites. In

contrast, CDE-CHR-dependent cell cycle-regulated transcriptioﬁ_igure 3. Cell cycle regulation of luciferase constructs containing pentameric

: Vo B : inding sites for different transcription factors linked to the CDE-CHR and the
was seen with NF-Y sites (3 fOId) and, to a lesser extent, with Sp?UCZSCcore promoter (—20 to + 121), as indicated at the top of the figure. The

sites (2.2-fold). Since NF-Y and Sp1 are the transactivators of thgperiment was performed with reporter constructs containing either a wild-type

cdc25Cpromoter §), these observations may explain the observear a mutated CDE to be able to determine the contribution of the CDE-CHR

requirement for a specific UAS. The fact that Sp1 is subject to cefhodule to cell cycle regulation, expressed as the ratio of the values obtained with

cycle regulation via the CDE-CHR module may also offer anVild-type to mutant CDE reporter constructs (right-most column). Data are

: - . represented as the ratio of luciferase activity in growing vergeels. Values

explanation for the observation that the SV40 promoter, Which e given as averagesSD calculated from two sets of data.

contains six Sp1 site$), was the only one which could replace the

cdc25C UAS without totally obliterating cell cycle-regulated

repression (Figl). containing five copies of a Gal4 binding site linked toate25C
minimal promoter C20 (—20 to +121). Luciferase activities were

The cdc25CCDE-CHR represses specific transactivation determined in both growing and quiescent NIH 3T3 cells with both

domains wild-type and mutant CDE reporter plasmids (Bjg CDE-CHR-
mediated repression was seen with three different activation

In order to analyze the activator specificity of CDE—CHR-mediatedomains, the glutamine-rich domains of Oct-2 (Oct-Rg),(Spl

repression in more detail we investigated the repressibility ¢5pl-Q1) {) and different fragments of the Glu/Ser/Thr-rich

specific transactivation domains fused to a fragment of Galdctivation domain of NF-Y (GAYA-5, -6 and -113,29). The

harboring the DNA binding domain2%,23). Plasmid vectors strongest cell cycle regulation was generally seen with GAYA-11,

expressing fusion proteins of Gal4 and various activation domaimghich contains the complete transactivation domain of the A subunit

(see Tablel) were co-transfected with a luciferase reporterof human NF-Y (corresponding to thewbsinit of rat CBF)¥,30).

NF-I 1.9%0.3 1.7+£01 1.1

Spi 2.8+0.2 1.3+0.4 2.2
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NF-Y (GAYA-6) 28+02 + 2 104 A
[
3
Ser-, NF-Y (GAYA-5) 35+05 + - ?
Thr-,
Gin-rich NF-Y (GAYA-11) 55+1.5 ++
Ser-,
Thr-rich ITF2 1403 - 103 . .
P =~ o © (<] °
© = & @ & BE g
¢ <« T E 4 =2 o0 £
VP-16 1.1x0.3 - £ < e Q
Acidic z % z =
S & s
Myc 1.5+0.3 - > g S
U > >
Pro- z %
rich CTF 1.3+£0.2 -
- none (vector control) 15+03 - Figure 5. Activation potential of transactivation domains fused to a Gal4

fragment harboring the DNA binding domain after co-transfection with a
luciferase construct containing five copies of a Gal4 binding site linked to the
CDE-CHR and thedc25Ccore promoter (—20 to + 121, as in Fig. 4) in
Figure 4. Cell cycle regulation of a luciferase construct containing five copies growing cells. RLU values are given as average® calculated from the same

of a Gal4 binding site linked to the CDE-CHR anddtie25Ccore promoter experiments as in Figure 4. The vector control contained only the Gal4 domain
(-20 to + 121), as indicated at the top of the figure, after co-transfection of Without any fused heterologous sequencues.

various transactivation domains fused to a Gal4 fragment harboring the DNA

binding domain (22,23). The experiment was performed in both growing and

G cells with reporter constructs containing either a wild-type or a mutated CDE

to be able to determine the contribution of the CDE-CHR module to cell cycle  In general, no correlation was seen between the level of

regulation (indicated as ++, +,0r ). Data are represented as the ratio of the gctivated transcription and the degree of cell cycle regulation
values obtained with wild-type to mutant CDE reporter constructs (as in the(Fig 5) Thus. for example the activation domain showing the
right-most column in Fig. 3). Values are given as avera@calculated from e ’ ’

five to nine independent experiments. The vector control contained only thd?€St regulation, GAYA-11, gave rise to expression values that
Gal4 domain without any fused heterologous sequences. were either lower, similar or higher than those seen with the
unregulated domains from VP-16, Myc or CTF. Our findings
therefore suggest that repressibility (or the lack of it) is an intrinsic
In contrast, no significant cell cycle-regulated repression wayoperty of the activation domains.
detected with other transactivation domains, i.e. ITED), (
VP-16 €2,32), Myc (33) and CTF £2,34). These domains are renression by thecdc25CCDE-CHR module is orientation
not glutamine rich and belong to the classes of Ser/Thr-ficependent
acidic or Pro-rich transcription factor$?). These data are in
agreement with the results obtained in Figdiemd confirm the The specificity of repression reported above suggests that the
conclusion that CDE—CHR-mediated repression is specific for@DE—-CHR interacting factor establishes specific contacts with
subset of transactivation domains. Significantly, the beghe transcription machinery. If so, the orientation of the CDE-
repression was seen with NF-Y, which is the major transactivat@HR module should be important for its function. We therefore
of thecdc25Cgene and also plays important roles in many othesinalyzed a series of constructs where the CDE—CHR module was
cell cycle genes. The fact that Spl (RYy.as well as the Q1 inverted (Fig.6). This inversion led to a complete abrogation of
domain of Spl (Figd) are less efficiently repressed than NF-Y cell cycle-regulated repression (without affecting transcription
may, however, not reflect the physiological situation and coultkvels in growing cells; not shown). The CDE-CHR inversion
rather be due to the artificial experimental set-up, but this questidimus had a similar effect as mutation of the CDE, its inversion (and
is of minor importance with respect to the conclusions drawthus disruption of the repressor module) or mutation of both the
from this study. The same applies to the fact that even tleDE and CHR (Fig6). We have not formally shown that the
NF-Y-based constructs gave rise to a considerably lower céfiverted CDE—CHR still binds CDF-1, but previously published
cycle regulation than the natumc25CUAS. In addition, both  data strongly suggest that the nucleotides flanking the inverted
Spl () and NF-Y Q) contain multiple activation domains, some sequence do not play a role in CDF-1 functién The finding
of undefined nature, which may all contribute to cell cyclehat inversion of the CDE—CHR abrogates cell cycle regulation
regulation in the context of the natucalc25Cpromoter. is therefore in line with the conclusion that CDE—CHR-mediated
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interest. It has been shown that repression byDilesophila

2% c75 protein Kriippel, which depends on interaction with TFIIE, is core
! > 5 > promoter dependent and only functions in the context of a TATA
| 2 5 4 d E o % box (40). The observation that repression by CDF-1 or associated
é, 7] w Zz .z Z 0o factors is core promoter independent, at least for the two
43% ’ l heterologous core promoters tested, does not rule out the

possibility of a direct interaction with the basal machinery, since
invCDE/CHR: many of the components contained in the basal complexes formed
11 ' on different core promoters are identical.

— Several distinct mechanisms of transcriptional repression have

been proposedl{), including a direct inhibition of general
12 transcription factors/(1—43), a local change of chromatin structure

near the promoterd¢—46) and inhibition of DNA binding by
competition or steric hindrance4{48). The mechanisms
underlying transcriptional repression during the cell cycle are
poorly understood. Repression of E2F-regulated genes depends or
the recruitment of pRb, p107 and p130 to a promat@s0).
These pocket proteins are able to repress transcription, at least in
part, through a position-independent mechanism which apparently
involves establishment of interactions with specific transcriptional
activators and basal factoré9(51). It is possible that CDF-1
employs a similar mechanism of repression, even though it does
not seem to be associated with pocket proteins of the pRb family
(see accompanying paper by etial). In agreement with the latter
observation, experiments performed with knockout mice that carry
disrupted pRb, p107 and/or p130 genes show no change in
expression ofdc25C(52).

The identification of CDF-1 together with the observations
made in this study provide an important basis to investigate these
guestions in the future. Once CDF-1 is available in purified and/or
Figure 6. Repression through the CDE-CHR is dependent on its orientationf€COMbinant form its interactions with the activation domains
C290- and C75-basedc25Cpromoter constructs were assayed in both growing identified in the present study and with their interaction partners
and @ cells and the ratio of both values was determined (induction’). of the basal transcription machinery can be analyzed in detail in

invCDE/CHR, constructs containing inverted CDE—CHR modules as indicated at ; ; i
the top of the figure; invCDE, inversion of the CDE only; mCDE and Order to elucidate the molecular mechanisms underlymg

mCDE/CHR, mutations of the CDE or both the CDE and CHR (controls). The CDF-1-mediated repression of transcription during the early
SV40 TATA construct (see legend to Fig. 1) was included for comparison. Valuephases of the cell cycle.
are given as averagesSD calculated from three independent experiments.

Induction (Growing/CGo)

C75

SV40-TATA
C75-mCDE
C75-mCDE/CHR
C75-invCDE
C754nVCDE/CHR
C290-mCDE
C290-mCHR -}
C290-invCDE/CHR NN
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