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E2F6 is the most recently identified member of the
E2F family. In this study, the murine E2F6 gene was
cloned and found to consist of eight exons. Analysis of
its 5’ flanking region revealed two transcription start
sites. The proximal promoter region contained no
TATA or CAAT box. We also identified a novel E2F6
mMRNA containing the alternative exon 2. The E2F6
mMRNAs are highly expressed during mouse embryo-
genesis and are present in all adult tissues examined.
Moreover, E2F6 shows a unique expression pattern in
synchronized mouse embryonic fibroblasts. E2F6 ex-
pression rapidly increases during the GO-G1 transi-
tion, reaching its higher level in mid-G1, and remains
relatively constant thereafter. These findings suggest
that E2F6 may contribute to the regulation of events
throughout the cell cycle. Isolation of the murine E2F6
gene is a step toward generation of genetically modi-
fied mouse models that will help to understand the
functions of E2F6. © 2001 Academic Press
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Precise control of cellular proliferation is essential
for normal development and for prevention of prolifer-
ative diseases such as cancer. Transition through the
cell cycle requires an interplay of transcription factors
that coordinately induce or repress gene expression in
a temporally defined manner. Over the past decade,
the E2F transcription factor has emerged as a central
component of this regulation pathway. The E2F tran-
scription factor was first identified as the factor that
bound specifically to an element in the adenovirus E2
promoter (1). E2F is an heterodimeric factor, contain-
ing a subunit encoded by the E2F family of genes and
a subunit encoded by the DP family of genes. To date,
six E2F (E2F1-6) genes and two DP (DP1-2) genes
have been identified in mammalian cells and the E2F
activity found in cell extracts is the collective activity of
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many different forms of E2F complexes (2, 3). Previous
studies have detailed the distinct expression pattern of
the E2F1-5 family genes (1). In quiescent cells, E2F1-2
expression is tightly associated with cell proliferation
as a function of negative autoregulatory control of
these genes. That is, the presence of E2F binding ele-
ments within their promoters allows repression of
transcription in quiescent cells. Particularly striking is
the distinct pattern of E2F4-5 expression. During cell
cycle progression, the expression of these genes is less
affected but the regulation seems to be related to the
cellular context. In REF-52 and NIH-3T3 cells, mMRNA
levels of these genes remain relatively constant
throughout the cell cycle (1, 4). In contrast, E2F4-5
expression is rapidly enhanced in murine embryonic
fibroblasts (MEF) or human Kkeratinocytes during
GO0/G1 transition and decreases thereafter (5). The
E2F3 expression is more complex and, in fact, appears
to combine the patterns for the other E2F species (4, 6).
The E2F3a mRNA accumulates with kinetics similar to
those of E2F1-2, whereas E2F3b mRNA level remains
constant throughout the cell cycle. To date, no data are
available on E2F6 expression during cellular prolifer-
ation. In addition to the transcriptional regulation of
some E2F species, the E2F transcription factor activity
is also subjected to several levels of control including
cellular localization, phosphorylation, targeted degra-
dation and binding by pRb family members (pRb, p107,
p130) (2, 3, 7). Interaction of pRb proteins with the E2F
transactivation domain, not only blocks E2F transcrip-
tional activity, but also forms a complex that actively
represses transcription of cell cycle genes. However, it
has not been determined whether the most important
role of pRb is the blocking of transcriptional activation
by E2F or the formation of the active pRb—E2F repres-
sor complex. E2F can be divided into three subgroups,
on the basis of both sequence homology and functional
properties. The first subclass contains E2F1-3, which
exhibit high transcriptional activity and can drive qui-
escent cells to S phase (2, 3). The second subclass
contains E2F4-5. These factors are poor transcrip-
tional activators and they are unable to induce quies-
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cent cells to enter S phase. E2F6 represents the third
subclass (8—11). It lacks not only the sequences re-
quired for transcriptional activity, but also the pocket
protein binding domain. In other regions, E2F6 shares
significant homology with other E2F proteins and in
association with DP is able to bind to consensus E2F
sites (TTTCGCGC) but presents a preference for the
TTTCCCGC EZ2F recognition site (11). Little informa-
tion is available as to the physiological role of E2F6.
However, it inhibits activation by the other E2F mem-
bers through a mechanism that involves promoter com-
petition, it increases the percentage of certain cells in S
phase and, when over-expressed, inhibits S phase en-
try of quiescent cells. The possibility that E2F6 may
also be an active repressor is controversial and would
be cell- and/or promoter-specific. Recently, Trimarchi
et al. reported that E2F6 was at least a component of
the mammalian Bmil-containing polycomb complex in
vivo (12). These results suggest that E2F6's ability to
repress the transcription of E2F-responsive genes de-
pends on its capacity to recruit this known transcrip-
tional repressor complex. These observations also raise
the possibility that E2F6 will play a key role, beyond
E2F regulation, in mediating the changes in transcrip-
tional regulation that are essential for normal devel-
opmental patterning. They are in agreement with the
high expression level of E2F6 observed during embry-
ogenesis (13). Nevertheless, the functional implication
of E2F6 in repressive activity of polycomb complexes
are still missing.

There is currently no report concerning E2F6 regu-
lation, interaction with the cell cycle machinery and its
precise physiological functions. To better understand
these points, we initiated a study on the mouse E2F6
homologue (also termed EMA) as a prerequisite for
homologous recombination approach. In this report, we
describe the cloning and sequencing of the full-length
E2F6 cDNA, its gene structure, the molecular analysis
of its promoter region, and its expression during the
cell cycle progression after serum starvation.

MATERIALS AND METHODS

Library screening and sequence analysis. A mouse ovary Agtll
cDNA expression library was screened with a [a-*P]dCTP (Amer-
sham) labeled probe corresponding to the 5’ 130-bp E2F6 cDNA
published. This fragment was generated by PCR using 1F6 and 2F6
oligonucleotides using the AmpliTaq XL kit (Perkin—Elmer). After
three purification steps, phages were isolated as described (14) and
the inserts were subcloned into the pBluescript Il SK+ vector (Strata-
gene). Using these clones, the full-length and the splice E2F6 coding
sequences were amplified using 3F6 and 4F6 primers and subcloned
into PCRII-Topo vector (Invitrogen) to generated respectively TA—
E2F6-b and TA-E2F6-a constructs.

A mouse genomic ADash DNA library, whose DNA was obtained
from Male 129 cells, was screened with the EcoRI fragment of TA—
E2F6-a. Four positive clones (A/B/C/D) were purified and subcloned
into pZero vector (Invitrogen). The complete sequences of exons and
partial sequences of introns were determined on both strands by the
automatic sequencing PCR procedure with fluorescent primer cou-
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pled (Prism TM ready reaction, Dye Deoxy terminator kit from
Applied Biosystems). For PCRs the following primers were used:
1F6, 5'-GAACCTGAGGCCTCCGCGGTCA-3'; 2F6, 5'-CTCCAC-
CCACGGAGCACT-3’; 3F6, 5'-GATCGGATCCGTATGAGTCAGCA-
GCGGACGGCGCGG-3'; 4F6, 5'-ACTCTGAGTTCTTCACTCACTG-
AGG-3'; 5F6, 5'-TATGTAACCTATCAGGATATTCACGG-3'; 6F6,
5'-TATTCCATCATTGGTTTTACCATTT-3'; 7F6, 5'-TTTCTCATGG-
ACACATACTG-3’; 8F6, 5-AGTAGGTTTTCCACGTTGATGG-3;
9F6, 5'-CCGCAAGCTTGCTGTCCCGCGCCCCTC-3'; 10F6, 5'-GG-
CAGATCTGACGAGATCCAT-3'; 11F6, 5'-CGGGGTACCCCTTAAG-
ATGGTATC-3'; and 12F6, 5-TTCCCGGCCCCTTCAGCGCCGCC-
CGCTCCACCCA-3'.

Constructs. A 2200-bp fragment of mouse E2F6 DNA just up-
stream the ATG (position —1944 to +256) was amplified by PCR
using 11F6 and 9F6 oligonucleotides that contained Kpnl and
Hindl11 restriction sites respectively for convenient subcloning. This
fragment was first cloned into PCRII-Topo to generated TA-
E2F6promo and then subcloned into the luciferase reporter plasmid
pGL3-basic (Promega) by BstEII digestion blunting with Klenow to
generated (—1944/+55)-pGL3. The fidelity of the inserts was verified
by sequence analysis. Additional deletion mutants were created by
digesting the initial construct with Mscl to generated (—1360/+55)-
pGL3, with Hindlll to generated (—333/+55)-pGL3 and with Smal
to generated (—75/+55)-pGL3.

Cell lines and transfections. RK13 (rabbit kidney) and HepG2
(human hepatocarcinoma) cells were grown in 5% CO, at 37°C in
DMEM (Dulbecco's modified Eagle medium) plus 10% heat-
inactivated fetal calf serum. MEF (mouse embryonic fibroblast) were
grown in the same medium supplemented with 1% nonessential
amino acids (Gibco).

Transfections were performed in 12 well plates using 2 ul of Ex gen
500 (Euromedex) with 200 ng reporter vector (pGL3-basic, 5'-E2F6-
pGL3). Cells were harvested 24 h after transfection and lysed in the
Promega reporter lysis buffer. Transfection efficiencies were normal-
ized to an internal pB-galactosidase control. Luciferase and
B-galactosidase activities are measured on a Berthold luminometer.
Experiments were repeated at least three times for reproducibility.

5'-RACE and RNase protection. The mouse heart Cap-site cDNA
commercial kit was used to conduct 5'-RACE experiments. Amplifi-
cations were performed according to the manufacturer’s instructions
(Eurogentec). The primary PCR were realized with 1RC primer and
the E2F6 specific antisense primers (9F6 or 7F6) followed by a
secondary PCR using 2RC and the antisense specific E2F6 primers
(2F6 or 8F6). PCR products were analyzed, purified by agarose gel
electrophoresis, cloned into PCRII-Topo vector and sequenced.

The Bglll, BamHI, and Afllll fragments of TA-E2F6promo clone
were transcribed in vitro using T7 RNA polymerase in the presence
of [a-*P]CTP to generated respectively 388 bp 5'-Bglll, 446 bp 5'-
BamHI and 729 bp 5’-Afll11 probes. RNase protection assays on total
embryo RNA or MEF poly(A)* RNA were performed using the RPA
111 kit (Ambion) according to the manufacturer’'s conditions. The
sequence ladder was generated with the 12F6 primer using B clone
as a template.

RNA isolation, Northern blots, and RT-PCR experiments. Total
RNAs from mouse tissues and cultured cells were extracted using
RNA PLUS reagent (Quantum). RNAs were then fractionated by
electrophoresis on denaturing 2.2 M formaldehyde-1% agarose gels
and transferred to Hybond-N membranes (Amersham) by blotting in
10X SSC. Filters were hybridized to **P-labeled probes at 42°C and
washed in stringent conditions. The E2F6 cDNA probe was the
EcoRI fragment of TA-E2F6-a construct containing the full ORF.
The other probes were generated by PCR, subcloned into PCRII-Topo
vector and the identity of the PCR fragments was verified by se-
quencing.

The primers pairs employed in PCR are as follows: Cyclin A
(CyA-5"-GGCGGATCCGCGATGCCGGGCACCTCG and
CyA-3’-GGCTCTAGACACACTTAGTGTCTCTGGTGG); Cyclin E
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(CyE-5'-GGCGGATCCGCCATGCCAAGGGAGAGAGAC and
CyE-3'-CGCCGCTAGCGCAGCTTCTGGAGCACTC); E2F1 (E2F1-5'-C-
TATGGAAGAGGACCAACTGTCAC and E2F1-3'-ACACACACTGTA-
CAACATCCTTCC); and E2F4 (E2F4-5'-TCCTTTGAGCCC-
ATCAAAGCAGAC and E2F4-3'-CAGTCCCTAGTTGGCTCCAGGCC).
The cDNA probe of acidic ribosomal phosphoprotein PO (ARPP-PO0)
was used as control and generated using ARPP-P0-5'-GGC-
ATCACCACGAAAATCTCCA and ARPP-P0-3'-GGT-
TGCTTTGGCCGGGATTAGTC primers.

For RT experiments, 2 ug of total RNA was reverse-transcribed 50
min at 42°C with Superscript Il (Gibco-BRL) by using an oligo(dT)
primer. One microliter of the reaction mix RT was used as template
for PCR amplification in a 100-ul total volume with Taq Gold Star
(Eurogentec). PCR conditions were 94°C for 2 min; 30 cycles of 94°C
for 40 s, 60°C for 40 s, 72°C for 1 min; and 72°C for 10 min. The
combination of primers that were used to generate the PCR products
are the couples 3F6 and 10F6.

MEF poly(A)" RNA were purified using oligo(dT)-cellulose col-
umns (Pharmacia).

RESULTS

Probe Synthesis and Identification of an Alternative
Splice of Mouse E2F6

RT-PCR using a set of primers encompassing the
open reading frame of murine E2F6 generated two
products (846 and 912 bp) from adult mouse heart total
RNA (data not shown). These products were cloned and
fully sequenced. Nucleotide sequencing revealed that
the 846 bp product corresponded to the published E2F6
cDNA (AF032131) (8), while the second product dis-
played a 66 bp insertion, which could correspond to an
alternative exon of E2F6. This alternative form of
E2F6 is called E2F6-b.

Isolation and Characterization of the Mouse
E2F6 Gene

To confirm that the E2F6-b specific sequence was
derived from an exon contained within the E2F6 gene,
a A-Dash mouse genomic library was screened with the
full-length E2F6 c-DNA probe (TA-E2F6-a, EcoRI di-
gested). Four partially overlapping clones were iso-
lated and subcloned into the pZero vector (Invitrogen).
The lacking intron 5 was obtained by PCR using 5F6
and 6F6 primers on mouse genomic DNA (Fig. 1A). The
E2F6 genomic structure was further characterized by
restriction mapping and nucleotide sequence analysis
(Figs. 1 and 2). This analysis revealed that the E2F6-b
specific 66-bp fragment was present as an exon within
the genomic sequence of E2F6 and corresponded to
exon 2 (Fig. 1B).

The E2F6 gene assembled into a 18-kb organization
that contained 7 introns and 8 exons. Intron lengths
were determined by PCR with the intron-spanning spe-
cific primers using mouse genomic DNA and phage
clones (Fig. 1C). The exon/intron boundaries sequences
are shown in Table 1. Of the 7 splice donor/acceptor
sites, 6 contained consensus GT/AG dinucleotides; only
the splice donor site in exon 5, which had the TA
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sequence and the splice acceptor site in exon 6 which
had the CA sequence, varied from the consensus pat-
tern (15). The open reading frame for the E2F6 protein
begins in the first exon and encodes a protein of 272
amino acids with a molecular mass of approximately
30.8 kDa. Exon 8 contained the termination codon fol-
lowed by 1387 bp of 3'-untranslated sequence contain-
ing a polyadenylation signal AAATAA situated 40 nu-
cleotides upstream from the poly(A) tail (Fig. 2). The
alternatively spliced isoform of E2F6 contained an ad-
ditional exon between exon 1 and 3; this additional
exon introduces an in-frame termination codon. In ad-
dition, the last three nucleotides of exon 2 introduced a
new initiation codon on the same frame (Fig. 1B). A
translational initiation with this putative second ATG,
which does not perfectly match with a consensus Kozak
sequence (16), could result in a N-terminal truncated
E2F6 protein of 237 residues with all known func-
tional subdomains of the molecule. The amino acid
sequence of ANt-E2F6 predicts a protein of approxi-
mately 26.8 kDa.

Transcriptional Start Site Determination

To identify the transcription start site, we used sev-
eral complementary strategies, including 5'-RACE,
RNase protection assays and cDNA cloning.

A screening was carried out on a mouse ovary cDNA
library using the 130-bp 5'-E2F6 probe (see Materials
and Methods). Among the cDNAs isolated and size-
characterized, the longest clone in 5" was subcloned
and sequenced. The start site of this clone was reported
as a solid star on Fig. 4. To obtain further 5’ sequences,
5’-RACE experiments were performed on a mouse
heart Cap site cDNA (Eurogentec). In our first experi-
ments, we used as the primary E2F6 antisense primer
the 7F6, which is located 230 bp downstream the ini-
tiation codon, followed by a secondary E2F6 nesting
primer 8F6 located 110 bp downstream the ATG. In a
second experiment the primary E2F6 antisense primer
was 9F6 located on the ATG, followed by 2F6 located
110 bp upstream from the ATG. The RACE products
obtained using this commercial kit were all shorter
than our isolated cDNA and corresponded roughly to
the previously described E2F6 cDNA (AF032131). We
failed to obtain longer 5’-sequences. Moreover compar-
ison of the 5’ flanking region of E2F6 with sequences
deposited in EST database revealed identity with the
mouse GenBank EST BE333479. This unpublished
EST is 458 bp length and ends 7 bp upstream our
isolated cDNA. The start site of this clone was reported
as an open star on Fig. 4.

To determine whether this region represented the
transcriptional initiation site or a strong premature
retrotranscription arrest during the synthesis of the
cDNAs, we performed RNase protection assays. To this
aim a 2200-bp genomic 5’ fragment upstream from the
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FIG. 1. Genomic structure of the mouse E2F6 gene. (A) Schematic diagram of the four isolated genomic phage clones encompassing the
mouse E2F6 gene and the PCR product encompassing the fifth intron (15). (B) The mouse E2F6 genomic structure. Exons 1 to 8 are
represented by solid boxes, and the introns in between are represented by lines. The full size and the splice variant E2F6 cDNAs are
represented at the top and at the bottom, respectively. Arrowheads indicate positions of the initiation and termination codons. The potential
protein products represented with amino acids numbers are indicated above. The size of exon 1 is numbered from the transcription start site
(see below). (C) Physical map of the gene. The open reading frame of E2F6 is indicated by black shading and the untranslated region by gray

shading. The lengths of exons and introns are indicated.

ATG was subcloned into the PCRII-Topo vector. The
Bglll fragment of this clone containing 290 bp of E2F6
5’ sequence upstream from the ATG, was in vitro tran-
scribed using T7 RNA polymerase in the presence of
[a-*P]CTP to generate the 5'-Bglll probe. Hybridiza-
tion of this riboprobe to total mouse embryonic RNA
followed ribonucleases A and T1 digestion, allowed us
to detect two protected fragments corresponding to 240
and 255 nucleotides (Fig. 3, lane 7). By contrast, these
protected fragments were not observed when yeast
RNAs were submitted to the same experimental con-
ditions (lane 6). We noticed the presence of a larger
fragment (~370 bp) in both the sample and the control
lane (lane 6 and 7), probably due to nondigested probe.
To confirm our result a second experiment was per-
formed on poly(A) " RNA extracted from mouse embry-
onic fibroblasts (MEF). Two longest 5'-E2F6 riboprobes
were generated using BamHI and Afllll digestions of
our plasmid clone. After hybridization of these ribo-
probes to cellular RNA, digestion with 1/80 and 1/50
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dilution of the mixed ribonucleases A and T1 were used
to avoid undigested fragments. The size of the pro-
tected fragments corresponded well with our first ex-
periment. These sizes were reported on the sequence as
solid arrows (Fig. 4).

The size of the longest protected fragment places the
transcription start site 34 bp upstream of our longest
cDNA clone and 27 bp upstream the GenBank EST
BE333479. We have thus fixed the start sites of E2F6
gene 256 and 241 bp upstream from the ATG.

Promoter Analysis

As shown in Fig. 4, the sequence surrounding the
putative transcription start sites does not contain a
TATA nor a CAAT box. This region is relatively GC
rich (70%) and contains several potential transcription
factors binding sites (TESS program, TRANSFAC da-
tabase). Among them, we have indicated sites impli-
cated in cell cycle regulation, such as Myc and E2F



Vol. 288, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

GGTGCACTGCGCATGCGGGAAAATGGCCGGCCAGGGAACCTGAGCGCCTCC +51
GCGGTCACCCTGGTCCCCTCCGAGCCTACCCTGACCCCCTCTGCGCCTGGGCTCATCGCTGCGCGAGTGGGA +123
CCGCGGCGCTTCGTGGEETGGAGCCGCAGTGCTCCGTEGETGGAGCGGGCGGCGCTGARGGGGCCGGGAACGT +195 1

M 5 Q Exon 1
GCGCGCCGAGCCTCCGGGGAAGGCGGGAGGGCGCGTGEEGCECGAGGGGCCGCGGGACAGC ATG AGT CAG +264 [:::::::::
Q R T A R R L P ] L L v D P B Q E T
CAG CGG ACG GCG CGG AGA CTG CCC AGC CTG CTG GTG GAC CCG GCG CAG GAA ACG +318
v R R R c R D P L N v E N L L
GTG CGC CGG CGT TGC CGA GAC CCC ATC AAC GTG GAA AAC CTA CTG gtgagcgggga +363
cccogggecacgggaggtcaagiget ====--======- Intron l---==—-==—=-=————————————
L L A R C G G P )
aaaagtcactttttatttttctctoccacctttaaag CTT CTA GCC AGG TGT GGT GGC CCA GTT +390 Exon 2
L * C Q 5 L G G R D R R M
CTG TAA TGC CAG TCC TTG GGA GGC AGA GAC AGA AGG ATG gtgagtgaaaggcctaact +429
Aggctatatagcaagte ---—=~———=-—- Intron 2 -————————- aatgctgagttaattcttaca
P ] K I R I N L E E N v Q ¥
ttttettttttccag CCA TCA AAA ATA AGG ATT AAT CTA GAA GAA AAT GTA CAG TAT +471
v 5 M R
GTG TCC ATG AGA AA gtaagttaattcocctaagtgagtttggg--------- Intron 3 ------- +485
K A
aagaagcggcotgaccaagatggcotgagaaatgteoggttcacatggtectectgtectecatttacag A GCT +489
L K v K R I P R F D v 5 L v Y L T R K
CTG AAM GTG AAG AGG JCCC CGG TTT GAT GTG TCA CTG GTA TAC TTA ACT CGG AAG +543
F M D L v R 5 A P G G I L D L N K v
D TTT ATG GAT CTC GTC AGA TCT GCC CCT GGG GGC ATT CTT GAC TTA AAC AAA GTT +597 | Exon 4
B A T K L ] v R K R R v Y D I T N v L
GCC ACA AAA CTG AGT GTT CGG AAG AGG CGA GTG TAT GAC ATC ACC AAT GTC TTG +651
D D G I E L v E K K s K N H L R W r"'—
GAT GGC ATC GAA CTG GTG GAA AAG AAA TCT AAG AAC CAC ATT CGG TGG AT |gtgag +701
ttgatgcccegtcatecctgteccttecectto-=-=--- Intron 4 ------ ggcagctgetgaccoctgtgt
I G 5 D L N N F G A A P Q Q
ttgtctccttectgtag A GGA TCT GAC CTG AAC AAC TTT GGG GCC GCA CCC CAG CAG +741
K K L Q A E L s D L 5 A M E o A L D
CAG GCA GAA CTC TCC GAC CTG TCG GCC ATG GAA GAC GCC TTG GAC +795 Exon 5
LﬂlcineELIKDCAQQLLELLTDDKE
Zipper G;G TEG AET AAA gﬁT TGT GCT CAG CAA CTG TTG GAG TTA JACA GAT GAC AAG GAA +849
AAT GAA AGA tatccttccatcagtacctttttaagagtttetgect----——-——-------——-———- +858
I
=== IALEON B ceasasa tgatctgcccatcttgtcagatecttgaccaggtectcaca CTA +861
A ¥ ¥ T ¥ O D I H G I O A ¥ H E O I
GCG TAT GTA ACC TAT CAG GAT ATT CAC GGC ATT CAA GCT TTC CAT GAA CAG ATT +915 Exon 6
v I A v K A P E E T R L D v P A P R
GTC ATT GCA GTG AAG GCT CCA GAG GAA ACC AGA CTG GAT GTT CCA GCT CCC AGA +969
Marked E
Box GAA gtaggtagcgctgcactgcagagagggcb----- Intron 6 ----- accttgacagtttoctgtg +972
D ] I T v H I R 5 T K G P T D

v Y L C E v E Q N H 5 N G K T N D G
GTA TAT TTG TGT GAA GTA GAA JCAG AAC CAT TCA AAT GGT AAA ACC AAT GAT GGA +1071
I G A 5 B 5 K S 5 H P Q c P E K
ATA GGA GCC TCT CCA TCT AAA AGC AGC CAT CCA CAA TGC CCA GAG AAA G gtaaat +1120

teccttgectag GAT TCT ATC ACA GTA CAT ATT AGG AGC ACC AAA GGA CCC ATT GAT +1017 :
Exon 7

gtgctaattttgtgattagagaa--------- Intron 7 -------- tccctcagtgtttttgtgtett
E D E P P Q o
atttcag AA GAC GAG CCT CCT CAG TGA GTGAAGAACTCAGAGTGAGCGGCTAGTAGCAGTGCAG +1177

AGTGACGAAGGTTTTTGGAGTATCCCGAGTGEGTGAATCATGTGCCCCATCCAGTGTGGGTGAATCATGTGC +1249
CCATCGTTTGATTTTCAGCAATAAGTC TCCTCGGAGTGCTCTTGTGCTCTATTGTAGACTGGTAGCCGCACC +1321
GAAGGCCAGTAGTGTTCTCCCGAGTCGCCTCCAGCACGGGGTCCTGATGGGTTCCCCATCCAGAATCAGCTC +1393
TCGAGATAACTCTTCGCTGCCCTTGGTCAGTGAAATAGACCTCTTGCCTCCTGAAATCATGTTATCACAAAG +1465
ACTAGCATAAGGACAGACAGCTGGACAGCTGGTCGTGGACTGTGCCCTGCCCTGATGGATAGTGTTTGCCTC +1537
ACAGAAGAATTGCCTTACACTGGTTCACATTTGCAGTTAGGTGTTGTGCACTGGTGAGGTGCACACACGGGG +1609
CCAAATGTGGCACCTTTGTATATATCTGTATCATGTTTAGAGGACTTTCAAAATATGTCTGAGTGTCACTTA +1681
TACCCTAGARACACCCARAATAATGTATGTAGGGARAATGACAGACAGATCTCTAGTTTCTCAGTTCCTATAR +1753 Exon 8
CTTATTAGAACCCTCTGGATGGGGATGAGAGAGTTTTCTAAAGT TTTACATGTAGAAGTTTCACAGATGCCT +1825
GGACATTTAGGTTCATATACTTAAAGTATTTTAATACGCTCCCCAGTGCTACAATTGGAACCACAAACTTCT +1897
TGATTTTTAAGCTGCCTACAGAGTCATCATGTCCCAGAAGATTGGTGGCATGCCTCAAAGCATTGTGGGAAR +1969
GTACAGAATTTCATCTGGCAACAGATCAGTTCACTACAATGTGATTTGTTCCTGGTGAAGTTAAAAGCATTA +2041
TTCCGCTTTTTGTGAGCAGATTTTATAATGTGTTTCTGTGTGCAGCCTTGCTCTTCAGTCAGAGGGCCTTAC +2113
CTCCTGTGCATTGTACCCCGCCTCAGCTCTCAGCCCGCCTTCCCAATCACCTAGCGCTCTCTACCTCAGTGG +2185
GTAAATCACTTACCTCTCTGTGCCTCAATTGCCTCAGTCATTTACCACTAGACTGTGAGCTCCGTGAGAGAC +2257
AATTGTTCATAGTGGCTCCCAGCGCCTTGTACCACGCCTAGTCCAAGACAAGTGCCCAGTGAATGTCTAGCA +2329
AACTCGTGAGTGAACGAGTGCAATGTGGGGCTGATGGAACCTGGATTGTTGGTATACAGGAGTCTGGGAAGT +2401
ATCGTTAGTTTGGTAAACCTCTCCTGCTTTACAAAAGATTTGAAGCAGCTTGAAATAACAATCATGTATACA +2473
AAGTAGAGATTCAAAATTAAAGTATTAAAAALDL +2506

FIG. 2. Genomic sequence of E2F6 exons in uppercase and partial intron sequence in lowercase letters. Index on the right corresponds
to the E2F6 cDNA sequence. Single-letter codes show the deduced E2F6 peptide sequence. The polyadenylation signal is underlined.
Domains responsible for DNA binding and dimerization (leucine zipper, marked box) are boxed.
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TABLE 1
Splice Donor and Acceptor Sequences of Mouse E2F6

Exon Size (bp) Splice acceptor Splice donor Intron size (bp)

1 363 AACCTACT®G gagcggggacccgggcecacgg 2567?
2 66 ttatttttctctccacctttaa ag CTTCTAGCC AGAAGGAJT @agtgaaaggcctaactaggc 2482°
3 56 ttcttacattcttctettcece ag CCATCAAAA CATGAGA# Aagttaattcctaagtgagtt 2700°
4 216 atggtcctctgtcctcatttac ag AGCTCTGAA TAGGTG@AGagttgatgcccgtcatcctg 1101°
5 157 ccctgtgtttgtctecttctgt ag AGGATCTGA AATGAAAG Accttccatcagtaccttttt 1800°
6 114 tcagatccttgaccaggtctca ca CTAGCGTAT CCCAGA@AAggtagcgctgcactgcagag 2500°
7 148 gacagtttctgtgtcccttget ag GATTCTATC CAGAGAAdt@aatgtgctaattttgtgatt 1021°
8 1386 cagtgtttttgtgtcttatttc ag AAGACGAGC

Note. For each intron—exon boundary, exon (uppercase letters) and intron (lowercase letters) sequences are shown.

* The size of this intron was determined by sequencing.

® The size of this intron was estimated by restriction enzyme analysis and confirmed by PCR.

binding sites. At present, it is not clear whether any of
these binding sites are important for the promoter
activity.

To determine whether bona fide start sites of tran-
scription have been detected, fragments surrounding
this genomic region were fused to the luciferase gene
into the promoter-less reporter plasmid pGL3-basic
(Promega). A 2000-bp (—1944/+55) fragment of the 5’
flanking sequence of the E2F6 gene was tested for its
ability to act as a functional promoter in transient
transfection assays in HepG2 and RK13 cell lines (Fig.
5). This construct exhibited an approximately 15- and
8-fold increase in luciferase expression above the
promoter-less vector in HepG2 and RK13 cells respec-
tively. To narrow the minimal promoter region, dele-
tion constructs were generated. These constructs dis-
played a higher activity in the HepG2 cell line, but
followed a similar profile in RK13 cells. Deletion of
sequences 5 to —1360 did not affect the luciferase
activities compared with the 2000-bp fragment. By con-
trast, the construct deleted of fragment (—1944/—333)
initiated transcription of the reporter gene more effi-
ciently than the extended fragment by 36- and 18-fold
in HepG2 and RK13 cells respectively, indicating that
potential repressor elements may reside further up-
stream of the basal promoter. However, more detailed
studies will be required to identify the components
involved in regulating transcription of the E2F6 gene.
Deletion at nucleotides —75 resulted in activity similar
to that of the —333-bp fragment, implying that the
minimal sequence necessary for basal transcription of
the E2F6 gene in HepG2 and RK13 cells maps to ap-
proximately —75 bp/+55. Accordingly the —333/—75
fragment was inactive (data not shown) and no activity
was detected upon transfection of the fragments in an
antisense orientation (Fig. 5).

Expression of Mouse E2F6 mRNAs

To provide clues about the gene regulation and po-
tential function of E2F6 in vivo, we first investigated
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the distribution of E2F6 in adult tissues by Northern
blot analyses. The full-length E2F6 coding sequence
was used as probe. The results presented in Fig. 6A
revealed the detection of one mRNA transcript of ap-
proximately 2.8 kb. All tissues analyzed expressed this
transcript, but the highest level was detected in heart,
muscle and brain of adult mice, according to the rela-
tively low amounts of RNA loaded for these tissues.
Lower signals can be detected in the other tissues
tested (liver, lung, intestine, colon, kidney, testis,
spleen, thymus, and ovary).

As a second step toward understanding developmen-
tal regulation of E2F6, we determined whether there
was a specific developmental period in the mouse dur-
ing which E2F6 was more importantly expressed.
Analysis of total tissue RNA of staged mouse embryos
demonstrated that E2F6 was expressed at high level
from embryonic day 9 to embryonic day 18. At 11 days
postcoitum, the strongest expression levels were de-
tected. This was followed by a downregulation and
then the level of E2F6 did not significantly change in
the period from day 12 to day 18, when normalized
with the ARPP-PO control (Fig. 6B).

To investigate the cell cycle regulation of E2F6,
mouse embryonic primary fibroblasts (MEF) at p3 were
brought to quiescence by serum starvation for 3 days
and stimulated to grow by the addition of fresh me-
dium with 10% serum. Samples were then collected at
successive 3-h intervals and RNA was prepared and
analyzed by Northern blotting (Fig. 6C). The cell cycle
progression upon serum addition, as indicated at the
bottom of Fig. 6C, was determined by flow cytometry.
As previously described, E2F1, Cyclin E and Cyclin A
expression patterns were closely related to each others
as a consequence of their common regulation via E2F
binding sites present in their promoters. In contrast,
E2F4 and E2F6 showed different expression profiles
indicating that these genes are probably not regulated
by E2F species during MEF cycling. The expression
profile of E2F4 was in agreement with that observed in
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FIG. 3. Analysis of E2F6 transcription start site by RNase protection assay. (A) Schematic representation of the probes used for RNase
protection analyses. Antisense RNA probes were transcribed from the TA-E2F6 promo construct. (B) RNase protection analysis. (Left) RNase
protection of the Bglll probe on total mouse embryonic RNA. (Right) Assays were performed using the BamHI probe and AflllI-probe on MEF
poly(A) " RNA. Integrity of probes is shown in lanes 5, 8, and 13. Negatives controls containing yeast tRNA are shown in lanes 6, 9, 11, 14, and 16.
The size of the protected fragments (lanes 7, 10, 12, 15, and 17) are indicated by arrows. Lanes 1-4, sequencing reactions were run as size marker.

human keratinocytes but differed slightly from that
observed in NIH-3T3 and REF-52. E2F6 show a unique
expression pattern during MEF cycling. Quiescent fi-
broblasts contained low amounts of the E2F6 mRNA.
Upon serum stimulation, E2F6 mRNA increased rap-
idly, reaching its higher level at mid-G1 at 9 h and
remaining relatively constant thereafter.
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We next examined whether E2F6 alternatively spliced
transcripts are normally expressed in mouse tissues. To
analyze the expression of the E2F6-a and E2F6-b iso-
forms, we designed PCR primers to set up a semiquanti-
tative RT-PCR assay for separately detecting the iso-
forms as amplified bands of different sizes. Primers (3F6
and 10F6) were positioned so as to encompass introns 1
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CCCCTTAAGATGGTATCTGACCCCTAGAAATGTAAAATCTAGTGGGAGCCAACTTCTTCCAAAGGCTCTT

CTGCCCTCACTAAGCTCCCAGGTCATCACTCCCGCAGCTTCCCTCCAGCCTGGAAGTTGCGCATTGTGTT
Ets
ACCCTTTCATTCAAACACATAGCGGCTAGAGCTGTGGCTCTGGAGTTAAGAGCACTTCTGCCTTTCCAAG

AGGGCCAAAGCACCCATCTCTAGCCATTTGCAACTTCAGCTCCTGGGGAGCCAGAAGCCTCAAGTCTCTG

AAAGCATTGCAGTTCATGTGCACAGACCCACACACACATAATTTAAAAATAAGTGAAAGGGGCCAAAGAG
Spl
ATGGCTCCGTGGTTAAGAGCATTGACTGTTCTTCCAGAGAACCCCAGGTTTAATACCCAGCAACCACCTG

GTGGCTTACAACTGTCTGTAATTCTAGTGTCAGAGAACATGGTGTCCACACACAGACATGCAGGCAGGCG
c-myc
AAACATCAAACCACACTGTAAAGGAATTTTAATCCAGCATCATGGCTACTCTGACAAGGGATCACATCCA
Ets
AGACTTTCTAAGTCTACATGATHIGGCCARATGCAGACACTCTCTGGATTATAGTACATTCTGGCTGGAA

TACAGACACCTTCATACACCCTTTAATACCCTAGCAATGAAGGTAAGGTTGGTTTTTAGAAGARAGCAGA

CTGTTTAAAAGTAGCATCTGAGGGCAGACAAAGTGAGGAATCAGAGARAGATTTGACAGAATGAGTCAGA
Spl Ets AP1
GGATACGCCCAACTCACAAGAGAACAGGGCAGGAAAGAAGCTACTTAAGAAAGGGAGGTGGCAGTTTACT
Spl Ets
GGGGCAATTTTACAGAGACAGGTTTTTGAGAGAACAAGCTAGTAACTTCGATCAGTAAGAACTCTCCACA

TTACAAATTTAGAAACTAAGGCACAGAACGACTTTTAGAAACTGGCTTAAGACCTTACAATTTGAARAGA
TACCTATGGCTCCAGGTCACTTACTTCTCTTTTCTTTTCTCTTTCTAATTTAGTTTCTGTGCATAGAAGT
TTTGCCTACATGTATGACTGTCTAACATGTTAACATGTCCGTGCCTGGTGCCTGTGGAGACCAGARAALG

AGCATTAGATCCCCCTGGGCCTGGAGGTAACATATGGTTGTGAGCCACCCTGTGGGTGATGGGAATTGAA
c-myb
CTCAGGTCCTCTGGAAGTTCTCCTAAACTTAGCCAGTGCTCCTCTCCCAGCCCGTTAAACTGTTTTATCT
Ets
TTCTCCTCCATTGGATTCTGATATCCAGTCTATTATATTCAAAACAGTATCTTCTTGAGCCAGCCCAATA

CCTGATATAATAATAAGTAATCAAAAACTGATACAGAGCCGGGCAGTGGTGGTGCACGCCTTTAATCCCA
CTTGGGAGGCAGAGGCAGGCGGATTTCTGAGTTCGGCTACACAGAGAAACCCTGTCTCGGAAAACCAAAC

CAAAAATAAAATARAATAARACTGATATAGAGGGTAAARAGTTTGTGGTTTTGGGACAAATTCTACTCTC
AP3
ACTACGAACTTTAGCTGACTTCGAATTCAAACACGTGATCTCCCTGCCTGGGCCTCTGTGGAGCTTGGCT
c-myc
TTHRAGCTGCACCTTCTGGTCCCTCCAAGGTGGC TTGTTTTATGAGCATGTGCTAAGCACCTTTAGATG

ACTGATGGGAGCCCCACCATCATTGCCCCGGGGCACTCAGAACCTGCAGTCCGCTGGTTGGGACTAGAGA

GCGCCTGCTCCGATCCCCCGGAATCCCTGCTCCACCTCTTTTCTTCCCCCAACCCATCCCACCACACACA
Ets
CCCCCACCCCCCGCCGCCGCCATCCTCTCCAAGGATCCATCCTCCGGAACHCCCGGANGTCGGCAGCGEG
Puf Spl NRE-boxl Ets ¥sSpl Spl
CGAGGACCGGTGTGCGCGGGAGATCTAACGGACGGCGCTGCGCATGTGCAAACGCGGGTGCACTGCGCAT
v bxd * v-myb USF
GCGGGAAAATGGCCGGCCAGGGAACCTGAGCGCCTCCGAGGTCACY
E2F

FIG. 4. Nucleotide sequence of the 5'-flanking region of the E2F6 gene. Index on the left referred to the +1 transcription start site based
on the largest protected product from the RNase protection analysis. Arrowheads indicate transcription start sites determined by RNase
protection assays. The open star indicates the 5’ end of the BE333479 EST, while the solid star indicates the 5’ end of the longest E2F6 cDNA
obtained by library screening. The transcribed sequence is in bold. Several potential cis-acting elements determined by computer analysis

are underlined. Restriction cloning sites are boxed.

and 2 in order to avoid amplification of potentially con-
taminating genomic DNA and the amplified fragments
showed two sizes which could easily be detected on an
agarose gel electrophoresis. As shown in Fig. 6D, the two
isoforms of E2F6 were expressed in all mouse tissues
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tested, but we noticed a predominant expression of full-
length E2F6-b mRNA compared to E2F6-a splice variant.
This was particularly obvious in testis RNA.

During mouse development or cell cycle progression,
a similar dynamic expression profile was observed for
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FIG. 5. Schematic diagram of E2F6 constructs in pGL3-basic vector tested for promoter activity. Promoter constructs were tested in
HepG2 and RK13 cell lines. The transcriptional activity was expressed as a percentage of the luciferase activity observed for pGL3-basic.

Data are means = SE of at least three independent experiments.

both E2F6-a and E2F6-b transcripts, corresponding to
those previously described, with always the splice vari-
ant significantly down-regulated (data not shown). To-
gether these data indicate prominent expression of
E2F6-b transcripts in both adult mouse tissues, during
embryogenesis and cell cycle progression. Further in-
vestigations would be necessary to determine whether
changes in E2F6 transcripts levels correlate with dis-
tinct functional properties.

DISCUSSION

We have reported here the cloning and sequencing of
a large segment of the murine E2F6 gene as well as its
5’-flanking region. The gene that has been previously
localized to chromosome 12 (17), spans over 18 kb of
DNA and contains eight exons. The size of the introns
was relatively small. As previously described for hu-
man E2F1 (18), structural domains of murine E2F6 are
not perfectly delineated by separate exons. This orga-
nization is also found for human E2F2 and E2F3 (un-
published results). Conversely, E2F4 and E2F5
genomic organization that are very close to each other,
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are totally different (19). The murine E2F6 gene ex-
presses two alternative splice variants. The first iso-
form, which correspond to the previously described
E2F6 mRNA, was devoid of exon 2 (8). These two
MRNA isoforms are co-expressed in a wide variety of
tissues and the expression level of exon 2 containing
MRNA is always higher. At the present time, the sig-
nificance of the exon 2 containing second isoform is not
clear and will be further investigated.

We have also cloned the promoter region of the mu-
rine E2F6 gene and performed an initial characteriza-
tion of the features that support basal transcription.
Two major transcription start sites were identified by
RNase protection. These start sites are in agreement
with the RACE products obtained as well as with the
GenBank ESTs. An interesting finding is the observa-
tion that the murine E2F6 promoter belongs to the
family of TATA-less promoters. There is also no CAAT
box upstream of the transcriptional start site and this
sequence is relatively GC-rich (70%). Basal promoter
function for E2F6 was demonstrated by comparison of
relative luciferase activities of specific constructs in
various cells. As indicated by our results, the 75-bp
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FIG. 6. Expression patterns of E2F6. (A) Northern blot analysis of total RNA isolated from indicated mouse tissues, screened with the
full-length E2F6 coding sequence probe. As a control for the quality of the RNA, the blots were rehybridized with a probe that is specific for
ARPP-PO0 sequence. (B) Expression of E2F6 during mouse embryogenesis. Total RNA prepared from various stages of mouse embryonic (E9
to E18) development. As a control for the quality of the RNA, the blots were rehybridized with a probe that is specific for ARPP-PO sequences.
(C) Expression of E2F6 following stimulation of cell growth. MEF cells were brought to quiescence by serum starvation and then stimulated
by the addition of serum. Cells were harvested at the indicated times after serum addition and total RNA was prepared from each time point.
The transition from G1 to S phase, as indicated at the bottom of the figure, was determined by flow cytometry. For comparison the same blots
were probed for expression of the E2F1, E2F4, cyclin A, cyclin E, as well as ARPP-PO as a loading control. (D) Expression of E2F6 isoforms
in adult mouse tissues. RT-PCR products were amplified from total RNAs of multiple mouse tissues using an oligo(dT) primer. PCR
amplifications of E2F6 products were carried out with 3F6 and 10F6 primers. Amplifications on TA-E2F6-a and TA-E2F6-b constructs were

realized as size control.

segment upstream from the E2F6 transcription start
site drives the highest levels of basal expression. This
segment contains potential consensus binding sites for
several transcription factors (v-myb, Spl, and USF).
Interestingly, we found also one potential E2F consen-
sus binding site in the 5'-untranslated region of the
E2F6 gene. Despite the fact that E2F1-3 were able to
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enhance the luciferase activity of different E2F6 pro-
moter constructs, we did not detect any variation of
E2F6 mRNA level upon infection of various cell-lines
with recombinant adenovirus expressing E2F1 or
E2F2 (data not shown). These results are in agreement
with those recently obtained in human by Helin's
group, which used ER-E2F chimeric construct (20).
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Currently, we have no explanation for this discrepancy
between transfection and infection experiments. In
this context, it has been previously reported that sev-
eral genes described as being regulated by the E2Fs
were only mildly affected or not affected at all by (di-
rect) E2F activity (21, 22). There are numerous possi-
ble reasons for the lack of an E2F effect on these genes,
but one consideration is of particular interest. The
experiments demonstrating the functional role of E2F
consensus binding site in these genes all involved tran-
sient expression experiments that take the promoter
out of its chromosomal context. Since the accessibility
of DNA binding sites for transcription factors is, to a
large degree, regulated by the chromatin structure, it
is likely that the untimely expression of the E2F pro-
teins does not allow binding to all potential E2F bind-
ing elements. Moreover, despite the presence of an E2F
DNA binding consensus site, this site may not be oc-
cupied due to interference by, for instance, other tran-
scription factors or nucleosomes. However, we can not
exclude that the potential E2F sites present in the
E2F6 gene may only be functional in particular condi-
tions or cell types. Moreover, the E2F6 mRNA expres-
sion pattern did not follow that of E2F1-2—3a nor that
of E2F4-5 when MEF exit from quiescence upon se-
rum addition. Thus, E2F6 shows a unique pattern of
expression in synchronized MEF. Its expression is
maximal as soon as mid-G1 phase and remains rela-
tively high thereafter, in particular during S phase.
This pattern of expression leads us to suppose that
E2F6 may contribute to the regulation of events
throughout the cell-cycle, and particularly during S
phase. In this context, ectopic expression of E2F6 in
U-20S cells leads to accumulation of cells in S phase
probably by delaying the exit from S phase (11).

The broad expression pattern of E2F6 suggests its
important contribution to the regulation of E2F activ-
ity in vivo. Moreover, its high level of expression during
embryogenesis and its recent implication in polycomb
mediated repression permit to suppose that E2F6 is
important for developmental patterning. The interac-
tion of human E2F6 with polycomb complexes occurred
via its marked-box domain (12). These results are in
agreement with the mapping by Gaubatz et al. of the
human E2F6 repression domain to its C-terminal por-
tion that encompasses the marked-box domain (10).
Mouse and human E2F6 marked-box domains are very
close to each other. So, it is possible to consider that
polycomb complexes are also involved in murine E2F6
repression activity via this domain. Unfortunately,
murine E2F6 repressive activity has been mapped to
its N-terminal part that does not encompass the
marked-box domain (8). Altogether, these results indi-
cate that repressive activity of E2F6 could be sup-
ported by different domains depending on the cell type,
the promoter context, or the cellular process. For ex-
ample, the E2F6 repressive activity via polycomb com-
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plexes would be important during development and the
E2F6 N-terminal mediated repression would be impor-
tant for cell-cycle regulation in adult tissues. Moreover,
depending on the cell-type and/or promoter, E2F6 does
not only act as an active repressor but also as an E2F
competitor. This point permit us to suppose that in
some cellular contexts E2F6 will also be able to en-
hance promoter activity by displacing E2F-pocket pro-
teins repressor complexes. Further works will be nec-
essary to address these different points. In particular
functional analysis of the implication of polycomb com-
plexes in E2F6 repressive activity and phenotypic
analysis of E2F6-deficient mice will be very important
to better understand E2F6 functions.
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