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ABSTRACT

We describe the cloning and characterization of Trident

a novel member of the fork head/winged-helix family,
from murine thymus. In the mouse embryo, the gene
was expressed in all tissues, whereas in adult mice
expression was only detected in the thymus. Further
analysis revealed that Trident expression strictly corre-
lated with cell cycling, independent of cell type. Timing
of [ 3H]thymidine incorporation showed that mRNA and
protein expression were strongly upregulated upon
entry into the S phase of the cell cycle. Moreover, the
protein was phosphorylated in M phase. PCR-mediated
selection of optimal binding sites yielded a consensus
motif resembling that of other family members. These
results identify Trident as a transcription factor, which
is likely involved in cell cycle-specific gene regulation.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. Y11245

neuromuscular differentiation and ALV, a member of the fork head
family (10). The oncogenic potential of the resulting chimeric
protein suggests that transcriptional deregulation is the mechanism
underlying the tumor development. Another winged-helix protein,
encoded by the retroviral oncogegie, found in the genome of

the avian sarcoma virus 31, induces oncogenic transformation in
cell culture and causes tumors in chickéri. (

The DNA-binding specificity of several members of the fork
head family has been determined using selection of protein
recognition sites from a pool of random sequence oligonucleotides.
Single core sequences of 6 or 7 nt were found for four human and
three rat proteins1@,13). Subtle differences at thé 8nd 5
termini of the consensus sites allow distinct binding and transcrip-
tional activation of different family members. The promoter of the
lung specific gen€C1Q for example, allows various winged-
helix family members to binih vitro andin viva From the
proteins tested, however, only FREAC-1 appears to be a strong
activator of theCC10gene in a lung cell lineL§).

The three dimensional structure of the fork head motif of HNF-3

The family of fork head (fkh) or ‘winged-helix proteins bound to DNA was determl_ned in an X-ray crystallographic analysis
comprises a large number of transcription factors, defined by(@- Two loops accompanying arhelical t_h9rax form a butterfly-
conserved DNA binding domain. The prototype of this group ke structure, referred to as'wmged-hellx. From the organization
the product of the homeotirosophila melanogastegenefork of a-hehces an(fB-tu_rns the wmged-he_:llx mptlf can be classified as
head(1), which is required during the terminal development of Variant of the helix—turn—helix motif (reviewedli).
the Drosophilaembryo. Comparison of the sequences of fkh and Here we describe the isolation and characterizatigridgnt a
the hepatocyte nuclear factar;3 protein involved in liver-specific New member of the fork head/winged-helix gene family in mouse.
gene expression in rak)( revealed a novel, highly conserved
DNA-binding protein motif of(1L10 amino acids. After the
elucidation of the butterfly-like co-crystal structure qf HNF-3 MATERIALS AND METHODS
bound to DNA 8, see below), the members of this family are also
referred to as ‘winged-helix’ proteins. ,

In the last few years, over 80 new members of this family haJeolation of cDNA clones
been identified in species ranging from yeast to man. Individual
members perform various biological functions: their expressiofiotal RNA was prepared from mouse thymus using RNAzol
patterns are usually temporally and spatially restricted and somecording to the manufacturer’s instructions (Cinna-Biotecx).
of these genes appear to play a central role in embryorffoly(A*) RNA was isolated with oligo(dT) Dynabeads. cDNA
development. Examples are genes involved in notochord formatiaras made using random hexamers according to the protocol of the
in mouse developmertiNF-33; 4,5), development of the neural Perkin Elmer Cetus corporation. The degenerate primers (Isogen,
axis inXenopus laevi@intallavis 6), thymus development and Maarssen, The Netherland$)A(G/A)CC(A/T/C)CC(A/TIC)
hair growth Wwinged-helix nudghe gene responsible for the nudeTA(A/T)TC(G/A/T/IC)TA(T/C)AT-3' and 53 (G/A)TG(C/T)GT
phenotype in micey), brain development in raBfain factor I  (G/A)AT(G/A/T/IC)GA(G/A)TTCTGCCA were used in PCR (94,
8) and vulval cell fate iCaenorhabditis elegar(in-31; 9). 60 and 72C all for 1 min, 35 cycles) on 100 ng cDNAoBucts

Two genes of the family have been shown to play a direct rotd the expected size were blunted using T4 DNA polymerase,
in tumorigenesis. A chromosomal translocation frequently foundoned into pBluescriptSK and sequenced. The product encoding
in alveolar rhabdomyosarcoma results in a fusion between ttiee fork head DNA binding domain was used as a probe to screen
genes coding for PAX3, a transcriptional regulator during earign EL-4 cDNA library ilmZAP under standard conditiorssj.
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TRIDENT DSVSERPPYSYMAMIQFAINSTERKRMTLKDIYTWIEDHFPYFKHIAKPGWKNSIRHNLSLHDMFVR-ETS - - - ANGKVSFWTIHPSANRHLTLDQVFKPLEPGSPQSPEHLESQQKRPNPE
HNF-3y PLTHAKPPYSYISLITMAIQQAPGKMLTLSEIYQWIMDLFPYYRE-NQQRWONSIRHSLSFNDCFVKVARSPDKP-GKGSYWALHPSSGNMFE-NGCYL-----------~-- RRQKRFKLE 46 %
fkh-1 PKDMVKPPYSYIALITWAIQNAPDKKITLNGIYQFIMDRFPFYRD-NKQGWQONSIRHNLSLNECFVKVPRDDKKP-GKGSYWTLDPDSYNMFE-NGSFL------~------- RRRRRFKKK 44 %
ILF PKDDSKPPYSYAQLIVQAITMAPDKQLTLNGIYTHITKNYPYYRT-ADKGWONSIRHNLSLNRYFIKVPRSQEEP~-GKGSFWRIDPASESKLIEQAFRK-------------- RRPRGVPCF 44 %
HTLF KSATSKPPYSFSLLIYMAIEHSPNKCLPVKEIYSWILDHFPYFAT-APTGWKNSVRHNLSLNKCFQKVERSHGKVNGKGSLWCVDPEYKPNLI-QA-LK-------------- KQPFSSASA 43 &
FREAC-2 LRRPEKPPYSYIALIVMAIQSSPSKRLTLSEIYQFLQARFPFFRG-AYQGWKNSVRHNLSLNECFIKLPKGLGRP-GKGHYWTIDPASEFMFE-EGSFR--~~----~-~--~~ RRPRGFRRK 42 %
CONS *PPYS* *I AI * K +** IY * 4+ *P+++ + *W NS+RH*LS** +F *+ ++ + GK** W+ +P + ++

Figure 1. Alignment of the Trident DNA binding domain with five other members of the fork head family. The conserved amino acids are indicated in the consen:
sequence. * and + indicate conservation in five and four of the six proteins, respectively; % refers to sequence identity relative to the Trident sequence. Refere
HNF-3y (22), fkh-1 (29), ILF (30), HTLF (31), FREAC-2 (14).

Northern blotting an overnight incubation and the cells were starved for 48 h on
medium containing 0.5% FCS. On t=0 the medium was replaced

Total RNA wasoisolated with RNAsz_and OSIJ@ per lane was X medium containing 10% FCS and on the indicated timepoints
analyzed on a 1% agarose gel containing 2% formaldehyde. R ECi of [3H]thymidine was added and the cells were incubated

ggﬁé;argsgeggzﬂié%ggoc'?gglisgﬁgyggg:ﬁedfgpgrmiihggig: an additional 1 h at 3T. After three washes with PBS, the
: 9 cells were fixed with 1 ml methanol for 30 min, washed again

197-757 was used as a probe. with PBS and resuspended in 0.75 ml of 0.2 N NaOH. An aliquot

Western blotting and phosphatase treatment of 4 ml of scintillation liquid was added and the c.p.m.
representing the amount 8Hjthymidine was determined.

Western blotting was carried out as descrii@jl Approximate-

ly 3 x 1P cells per lane were used. For the phosphataseansfections and CAT assays

B S ke R e pigonuciotc conaining a Trident bining e (AGCTTG-

in SDS sample buffer, to the other samples calf intesting}! | SCCCTAAACATGCCCGG) was cloned into pBLCAT2

phosphatase (1 U, Pharmacia) or phosphatase inhibitors (20 rifp) {0 yield plasmid TK1. The Trident cDNA was cloned into
NaF and 25uM phenylarsenic oxide) were added. AfterPC NAI (Invitrogen) to yield a Trident expression vector driven

sonification for 15 s, the samples were incubated a€3ar ~ PY the CMV promoter.
15 rlnlin a{nd subjecttsad to SSDS_pPAGVéI for ilmnzjunoblotting. Transfections of AZU2 B cells and CAT assays were performed

as described previouslg1). 5x 1 cells were transfected with
10 pg of the CAT reporter plasmid andp of the Trident
expression plasmid. Cells were harvested and CAT activity was
TheTridentcDNA was subcloned into pcDNAI (Invitrogen) and measured 48 h after transfection. COS cells were transfected and
subsequently translated vitro using the TnT kit (Promega) stained as describetl7j.
according to the manufacturer’s instructions.

Recombinant protein was made as a maltose binding prote¥EsyLTS
fusion using the system developed by New England Biolabs. A
cDNA fragment encoding the DNA binding domain (amino acid§loning of Trident cDNA
207-348) was cloned into pIH902 for expressioB.ooli.

In vitro translation and production of recombinant protein

In order to identify new members of the fork head family with a
Gel retardation assavs and binding site selection possible role in the differentiation of T ce_lls, deger_lerate primers
Y 9 were designed, based on conserved amino acids in the fork head
A typical gel shift was performed with 0.2 ng-3gPJATP  DNA binding domain. PCR reactions were carried out on mouse
end-labeled oligo and 10 ng recombinant protein in a bufféhymus cDNA. Subcloning and sequencing of PCR products
containing 10 mM Tris (pH 8.0), 5 mM MggI50 mM NaCl, revealed several clones encoding HNEZ22). In addition, a novel
0.1 mM EDTA, 5% glycerol and 0.1% Nonidet P-40. After arsequence with low but significant homology to the fork head
incubation at room temperature for 30 min the samples weg@nsensus domain was found. Using this 153 bp product as a probe
subjected to electrophoresis on a 5% polyacrylamide gel run witih EL-4 thymoma cDNA library was screened and a clone with a
0.25¢< TBE. 2.5 kb insert was isolated, coding for a putative protein of 757
The Trident consensus binding site was determined accordi@gino acids. The gene was terffigdent and appeared to encode
to (18) with modifications according td §). The random oligo @ distant member of the fork head family, with relatively low
contained two fixed A residues in the middle of the randorhomology to other genes coding for winged-helix proteins. In
stretch to enhance binding based on the consensus bindfrigurel the fork head DNA binding domain is aligned with the
sequence of other fork head proteih3 13). five most closely related family members, showing identities of
The sequences of the oligos 2x and Ox are AGCTTGATTGTT:-#5%. Database searches revealed a high match with a partial-
TATAAACATGCCCGGG and AGCTTGATTGCCCATCCCC- length human cDNA described by Westenarél (23) coding
ACCGGG, respectively. for a putative M phase phosphoprotein (MPP2; see Discussion).

[3H]thymidine incorporation Binding site selection

Rat-1 cells were plated on 24-well plates (10 000 cells per wellp identify the DNA binding specificity of Trident, binding site
in medium containing 10% FCS. The medium was removed aftselection was performed using a recombinant protein consisting of
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Figure 2. (a) Binding motifs of the Trident protein found by binding site
selection. Only sequences containing more than one consensus site are shown.
Arrows indicate the direction of these sites in alternating order. The sequence TK1
on top in bold represents the sequence of the random starting tokglq) TKO

Gel retardation analysis showing sequence specificity of the fusion protein

containing the Trident DNA binding domain. The protein is incubated with 0.2 ng Figure 3. Transcriptional activation by Trident. The Trident expression plasmid
of labeled oligo (2x) and decreasing amounts (200 ng lane 1, 1 ng lane 8) ofpcDNAI-Trident) was cotransfected with the indicated reporter plasmids in AZU2
either the same oligo (c) or a mutant oligo (0x) as a competitor (b). The arrowB cells. Shown is the fold stimulation of the reporter plasmid by the Trident
indicates the position of the Trident retarded band. FP, free probe. expression vector compared with that by the empty expression vector (pcDNAI).

the fork head domain fused with the maltose binding protein. This
fusion protein was incubated with a pool of random oligonucleog
tides; sequences binding to the fusion protein were isolatedina y 1, s 1 4 we M o
shift assay. Purified DNA from the shifted band was amplifiec i A e i
using PCR and labeled for the next round of selection. After s| , e B oss
rounds the oligonucleotides were subcloned and sequenced (F - et e __2gs WSS & @
2). All of 36 selected sequences contained the consensus ¢. - - IR
TAAACA, in agreement with findings for other members of the | ss S
family (12,13,24). These data confirmed th&ident encodes a i
bona fidefork head-type DNA binding domain. In 22 out of 36
sequenced motifs this site was found two or three times. Tt
repeats of these motifs within individual selected oligos wer
always characterized by alternating orientation and fixed spacii §
between the motifs, as is indicated by the arrows in Figure
To confirm the specificity of the TAAACA binding site,
recombinant fusion protein was incubated with a labeledFigure 4.(a) Tissue-restricted expressionToident Northern blot analysis of
oligonucleotide (2x) containing two of these sites in alternatingotal RNA prepared from various tissues of a 6 week-old mouse. Tissues: K,
order. The binding of the fusion protein to this oligonucleotidgldaney: Ui, lver: S, spleen; T thymus, H, heaft LU, lung; 8, brain, M, muscle;
. . ~G, gut. b) Ubiquitous expression @fidentin embryonic tissues. Northern blot
could be speC|f|caIIy competed by an excess_ of unlabeled _0|_|g&?1alysis of total RNA prepared from various tissues of a day E14 mouse
2x, but not by an excess of an unlabeled oligo (0Ox) containingmbryo. L, limb.
mutant binding sites (Figb and c).

EtBr

Transactivation by Trident week-old mouse was analyzed by Northern hybridization to

determine expression of thiedentgene. Two transcripts 6B.5 kb

We used the site found in the binding site selection experiment{ye identified uniquely in thymus. We have not resolved the size

determine whether the Trident protein is a transcriptional activatefiterence between the two transcripts, which is most likely due
AZU2 B cells were cotransfected with a Trident expression vectgy 5jternative splicing or polyadenylation.

and a TK-CAT reporter plasmid with or without the TAAACA
Trident binding site (designated TK1 and TKO). CAT activity from =~ . . . o
TK1 showed an induction of 4.7-fold by the Trident expressioh’b'qu'tOL,'S expression offrident in embryonic tissues
vector, while expression from TKO was €elevated slightly (1.4-fold§nd cell lines

by a non-specific mechanism (F&). These results demonstrate Th

X g . - e expression of thEidentgene was tested in the developing
that the Trident protein is able to activate transcription through ”ﬁﬁ . o
TAAACA site, as a weak transactivator. ouse embryo. By analyzing RNA from six tissues of a day E14

mouse embryo, expression was found in all tissues including
heart, brain, liver and lung (Fidb), in contrast with the tissue-
restricted expression in adult animals. Furthermore, expression was
We analyzed the expression of Thiglentgene in a range of adult found in a large number of cell lines, ranging from B and T
mouse tissues (FigA). Total RNA from various tissues of a 6 lymphoid, myeloid and erythroid to several carcinoma cell lines

Tissue-restricted expression ofrident
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Figure 5. Expression ofridentis induced in stimulated Rat-1 fibroblast&.Northern blot analysis of total RNA from cells harvested after 0, 2, 4, 6, 8, 10, 12 and
24 h after stimulation as indicated) (3H]Thymidine incorporation in Rat-1 cells after restimulation with FES\Western blot analysis of Trident protein in
synchronized Rat-1 cells run on an 8% SDS—PAGE gel. Cells were harvested 0, 3, 6, 9, 12, 15, 18, 21 and 24 h after restimulation as indicated. The sizes of r
proteins are shown on the left in kiloDaltor§. Dephosphorylation of Trident. Extracts of nocodazole arrested RAT-1 cells were subjected to Western blotting. Lane 1
untreated sample; lane 2, sample incubated with phosphatase inhibitors; lane 3, phosphatase treated sampliérddramdlated Trident protein.

(not shown). These findings prompted us to stiidgent Western blotting. As shown in Figuse, a rise in the amount of

expression in the cell cycle. protein followed the increase in mMRNA level® h after
reentering the cell cycle. Also, after 21 h a band with reduced
Trident expression is induced in cells incited to cycling mobility is visible, presumably representing the phosphorylated

) . . protein in M phase. Indeed, blocking of cells in mitosis with
In order to study Trident expression in cells entering the celocodazole resulted in an increase of phosphorylated Trident (see
cycle, we used the rat fibroblast cell line Rat-1. Cells were growscyssion and Figsd). Multiple bands representing smaller

to a confluent monolayer and synchronized {1 l§ serum  peptides are seen after 15 h of stimulation, presumably representing
starvation for 48 h. The cells were then allowed to reenter the cgllgradation products of Trident.

cycle by replating in medium containing 10% fetal calf serum.
Analysis of RNA isolated from samples taken every 2 h showqgh
a sharp rise infrident expression between 8 and 10 h after
stimulation (Fig5a). In order to confirm phosphorylation of Trident in M phase, Rat-1
To correlate the timing of induction @fident with cell cycle cells were blocked in mitosis with nocodazole. Cells were
progression, &H]thymidine incorporation assay in Rat-1 cells wassonicated in PBS alone or in the presence of either phosphatase
performed. This experiment demonstrated that the ri¥adent  inhibitors or phosphatase as described in the Materials and

osphorylation of Trident in M phase

mMRNA levels coincided with the initiation of S phase (5. Methods section. The samples were subjected to SDS—-PAGE and
immunoblotted using the anti-TRIDENT antibody (Fd). The
Trident protein in cycling cells phosphorylated protein visible in lane 1 and 2 (arrow) is

) ) ) _dephosphorylated after phosphatase treatment (lane 3).
To study Trident expression at the protein level we raised aThe sjze of the Trident protein bandl80 kDa) did not
monoclonal antibody against the recombinant TRIDENT proteigorrespond to the predicted size based on the amino acid sequenc
(W.K. and H.C., unpublished). This anti-TRIDENT monoclonaljerived from the cDNA cloneéB5 kDa). This is likely due to

staining. It reacted with the human, mouse and rat Tridegiansiated protein also runs as a 130 kDa bandgigane 4).
proteins. To confirm the specificity of the antibody, we used a

transient transfection assay in COS cells as desciibgistanot b scussion
shown).

To confirm the observation of a rise in mRNA at the proteiWe have cloned Trident, a novel member of the fork head family
level we analyzed protein samples of synchronized Rat-1 cells by transcription factors, studied its expression pattern and
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determined its DNA binding properties. Trident is expressed in @l Trident knockout mouse was generated in our laboratory

cycling, but not in resting cells. When cells are entering the cédfBchilhamet al, unpublished results). So far, Tiadent’~ mice

cycle, Trident is expressed upon entry into S phase ameere detected in litters from heterozygote matings, indicating that

phosphorylated during M phase. The Trident protein binds ttee null mutation in theTrident gene is lethal. Based on its

motif TAAACA on DNA. expression pattern and its phosphorylation in M phase, the Trident
Trident expression was found in a large number of different cgdrotein is likely involved in cell cycle-specific gene regulation.

types in cycle, but not in resting cells. It was shown that the

expression is induced in S phase, implicating a role for the protej

in the progression of cells through the cell cycle. Anothe'(r&r(l;KNOWLEDGEMENTS
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