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The TATA-binding protein (TBP) is a universal transcription factor required for all of the eukaryotic RNA
polymerases. In addition to TBP, metazoans commonly express a distantly TBP-related protein referred to as
TBP-like protein (TLP/TRF2/TLF). Although the function of TLP in transcriptional regulation is not clear, it
is known that TLP is required for embryogenesis and spermiogenesis. In the present study, we investigated the
cellular functions of TLP by using TLP knockout chicken DT40 cells. TLP was found to be dispensable for cell
growth. Unexpectedly, TLP-null cells exhibited a 20% elevated cell cycle progression rate that was attributed
to shortening of the G2 phase. This indicates that TLP functions as a negative regulator of cell growth.
Moreover, we found that TLP mainly existed in the cytoplasm and was translocated to the nucleus restrictedly
at the G2 phase. Ectopic expression of nuclear localization signal-carrying TLP resulted in an increase
(1.5-fold) in the proportion of cells remaining in the G2/M phase and apoptotic state. Notably, TLP-null cells
showed an insufficient G2 checkpoint when the cells were exposed to stresses such as UV light and methyl
methanesulfonate, and the population of apoptotic cells after stresses decreased to 40%. These phenomena in
G2 checkpoint regulation are suggested to be p53 independent because p53 does not function in DT40 cells.
Moreover, TLP was transiently translocated to the nucleus shortly (15 min) after stress treatment. The
expression of several stress response and cell cycle regulatory genes drifted in a both TLP- and stress-
dependent manner. Nucleus-translocating TLP is therefore thought to work by checking cell integrity through
its transcription regulatory ability. TLP is considered to be a signal-transducing transcription factor in cell
cycle regulation and stress response.

TATA-binding protein (TBP) is a key general transcription
factor for all classes of RNA polymerases (RNAPs) in eu-
karyotes (22). Each RNAP needs a distinct set of general
transcription factors for promoter anchoring and transcription
initiation. For RNAPII, TFIID, consisting of TBP and several
TBP-associated factors, works for transcriptional regulation
through association with a specific promoter sequence and for
transcriptional activators (33). Recently, variants of the TFIID
complex with a distinct promoter recognition specificity have
been isolated (14, 27, 65). TBP interacts with the TATA se-
quence located upstream of the transcription start site to as-
semble RNAPII and general transcription factors, followed by
initiation of transcription (7). TBP has two domains: a variable
N-terminal domain and a highly conserved C-terminal core
domain. Crystallographic analysis of the core domain has re-
vealed that TBP has a typical saddle-shaped structure (29).
This structure confers multiple abilities, such as DNA binding,
self-dimerization, and protein-protein interaction, on TBP.

Although plants have more than one TBP-encoding gene
(16), vertebrates generally have a single TBP gene. However,
two TBP family genes (for TBP-related factor 1 and TBP-like
protein) have been identified in metazoans (8, 42). TRF1 has
been found only in Drosophila. It functions as a promoter
selectivity factor in the nervous system and substitutes for TBP

in RNAPII and III transcription (20, 25, 55). In contrast, TLP
(also called TRF2 or TLF) has been identified in all of the
metazoans examined, although its role in transcriptional reg-
ulation remains unknown. Sequence and genomic structure
analyses have revealed that TRF1 and TLP have different
evolution pathways (9, 52).

TLP bears a 180-amino-acid sequence that resembles the
saddle-shaped structure of TBP and displays about 38% iden-
tity to the TBP core domain. TLP can bind TFIIA and TFIIB,
like TBP, but does not bind to the TATA sequence (40, 42, 48,
57). In vitro experiments have shown that TLP cannot be
replaced by TBP for transcription activation (40, 57). However,
TLP stimulated transcription from RNAPII promoters like
TBP when it was artificially recruited to a promoter (43).
Recently, it was reported that TLP enhanced transcription
from a core promoter that lacks a TATA sequence in Drosoph-
ila (24). We observed that TLP stimulated several TATA-less
RNAPII promoters in vivo (43a). It is therefore speculated
that TLP works for transcriptional regulation of RNAPII genes
that carry a promoter element distinct from the TATA se-
quence. Suppression of the TLP gene by RNA interference in
Caenorhabditis elegans, Xenopus, and zebra fish showed that
TLP regulated embryonic development and was required for
the expression of a subset of RNAPII genes (10, 28, 41, 61). It
is also suggested that TLP is required for correct zygotic tran-
scription as a surrogate for TBP during early embryogenesis.
Mouse TLP was found not to be required for embryogenesis
but to be essential for spermiogenesis (35, 36, 68). Therefore,
although TLP is not essential for cell viability, it seems to have
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some species-specific functions. Consequently, TLP is thought
to be involved in the transcriptional regulation of a particular
set of genes required for cell dynamism.

It is generally understood that cell differentiation is associ-
ated with cell proliferation and that rapidly proliferating cells
do not undergo differentiation (6, 53, 54). Cell proliferation is
thought to be controlled by signal transduction pathways that
are involved in cell cycle progression, development, differen-
tiation, and apoptosis. Therefore, a protein that regulates cell
proliferation can also affect other cell dynamism. For example,
p53 tumor suppressor protein affects cell cycle progression, as
well as DNA damage response and differentiation (18). The
cell cycle is positively regulated by binding of cyclin-dependent
kinases to cyclins and subsequent phosphorylation. Progres-
sion of the cell cycle is negatively controlled by the binding of
cyclin-dependent kinase inhibitors to cyclin-cyclin-dependent
kinase complexes (44). These inhibitors of cell cycle progres-
sion participate in the differentiation pathway. p21 (WAF1/
CIP1), which inhibits the critical G2 regulatory factor cdc2
kinase, is up-regulated during differentiation (5). In addition to
typical cell cycle regulatory factors, general transcription fac-
tors for RNAPII have been reported to be involved in cell
proliferation and differentiation. TFIIA, which interacts with
TBP and plays a role as a positive cofactor for TBP-DNA
binding, regulates cell cycle progression in yeast (46).
TAFII250 and TAFII30 are required for cell cycle progression
and differentiation (39, 64). Since it has recently been reported
that TBP induces a delay in the G2/M transition (60), it is
thought that TLP also participates in cell cycle regulation.

It is therefore important to investigate the ability of TLP to
regulate cell proliferation. In this study, we disrupted the TLP
gene of chicken DT40 cells to investigate the cellular mecha-
nism of TLP. TLP-null cells were viable but displayed charac-
teristic growth property and stress response phenotypes. TLP
prolonged the G2 phase and displayed G2 checkpoint ability.
Accordingly, TLP-null cells were more resistant to G2 check-
point-dependent stress than were wild-type cells. Moreover,
TLP was transiently translocated to the nucleus when cells
reached the G2 phase and when they were also exposed to
stress agents. Expression levels of several cell cycle regulatory
genes changed in both stress- and TLP-dependent manners.
These results suggest that TLP functions as a transcription
factor through nuclear translocation under specific conditions
and regulates cell cycle progression and the G2 checkpoint.

MATERIALS AND METHODS

Construction of expression plasmids. A chicken TLP (cTLP) expression plas-
mid, FH-TLP, was constructed with the pCI-neo vector (Promega) carrying a
FLAG-and-His tag just upstream of the DNA-cloning site. Nuclear localization
signal (NLS)-carrying FH-TLP, NLS-TLP, was constructed with oligonucleotides
(AATTGGATCCAAAAAAGAAGAGAAAGGTAG and AATTCTACCTTT
CTCTTCTTTTTTGGATCC) that contain an NLS of the simian virus 40 T
antigen. The NLS was inserted into the EcoRI site just upstream from the tag
region.

Cell culture and transfection. DT40 chicken B lymphoma cells were cultured
at 39.5°C in RPMI 1640 medium (Sigma) supplemented with 100 U of penicillin
per ml, 100 �g of streptomycin per ml, 10% fetal calf serum, and 1% chicken
serum (JRH Bioscience). HeLa and NIH 3T3 cells were maintained in Dulbecco
modified Eagle medium (Sigma) supplemented with 100 U of penicillin per ml,
100 �g of streptomycin per ml, and 10% fetal calf serum at 37°C. TLP-deficient
DT40 cells (107) were transfected with FH-TLP plasmid (25 �g) by electropo-
ration at 550 V and 25 �F with a Gene Pulser II (Bio-Rad). When wild-type

DT40 cells (5 � 105) were transfected with NLS-TLP and FH-TLP, DNA (1 �g)
was introduced with Lipofectamine reagent (Invitrogen).

Disruption of the TLP gene of chicken DT40 cells. The third exons of cTLP of
DT40 cells were disrupted by homologous recombination with drug resistance
genes. For the first disruption, a histidinol resistance gene was used. Cells (107)
were transfected with 25 �g of linearized plasmid by electroporation. Drug
selection was performed at 24 h after transfection. After resistant cells were
obtained, one representative heterozygous knockout cell line was subjected to
secondary disruption by a puromycin or neomycin resistance gene. The concen-
trations of histidinol, puromycin, and neomycin in media were 1 mg/ml, 0.5
�g/ml, and 2 mg/ml, respectively (31). The recombination efficiency was around
70% throughout the experiments.

Northern blot analysis. Ten million cells were washed with phosphate-buff-
ered saline (PBS), and total RNAs were extracted with an RNeasy kit (Qiagen).
RNA (10 �g) was separated in a 1% formaldehyde gel and transferred to a
Hybond N� membrane (Amersham). The membrane was then hybridized with a
32P-labeled probe that covers exons 3 to 6 of the cTLP cDNA in hybridization
buffer (50% formamide, 5� SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate], 5� Denhardt’s reagent [12], 0.1 M sodium phosphate buffer [pH 6.5],
0.5% sodium dodecyl sulfate, 100 �g of yeast RNA per ml) at 42°C overnight.
After the membrane was washed, the signal was detected by autoradiography.

Protein extraction and Western blotting analysis. Ten million cells were lysed
in buffer C (50 mM HEPES-KOH [pH 7.8], 420 mM KCl, 0.1 mM EDTA, 5 mM
MgCl2, 20% glycerol) supplemented with benzamidine-HCl (1 mM), pepstatin A
(1 �g/ml), phenylmethylsulfonyl fluoride (0.5 mM), and leupeptin (1 �g/ml).
Following a brief centrifugation, the supernatant fractions were collected as
whole-cell extracts. Cytoplasmic and nuclear extracts were prepared as previ-
ously described (13). Protein concentrations of the cell extracts were determined
with a bicinchoninic acid protein assay kit (Pierce). The cell extracts were lysed
in Laemmli buffer. For Western blotting, cell extracts (10 �g) were separated by
sodium dodecyl sulfate–12% polyacrylamide gel electrophoresis and then elec-
troblotted onto a nitrocellulose membrane (Millipore). Exogenous FH-TLP and
NLS-TLP and endogenous c-fos were detected by an alkaline phosphatase
method (Promega) with anti-mouse TLP antiserum (42) and anti-human c-fos
polyclonal antiserum (Calbiochem), respectively. Endogenous TLP and �-actin
were detected by the enhanced-chemiluminescence system (Amersham) with
anti-mouse TLP antiserum and anti-mouse �-actin mouse monoclonal antiserum
(Sigma), respectively.

Cell growth inhibitory agents and flow cytometry. For cell proliferation anal-
ysis, 104 cells were seeded into 60-mm-diameter dishes. Cell viability was deter-
mined by the trypan blue dye exclusion method, and the number of viable cells
was determined with a hemacytometer. To examine UV sensitivity, 5 � 105 cells
were irradiated with UV light. Eight hours after irradiation, the viable cells were
counted. For determination of MMS sensitivity, 5 � 105 cells were treated with
various concentrations of MMS and viable cells were scored after 12 h. For flow
cytometry (fluorescence-activated cell sorter [FACS] analysis), cells were washed
with PBS, fixed in 70% ethanol at 4°C overnight, and then treated with 100 �g
of RNase A (Calbiochem) per ml in PBS for 20 min at room temperature. The
cells were stained with propidium iodide (10 �g/ml). Subsequent flow cytometry
analysis was performed with a FACScalibur (Becton Dickinson). The proportion
of each cell phase was determined with Cell Quest software (Becton Dickinson).

Synchronization of cells. Cells were synchronized at the G1/S boundary by the
double-thymidine block method, with minor modifications. DT40 cells were
cultured for 15 h (24 h in the case of NIH 3T3 cells) in medium containing 2.5
mM thymidine. After release in thymidine-free medium for 6 h, 1 mM hydroxyu-
rea was added to the medium and the cells were incubated for 12 h (24 h in the
case of NIH 3T3 cells). After release of the blocker in the normal medium, the
cells were harvested at the indicated times. To enrich the cell population re-
maining at early M phase, DT40 cells were cultured in medium containing 2.5
mM thymidine for 15 h (24 h in the case of NIH 3T3 cells) and then maintained
for 3 h in the normal medium. In medium containing 0.4 mg of nocodazole per
ml, cells were cultured for 5 h (12 h in the case of NIH 3T3 cells). They were
released from the block in nocodazole-free medium. The cells were cultured at
37°C in these procedures.

Immunocytochemistry. Cells were grown on a glass coverslip and fixed with
4% paraformaldehyde in PBS for 6 min. Following blocking with 1% bovine
serum albumin in PBS for 40 min, cells were incubated with a primary antibody
for 40 min. After washing, the cells were exposed to fluorescein isothiocyanate-
and rhodamine-conjugated secondary antibodies (Jackson) at a 1:100 dilution.
DNA was stained with 1 �g of 4�,6�-diamidino-2-phenylindole (DAPI; Sigma)
per ml. Cells were mounted for microscopy in mounting solution (10 mg of
p-phenylenediamine [Wako] per ml in 90% glycerol). Apoptotic cells were de-
tected by DAPI staining. At 18 h after transfection with TLP expression vectors,
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FIG. 1. Disruption of the TLP gene and growth rate of DT40 cells. Disruption of the cTLP gene of DT40 cells by homologous recombination
was examined by Northern (A) and Western (B) blotting. The positions of endogenous TLP (cTLP) and ectopically expressed FH-TLP are
indicated. �/�, �/�, and �/� represent wild-type, heterozygous TLP mutant, and homozygous TLP mutant (TLP-null) cells, respectively. Three
strains of TLP-null cells (strains A, B, and C) were examined. Strain A (lane 3 of panel A and lane 4 of panel B) was obtained by neomycin
resistance gene-mediated secondary disruption, and strains B (lane 4 of panel A) and C (lane 5 of panels A and B) were obtained by puromycin
resistance gene-mediated secondary disruption. �/�FH-TLP, TLP-null (strain C) cells that stably express FH-TLP. (C) The growth rates of cells
of several strains were determined by cell counting at the indicated times. Results for individual strains are shown as average numbers of three
different dishes. Dark solid line, wild-type cells. Gray solid lines show two lines of heterozygous TLP-disrupted cells: one for lane 2 of panel A and
lane 2 of panel B and the other for lane 3 of panel B. Dotted lines indicate three strains of TLP-null cells. Symbols: ■ , strain A; �, strain B; F,
strain C. (D) Flow cytometry of three different types of DT40 cells. Cell numbers are plotted as a fraction of the DNA contents based on intensities
of propidium iodide-dependent fluorescence. �/�, TLP-null (strain C) cells. The percentage of each phase is indicated. The positions of
representative G0/G1- and G2/M-phase cells are indicated.
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DT40 cells were cultured for 2 h in medium containing 1 mg of DAPI per ml.
These procedures were carried out at 37°C.

RT-PCR. Total RNAs were extracted from native and stressed DT40 cells and
cells derived from them. Reverse transcription (RT) was performed with total
RNA (1 �g) with an RNA PCR kit (TaKaRa). Reverse transcripts were ampli-
fied by a standard PCR with appropriate primers. The PCR cycle (15 to 25
cycles) of each gene was examined beforehand to obtain optimal band intensities
that quantitatively represent the expression level. RT-PCR products (�500-bp
fragments) were separated by 1% agarose gel electrophoresis and stained with
ethidium bromide. Band intensity was quantified with ImageMaster 1D software
(Amersham Pharmacia Biotech).

Nucleotide sequence accession number. The nucleotide and amino acid se-
quences of cTLP appear in the DDBJ/EMBL/GenBank databases under acces-
sion number AB024489.

RESULTS

Disruption of the TLP gene results in an increase in the cell
cycle progression rate. To study the in vivo function of TLP in
vertebrate cells, we established TLP knockout cells of chicken
DT40 cells (2, 3). DT40 cells propagate rapidly (i.e., spending
about 10 h for one generation) in culture and undergo frequent
homologous recombination. cTLP, which has 97% identity
with its mammalian counterparts, is a single-copy gene located
on chromosome 3 (52). The cTLP genes in both alleles were
disrupted by replacement with drug resistance genes, and mul-
tiple cTLP double-knockout cells were obtained. The estab-
lished cells contained no detectable cTLP mRNA or protein
(Fig. 1A and B). These results indicate that TLP is dispensable
for the viability of DT40 cells. The same conclusion has been
made for other organisms (10, 28, 35, 41, 61, 68). TBP gene
expression was not affected in any strains of TLP-null cells
(data not shown). However, we observed several interesting
phenotypic changes in TLP-null cells (see below).

Growth profiles of TLP-null cells were analyzed. To exclude
effects of the integrated drug resistance genes on acquired
properties of TLP-null cells, we used multiple drug-resistant
clones (Fig. 1, legend). All strains of TLP-null cells prolifer-
ated faster than did wild-type cells (Fig. 1C). The doubling
times of wild-type and TLP-null cells were 10 and 8 h, respec-
tively, and heterozygous knockout cells (TLP�/�) exhibited a
doubling time that was intermediate between those of wild-
type and TLP-null cells (Fig. 1C). The high proliferation rate
of TLP-null cells was restored by ectopic expression of TLP
(Fig. 2B, part 4). Consistently, it was found that wild-type
DT40 cells and mammalian (HeLa and NIH 3T3) cells also
exhibited lower growth rates when they overexpressed exoge-
nous TLP (data not shown). Therefore, it was demonstrated
that the cell growth rate depended on the level of intracellular
TLPs. To characterize the growth profile of TLP-null cells in
detail, we analyzed them with a FACS. The proportion of
G2/M-phase cells of asynchronously growing TLP-null cells
was reduced, while that of G1-phase cells was concomitantly

elevated compared with that of wild-type cells (Fig. 1D). These
results imply that the high proliferation rate of TLP-null cells
is due to the shortened G2/M phase.

TLP-null cells have a shortened G2-phase period. We ana-
lyzed the length of cell cycle phases by using synchronized cells.
First, cells with different TLP genotypes were maintained in
culture medium containing hydroxyurea or thymidine to arrest
cells at the G1/S boundary and cell populations were analyzed
with a FACS. Most of the cells of all of the cell lines used
shifted to the G2/M phase from the S phase at 3.5 to 4 h after
release (Fig. 2A and B). Notably, the majority of TLP-null cells
remained at the next G1 phase at 7 h after release (Fig. 2B, part
3) whereas the majority of wild-type cells still remained at the
G2/M phase (Fig. 2B, part 1). Although period III (G2/M-
phase majority time) of wild-type cells lasted 5.5 h (Fig. 2B,
part 1), that of TLP-null cells lasted only 2.5 h (Fig. 2B, part 3).
Thus, it was thought that TLP-null cells enter the G1 phase
from the G2/M phase faster than do wild-type cells. Period III
of TLP�/� cells was determined to be 4.5 h, a duration be-
tween those of TLP-null and wild-type cells (Fig. 2B, part 2).
Moreover, period III of �/� FH-TLP cells was longer (4 h)
than that of parental TLP-null cells (Fig. 2B, part 3 versus part
4). These results suggest that TLP prolongs the G2/M phase.
The difference between the doubling times of wild-type cells
(10 h) and TLP-null cells (8 h) shown in Fig. 1B thus roughly
coincides with that shown in Fig. 2A and B. To determine
which cell cycle phase, G2 or M, is affected by TLP, we syn-
chronized cells at the early M phase by using nocodazole.
Three hours after release, the same proportions of wild-type
and TLP-null cells entered the G1 phase from mitosis (Fig.
2C). These results suggest that the rapid proliferation of TLP-
null cells is due to shortening of the G2 phase, not the M phase.
TLP was thought to regulate the length of the G2 phase.

TLP is translocated to the nucleus in a cell cycle-dependent
manner. Many lines of evidence suggest that TLP is a tran-
scription factor. We also found that TLP can act as an uncon-
ventional transcriptional activator (43). However, unexpect-
edly, most (more than 90%) of the TLPs were observed in the
cytoplasm of asynchronized NIH 3T3 cells (Fig. 3d) and DT40
cells (Fig. 4B, cTLP; see also Fig. 6A, lane 1 versus lane 6). We
examined the localization of TLP and G2-phase-specific phos-
phorylated histone H3 (21) in synchronized NIH 3T3 cells
(Fig. 3). On the basis of phospho-histone H3 staining patterns,
the cell populations were confirmed to be synchronized at
objective phases (Fig. 3e to r). G1- and S-phase cells, which did
not exhibit phospho-histone H3 in their nuclei (Fig. 3f and j),
contained TLP in the cytoplasm (Fig. 3 h and l), while cells
remaining at the G2 phase showed a nuclear staining pattern
with both phospho-histone H3 and TLP (Fig. 3n and p, respec-
tively). On the basis of the results of cell number counting,

FIG. 2. Disruption of the TLP gene of DT40 cells results in shortening of the G2 phase. (A) Synchronized and released cells with different cTLP
genotypes were analyzed with a FACS. Cells remaining at the G1/S boundary were analyzed at the indicated times after release (0 h).
(B) Proportions of three kinds of cell cycle phase at different times after release based on data in panel A are plotted. Dark solid line, G0/G1 phase;
gray solid line, S phase; dotted line, G2/M phase; I, period in which G0/G1-phase cells were in the majority (duration from the point of release [0
h] to the time when the proportions of G0/G1-phase and S-phase cells became equal); II, period in which S-phase cells were in the majority
(duration from the end of period I to the time when the proportions of S-phase and G2/M-phase cells became equal); III, period in which
G2/M-phase cells were in the majority (duration from the end of period II to the time when the proportions of G2/M-phase and G0/G1-phase cells
became equal). (C) Cells synchronized in the early M phase were released, and cell cycle phases were analyzed with a FACS.
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FIG. 3. Cell cycle-specific nuclear translocation of cytoplasmic TLP. NIH 3T3 cells synchronistically staying at the G1/S boundary were released
and cultured for 4, 8, and 12 h to prepare S-, G2-, and M-phase cell populations, respectively. For preparation of G1-phase cells, cells were
synchronized at the early M phase and subsequently cultured for 4 h after release. AS, asynchronized cells. Cells were stained with DAPI,
anti-phospho-histone H3, and anti-TLP antibody. Cell populations used for DAPI and anti-phospho-histone H3 staining were identical for the AS,
G1, S, and G2 phases. Cells remaining in the M phase showed a homogeneous staining pattern with phospho-histone H3 (not shown). Among five
cells remaining in the G2 phase, four nuclei (arrows) were stained with anti-TLP antibody (o and p). The microscopic images were taken at a
magnification of �640.
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proportions of cytoplasmic TLP in the G1- and S-phase cells
and nuclear TLP in the G2-phase cells were estimated to be
more than 90 and 70%, respectively (Fig. 3h, l, and p). At the
G2 phase, phospho-histone H3 showed a characteristic dot
staining pattern (Fig. 3n). At the M phase, both phospho-
histone H3 (data not shown) and TLP (Fig. 3r) were present
relatively homogeneously in cells. Eventually, cytoplasmic TLP
was found to be translocated to the nucleus at the G2 phase.

TLP translocated compulsorily to the nucleus induces G2

delay and apoptosis. Next, we addressed the question of
whether TLP actively induces a G2 delay. Unlike TLPs of lower
animals, those of vertebrates do not have a conventional NLS.
We ectopically expressed artificial NLS-TLP in DT40 cells.
The expression levels of NLS-TLP (Fig. 4A) and parental
FH-TLP (data not shown) in cells were about 1.5 times greater
than that of endogenous TLP at 20 h after transfection. About
30% of NLS-TLPs were localized in the nucleus (Fig. 4B, lane
5 versus lane 6), while most (more than 90%) of the FH-TLPs
remained in the cytoplasm (Fig. 4B, lane 3 versus lane 4). Our

cell fractionation method was confirmed to be relevant by
Western blotting with an anti-c-fos antibody against reference
nuclear protein c-fos (59) (Fig. 4B, bottom). Accordingly, the
amounts of nucleus-localizing TLPs were estimated to be
three- to fivefold greater than those in mock-transfected cells.
As had been expected, the size of the G2/M population in
NLS-TLP-expressing cells was 1.5-fold greater than that in
wild-type cells at 20 h after transfection (Fig. 4C, part 3, and
D), and such an increase in the G2/M population was not
observed in FH-TLP-expressing cells (Fig. 4C, part 2, and D).
Furthermore, there was a significant increase (about twofold)
in apoptotic cells in NLS-TLP-expressing cells compared with
those in FH-TLP-expressing cells and mock-transfected cells
(Fig. 4C, sub-G1 groups, and E, DAPI-stained cells). Conse-
quently, in the nucleus, TLP was found to actively work to
induce a G2 delay and apoptosis.

TLP functions for the G2/M checkpoint and induces apo-
ptosis. Eukaryotic cells commonly have a checkpoint mecha-
nism specific for each cell cycle phase, enabling the cells to

FIG. 4. NLS-TLP increases the population of cells remaining in the G2 phase and apoptotic cells. (A) Ectopic expression of NLS-TLP proteins
was examined by Western blotting. Wild-type cells transfected with the NLS-TLP plasmid were incubated for the indicated times, and amounts
of endogenous (cTLP) and exogenous (NLS-TLP) TLP in whole-cell extracts were determined. (B) Nuclear localization of exogenous FH-TLP and
NLS-TLP. Twenty hours after transfection, amounts of endogenous TLP (cTLP), c-fos, and exogenous FH-TLP (lanes 3 and 4) and NLS-TLP
(lanes 5 and 6) in cytoplasmic (C) and nuclear (N) extracts were determined by Western blotting. Cytoplasmic and nuclear extracts were applied
to 1/10 and 3/4 of the total extracts from the same number of cells (approximately 106), respectively. Mock, empty expression vector-transfected
cells; FH-TLP and NLS-TLP, wild-type cells transfected with expression plasmids for FH-TLP and NLS-TLP, respectively. An asterisk indicates
a nonspecific band. (C) Shift in cell cycle phases elicited by NLS-TLP overexpression. Twenty hours after transfection, the cell cycle profile of each
cell batch was analyzed with a FACS. Positions of the sub-G1 region (apoptotic cell population) are indicated. (D) Histogram of results shown in
panel C. Solid columns, mock-transfected cells; open columns, cells overexpressing FH-TLP; hatched columns, cells overexpressing NLS-TLP.
Averages and standard deviations were calculated from four independent experiments. (E) Detection of apoptotic cells by DAPI staining. At 18 h
after transfection, cells were cultured in medium containing DAPI. The microscopic images were taken at an original magnification of �400.
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FIG. 5. TLP is required for G2 checkpoint regulation. (A) Proportions of cell cycle phases following UV irradiation. Eight hours after UV irradiation
(75 J/m2) [UV (�)], wild-type cells (�/�) and TLP-null strain C cells (�/�) were analyzed with a FACS. UV (�), without irradiation. (B) Changes in
proportions of cell cycle phases after MMS exposure. G1/S boundary-synchronized cells were released and exposed to MMS (0.2 mM). Cells were then
analyzed with a FACS. Dark solid line, G0/G1 phase; gray solid line, S phase; dotted line, G2/M phase. Three periods (I, II, and III) during which cells
of each phase were in the majority were determined as described in the legend to Fig. 2B. Dose-response curves of viable DT40 cells following UV
irradiation (C) and MMS exposure (D) are shown. Results are shown as average numbers of two separate dishes in each assay. Wild-type cells (dark solid
line), �/� FH-TLP cells (gray solid line), and two lines of TLP-null cells (dotted lines) (strains A [■ ] and C [�]) were examined.
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prevent and repair DNA damage at different stages, depending
on the agent causing the damage. The above-described results
imply that TLP acts as a G2 checkpoint factor. We investigated
the role of TLP in the DNA damage response elicited by UV
light and methyl methanesulfonate (MMS). UV- and MMS-
induced DNA repairs occur predominantly at the G2 check-
point (45, 47). We analyzed the proportions of cell phases in
irradiated TLP-null and wild-type cells with a FACS. In agree-
ment with previous observations (4, 56), the proportions of
G2/M and G1 phases of wild-type cells had increased and
decreased at 8 h after UV irradiation, respectively (Fig. 5A,
�/�). However, the proportions of these two phases of TLP-
null cells did not change significantly (Fig. 5A, �/�). Further-
more, the percentage of apoptotic TLP-null cells reached only
45% of that of wild-type cells (sub-G1 group cells in Fig. 5A,
UV�). The same phenomenon was observed in MMS-treated
cells (data not shown). These results suggest that TLP is re-
sponsible for the G2 delay and apoptosis of stressed cells. It
was thought that a significant proportion of G2-phase TLP-null
cells escaped from the G2 checkpoint mechanism and entered
the G1 phase even if they had been exposed to stresses because
the G2 phase of TLP-null cells is too short for the G2 check-
point to function sufficiently. The G1/S boundary-synchronized
cells were treated with MMS, and the populations of G2/M
phase-escaping cells and G1 phase arrival cells were analyzed
with a FACS. Consistent with the results shown in Fig. 1,
wild-type and TLP-null cells were in the G2 phase (period III)
as a major population at 5 h after release (Fig. 5B, dotted line).
Only 25% of the wild-type cells were in the next G1 phase, even
at 18 h after release and later (Fig. 5B, �/�, solid line).
However, more than 40% of the TLP-null cells reached the
next G1 phase and the majority remained at the G1 phase 10 h
after release (Fig. 5B, �/�, solid line), even though period III
of TLP-null cells under the stressed condition (5 h) was two-
fold longer than that under the nonstressed condition (2.5 h)
(Fig. 5B, �/�, versus 2B, part 3). In contrast to a small per-
centage (less than 5%) of nonstressed TLP-null cells remaining
at the G2 phase (Fig. 2B, part 3), about 35% of the stressed
TLP-null cells still remained at the G2 phase even when the
majority of cells were in the G1 phase at 14 h after release (Fig.
5B, �/�). The accumulation of TLP-null cells remaining at the
G2 phase is thought to be due to a TLP-independent G2 check-
point mechanism (see Discussion). These results suggest that a
significant part of the G2 checkpoint in DT40 cells is conducted
by TLP.

Next, we examined the proportions of cells that had under-
gone apoptotic stresses. The number of viable wild-type cells
was drastically reduced by UV irradiation (Fig. 5C, solid line).
However, TLP-null cells were more tolerant to UV than were
wild-type cells (Fig. 5C, dotted lines). The UV dose required to
kill TLP-null cells was about twofold greater than that required
to kill wild-type cells (Fig. 5C, solid line versus dotted lines).
Likewise, TLP-null cells appeared to be more tolerant (1.5
times) to MMS treatment than were wild-type cells (Fig. 4D).
The tolerance of �/� FH-TLP cells to UV and MMS was the
same as that of wild-type cells (Fig. 5C and D, gray line versus
solid line). These results suggest that TLP functions as a G2

checkpoint factor against UV and MMS and enhances an apo-
ptosis pathway in the G2 phase. Since p53 does not function in

DT40 cells (56, 66), the above phenomenon is thought to occur
in a p53-independent manner.

We examined whether TLP is translocated to the nuclei of
stress-exposed cells. Surprisingly, a high concentration of TLP
was detected conversely in nuclear extracts shortly (15 to 30
min) after UV irradiation (Fig. 6A, lanes 2 and 3 versus lanes
7 and 8). The net amounts of TLP proteins in a cell did not
change (data not shown). Afterward, the level of nuclear TLPs
rapidly decreased and cytoplasmic TLP again became domi-
nant within 1 h after UV irradiation. The same results were
obtained with HeLa and NIH 3T3 cells (Fig. 6B and C). These
phenomena were confirmed by immunocytochemical analysis
of NIH 3T3 cells because TLPs in native and UV-irradiated
cells were mostly localized in the cytoplasm and nucleus, re-
spectively (Fig. 6D). The same results were obtained when cells
were treated with MMS (data not shown). The localization
pattern of TBP was not altered by stresses (data not shown).
TLP was clearly demonstrated to behave as a nucleus-cyto-
plasm shuttle in accordance with stress exposure.

Identification of TLP-dependent and stress-responsive
genes. To determine the potential downstream target genes of
TLP responsible for cell cycle and checkpoint regulation, we
analyzed mRNA levels of 18 genes by RT-PCR. To observe the
direct effect of nuclear TLP and to amplify changes in TLP-
dependent transcripts, RNAs were prepared from cells shortly
(1 h) after UV exposure. It was found that the amounts of
mRNAs of the cyclin G2, PCNA, and wee1 genes, which are
related to cell cycle progression and checkpoint (26, 49, 58),
were significantly altered in irradiated wild-type cells (Fig. 7,
�/�). The expression levels of the cyclin G2 and PCNA genes
were increased (by 1.8- and 1.3-fold, respectively) by UV irra-
diation, whereas wee1 showed a reduced expression level
(�0.6-fold). Changes in these three genes were negligible in
irradiated TLP-null cells (Fig. 7, �/�), and the expression
levels were almost restored in �/� FH-TLP cells (Fig. 7,
�/�FH-TLP). We reproducibly obtained the same results in
multiple experiments. TLP is therefore thought to be involved
in the expression of these genes. Changes in the expression
levels could not be observed under the nonstressed condition
(Fig. 7A, no-UV condition), suggesting that the basal levels of
these genes are governed in a TLP-independent manner and
that TLP plays a regulatory role.

DISCUSSION

TLP negatively regulates the cell proliferation rate. In this
study, we analyzed cellular functions of TLP by generation of
TLP knockout cells. The general transcription factors are
thought to be essential for cell functions because they are
commonly required for transcriptional initiation. Contrary to
the TBP gene, the present study with TLP-null cells clearly
showed that TLP is not an essential factor for cell viability.
This finding is consistent with results of TLP knockout and
knockdown analyses of various kinds of eukaryotes even
though TLP is required for development and differentiation
(10, 28, 35, 36, 41, 61, 68).

To elucidate the in vivo function of TLP more precisely, we
examined the growth properties of TLP-null cells. TLP-null
cells showed a greater rate of proliferation than did wild-type
cells, due to the shortened G2 phase, because the length of
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period III of TLP-null cells was only half of that for wild-type
cells (Fig. 2B). Because �/� FH-TLP cells prolonged only the
G2 phase (Fig. 2B), the low growth rate of �/� FH-TLP cells
shown in Fig. 1C was not thought to be due to simple growth
inhibition by the overexpression of exogenous proteins. Hence,
this phenotype was dependent on the TLP expression level

(Fig. 2A and B). Moreover, compulsorily nucleus-localized
NLS-TLP actively increased the proportion of G2-phase cells
(Fig. 4). It was concluded that TLP negatively regulates G2/M
progression. Multiple general transcription factors, such as
TFIIA, TFIIH, and TAFIIs, have been reported to participate
in cell cycle regulation (39, 46, 51, 64). It has also been re-

FIG. 6. TLP is translocated to the nucleus when cells are exposed to stress agents. (A) UV-irradiated DT40 cells (100 J/m2) were harvested at
the indicated times after irradiation, and TLP and �-actin in the nuclear and cytoplasmic extracts were analyzed by Western blotting. NIH 3T3
(B) and HeLa (C) cells were exposed to UV light (100 J/m2), and the nuclear extracts were analyzed as described for panel A. Cytoplasmic and
nuclear extracts were applied to 1/10 and 3/4 of the total extracts from the same number of cells (approximately 106), respectively. (D) NIH 3T3
cells exposed (panel 3) or not exposed (panels 1 and 2) to UV light (100 J/m2) were harvested 15 min after irradiation, and the localization of TLP
(panels 2 and 3) and �-tubulin (panel 1) was analyzed immunocytochemically.
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FIG. 7. Changes in mRNA expression levels of UV-irradiated cells. (A) Expression of genes related to checkpoint and cell cycle regulation was
examined by RT-PCR. RNAs were prepared from three kinds of DT40 cells, wild-type (�/�), TLP-null (�/�; strain C), and �/� FH-TLP cells,
1 h after (�) or without (�) UV irradiation (100 J/m2), and RT-PCR products were detected. Results of representative genes are shown. The
values at the bottom of each panel represent relative amounts of mRNAs in UV-irradiated cells with respect to those in nonirradiated cells of each
strain. (B) Histogram of results of three genes (cyclin G2, PCNA, wee1) whose transcript levels were changed significantly by UV irradiation.
Averages and standard deviations were obtained from five independent experiments.
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ported that heterozygous disruption of the TBP gene results in
a delay in the G2/M transition (60). Hence, these two TBP
family proteins have related but opposite roles in the G2/M
transition; i.e., TBP accelerates the onset of M phase, while
TLP prolongs the G2 phase.

TLP has been demonstrated to be required for embryogen-
esis of C. elegans and Xenopus and spermiogenesis in mice. It
is widely recognized that differentiation is dependent on cell
growth status. Our findings are consistent with those observa-
tions because it is generally accepted that differentiation is
coupled with growth arrest. Consistently, growth factors such
as FGF-2 and TGF-� and cell cycle checkpoint factors such as
ATM and p53 are known to induce differentiation (1, 30, 37,
38). TLP may contribute to differentiation through negative
cell growth regulation. Expression of TBP family genes is dif-
ferently stimulated during differentiation and development;
i.e., TBP is constantly expressed, whereas TLP is expressed at
restricted stages (36). These differences in expression patterns
may provide the specificity of subsequently transcribed genes
and determine differentiation timing.

TLP regulates the G2 checkpoint. TLP-null cells increased in
the cell population escaping from the G2 phase compared with
wild-type cells when cells were treated with G2 checkpoint-
targeted stress agents (Fig. 5B). Moreover, TLP-null cells were
more resistant to the stresses than were wild-type cells (Fig. 5C
and D). The shorter G2 length of TLP-null cells compared with
that of wild-type cells may result in an incomplete checkpoint
and decreased numbers of apoptotic cells. Ectopic expression
of NLS-carrying TLP resulted in an increase in G2 phase-
remaining and apoptotic cell populations (Fig. 4). Therefore,
TLP is suggested to conduct the G2 checkpoint regulation.
However, the contribution of TLP seems to be limited in the
whole checkpoint system governed by several major check-
point factors, such as p53 and chk2 (11, 23). Since stress treat-
ment also caused apoptotic death in some populations of TLP-
null cells even though the rate of apoptotic cell death
decreased compared to that of wild-type cells (Fig. 5C and D),
a part of the G2 checkpoint is thought to be governed in a
TLP-independent manner. Since p53 does not function in
DT40 cells (56, 66), TLP most likely regulates the G2 check-
point in a p53-independent pathway. It is widely known that
p53, a central checkpoint factor, strongly induces stress-medi-
ated G1 arrest and subsequent apoptosis. Stress tolerance of
TLP-null cells was thought to appear because of a deficiency in
functional p53 and a shortened G2 phase, where a checkpoint
regulation mechanism should work. We also observed that
TLP was translocated to the nucleus in response to stresses in
NIH 3T3 cells, which have the functional p53 gene (Fig. 6).
Hence, TLP is thought to function as a G2 checkpoint factor of
other cells in which p53 normally works.

We discovered that TLP was transiently translocated to the
nucleus in response to stresses. Thus, TLP can be regarded as
a sensor and a transducer for checkpoint induction signals. Our
finding that a basal transcription factor-related protein is di-
rectly involved in stress-related signal transduction is new. TLP
probably functions in the nucleus as a transcription factor for
cell cycle progression and the G2 checkpoint, presumably not
as a direct checkpoint factor. This speculation is based on the
data in Fig. 7 showing that expression of the cyclin G2, PCNA,
and wee1 genes was affected when TLP was concentrated in the

nucleus. Cyclin G2 is a negative regulator of cell cycle progres-
sion (15, 26). PCNA is also known as a G2 damage-dependent
checkpoint regulator, and overexpression of PCNA results in
G2 arrest (58, 63). Wee1 regulates the G2/M transition and is
downregulated by DNA damage signals (32, 49). These factors
work upstream of G2/M transition and checkpoint decision
factors. It is thought that slight induction of these upstream
regulatory proteins greatly influences the regulation of down-
stream proteins. Moreover, it has been reported that the ex-
pression level of these upstream regulatory factors drifted in
response to stresses (15, 32, 63). Thus, altered expression of
the cell cycle regulation genes shown in Fig. 7 is suggested to
affect cell dynamics. We measured the gene expression levels
1 h after stress treatment to focus on the direct effect of nuclear
TLP. TLP may directly participate in the regulation of these
genes because it was translocated 15 min after stress treatment
(Fig. 6). Recently, it has also been reported that TLP activates
transcription from the TATA-less promoter of the PCNA gene
in Drosophila (24). It is probable that the cyclin G2 and wee1
genes are also direct targets of TLP because these genes pos-
sess a TATA-less promoter, like the PCNA gene. Our results
imply that TLP controls the expression of cell growth-, check-
point-, and apoptosis-related genes.

It has been reported that TBP in stressed cells leaves off
transcriptional regulation and preferentially binds to injured
DNAs for repair (62). TBP family genes seem to play a com-
mon role in the defense of cells against stress damage through
two different pathways; i.e., TBP directly participates in DNA
repair, and TLP mediates cell cycle arrest and apoptosis as a
transcription factor.

TLP is translocated to the nucleus in response to cell cycle
phase and stress stimuli. Transcription factors, which are
ready for a quick response in transcriptional regulation, are
basically localized in the nucleus. Nevertheless, we detected
TLP in the cytoplasm with several assays (Fig. 3 and 6). TLP
was thus concluded to be a cytoplasmic protein. It is notewor-
thy that vertebrate TLPs do not possess an NLS, unlike TBP
and TLPs of lower animals. By using synchronized cells, we
demonstrated that TLP was translocated to the nucleus at the
G2 phase (Fig. 3). Moreover, we observed nuclear transloca-
tion of TLP in response to stress stimuli (Fig. 6). In every case,
transiently nucleus-translocated TLP quickly returned to the
cytoplasm. TLP was demonstrated to behave as a nucleus-
cytoplasm shuttle protein.

We identified the potential downstream genes that were
induced under the condition in which TLP was localized in the
nucleus (Fig. 7). Knockout mouse experiments showed that
TLP was expressed at a high level in the nuclei of round
spermatids (36). Hence, the concentration of TLP in the nu-
cleus seems to be associated with activation of TLP functions.
Nuclear translocation is a critical event for certain transcrip-
tion factors to acquire regulation ability in cells. p53 and
NF-	B possess functional activity via nuclear localization upon
receiving intracellular activation signals (17, 50). The STAT
and SMAD families are directly activated by a membrane-
bound receptor, followed by nuclear translocation (34, 67). In
general, cytoplasmic proteins enter the nucleus through nucle-
ar-pore complexes containing importins � and � and Ran GT-
Pase that recognize NLSs (19). The mechanism that regulates
the nuclear translocation of TLP is not clear because verte-
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brate TLPs do not have an NLS. Nuclear translocation of TLP
is probably governed by other regulatory factors.

Is TLP function a transcription factor? On the basis of its
structural similarity to TBP, TLP is thought to be a transcrip-
tion factor. In in vivo reporter assays, TLP activated transcrip-
tion from model promoters when TLP was artificially recruited
to a proximal promoter element (43). Moreover, TLP ectopi-
cally expressed in cells stimulated some promoters (43a). Sev-
eral studies with knockout animals have revealed TLP-sensi-
tive potential genes (35, 61, 68). It is thus thought that TLP
regulates the transcription of certain genes by a novel mecha-
nism distinct from that of TBP. The results of the present study
support this assumption. TLP usually exists in the cytoplasm in
an inactive form. It is speculated that when cells are exposed to
particular signals derived from stress agents, cell cycle (G2

phase), and probably differentiation, TLP is transiently trans-
located to the nucleus upon receiving signals and temporarily
regulates the transcription of specific target genes. Therefore,
both TBP family proteins may act as transcription factors in
distinct ways; i.e., TBP constantly remains in the nucleus and
directs transcription initiation ubiquitously, whereas TLP tem-
porarily or transiently modulates the expression of a limited set
of genes under specific conditions.
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