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Background: TLP and p21 are involved in growth inhibition.

Results: TLP decreased cell growth and activated upstream promoter of p21 gene p53-dependently. TLP bound to p53. The
promoter was associated with TLP and p53, and TLP enhanced recruitment of p53 to the promoter.

Conclusion: TLP is required for p53-dependent transcriptional activation of p21 upstream promoter.

Significance: A novel regulator for p53-p21 pathway was identified.

TATA-binding protein-like protein (TLP) is involved in
development, checkpoint, and apoptosis through potentiation
of gene expression. TLP-overexpressing human cells, especially
p53-containing cells, exhibited a decreased growth rate and
increased proportion of G, phase cells. TLP stimulated expression
of several growth-related genes including p21 (p21V*#?/<r1), TLP-
mediated activation of the p21 upstream promoter in cells was
shown by a promoter-luciferase reporter assay. The p53-bind-
ing sequence located in the p21 upstream promoter and p53
itself are required for TLP-mediated transcriptional activation.
TLP and p53 bound to each other and synergistically enhanced
activity of the upstream promoter. TLP specifically activated
transcription from the endogenous upstream promoter, and
p53 was required for this activation. Etoposide treatment also
resulted in activation of the upstream promoter as well as
nuclear accumulation of TLP and p53. Moreover, the upstream
promoter was associated with endogenous p53 and TLP, and the
p53 recruitment was enhanced by TLP. The results of the pres-
ent study suggest that TLP mediates p53-governed transcrip-
tional activation of the p21 upstream promoter.

The cell cycle is regulated positively by multiple cyclin-de-
pendent kinase-cyclin complexes and negatively by cyclin-de-
pendent kinase inhibitors (CKIs)* (1). CKI inhibits cell cycle
progression to antagonize cell cycle engines, and its dysfunc-
tion and repressed gene expression result in immortalization of
cells. Thus, CKI generally behaves as a tumor suppressor (2, 3).
p21 (p21¥af/CiP1) is one of the most representative and major
CKIs for G, arrest working from G, to S phases (4, 5), and it
binds to CDC4/6-cyclin D complexes needed for activation of a
number of S phase-promoting regulatory proteins. p21 binds to
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proliferating cell nuclear antigen to inhibit DNA polymerase. It
is also known that repressed p21 gene expression is required for
propagation and maintenance of the undifferentiating property
of induced pluripotent stem cells (6).

The p21 gene is enhanced by multiple transcription factors
(7, 8), and its expression in a normal condition is regulated in
accordance with cell cycle progression. When cells are exposed
to genotoxic agents such as etoposide and UV light, p53 protein
is activated via phosphorylation and binds to p53-responsive
elements of the p21 gene (9). Then propagation of damaged
cells is repressed at G, phase by accumulated p21 protein. This
arresting period is required for damaged cells to be repaired or
to enter an apoptotic pathway. Therefore, p21 is regarded as a
potent checkpoint factor like p53.

p53 is the most typical tumor suppressor that activates many
genes via its transcriptional regulatory property as well as a
stoichiometric fashion (10-12). p53-responsive genes include
genes for apoptosis induction, DNA repair, and cell cycle
repression such as p21. Normally, p53 is destabilized by associ-
ation with MDM2 ubiquitin ligase, which brings p53 to the
ubiquitin-proteasome pathway. When a genotoxin signal
reaches a cell, a kinase cascade involving ATM/ATR and Chk1/
Chk2 functions to phosphorylate p53, resulting in release of
MDM2 from p53 (9), and the phosphorylated p53 comprises a
homotetramer and binds to its target sequences of responsive
genes (13). p53 forms a gene family including transactivating
p63 (TAp63) and p73, all of which have the same consensus
sequence (14). TAp63 has a role in differentiation as well as
apoptosis induction and tumor suppression (15-17). We have
found that TBP-like protein (TLP) enhances activity of the pro-
moter of TAp63 gene, which induces apoptotic cell death, and
we have presented a TLP-TAp63 pathway model to explain
etoposide-triggered apoptosis (18).

TATA-binding protein (TBP) is one of the general transcrip-
tion factors, and it has the ability to bind to TAT A box elements
of RNA polymerase II-driven genes (19-21). TBP comprises a
gene family including TBP-related factor 1 (TRF1), TLP/TRF2,
TRF3, and TRF4 (22-27). TLP exhibits 40% identity to the con-
served region of TBP and binds to transcription factor IIA
(TFIIA) more strongly than does TBP (28, 29). Originally, TLP
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was identified as a differentiation factor (30, 31). By using TLP
knock-out chicken DT40 cells, we demonstrated that TLP
inhibits G,-M transition (32). Although TLP has no obvious
sequence-specific DNA binding activity, many lines of evidence
indicate that TLP has a transcription-activating ability (33, 34).
Through cell-based transient promoter assays, we have demon-
strated that TLP activates several promoters that lack a TATA
box, whereas TATA-containing promoters are repressed for an
unknown reason (28, 34, 35). It has also been shown that TLP
regulates cellular genes including cyclin G2 (32), TAp63 (18),
weel (32, 36), proliferating cell nuclear antigen (32, 37), and
NFI (38), which are related to cell cycle regulation, apoptosis
induction, tumor suppression, and DNA repair, implying that
TLP works for cell integrity and growth control.

Chicken cells lacking the TLP gene exhibit high growth rates
and apoptosis induction when they are exposed to genotoxic
agents (32), suggesting that TLP serves as a checkpoint factor in
chicken cells. However, it has not been determined whether
TLP exhibits such functions in mammalian cells. In this study,
we found that TLP exhibits a G;-arresting ability especially in
p53-containing cells, and we identified p21 as one of the TLP-
stimulated genes. Interestingly, we found that activation of the
p21 upstream promoter by TLP absolutely depends on the p53-
binding sequence and p53 itself. TLP could bind to p53. The
chromosomal upstream promoter was also stimulated by eto-
poside, and p53 and TLP associated with that region and acti-
vated the p2]1 promoter synergistically. TLP enhanced the
recruitment of p53 to the promoter. Consequently, we identi-
fied a novel regulatory factor of the human p21 gene. Interac-
tion involving p53 and TLP is thought to be responsible for
TLP-governed G, arrest.

EXPERIMENTAL PROCEDURES
Cell Culture, Drug Treatment, and DNA Transfection

HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium with low glucose content (DMEM-low; Sigma-Al-
drich) at 37 °C in the presence of 10% fetal calf serum and 5%
CO,. Human HepG2 cells and HCT116 cells (wild-type and
p53-lacking mutant cells) (39), and COS7 cells were similarly
cultured in DMEM-high (Sigma-Aldrich). Etoposide dissolved
in dimethyl sulfoxide (DMSO) was added to the medium for
some experiments. Transfection of nucleic acids was per-
formed by using Lipofectamine and Plus reagent (Invitrogen)
according to the manufacturer’s recommendations. If neces-
sary, cells were irradiated by UV light 28 h after transfection.

Flow Cytometry

Trypsinized and magnesium/calcium-omitted PBS(PBS(—))-
washed cells were fixed with ethanol, treated with RNase A, and
stained with propidium iodide (5 ug/ml) as described previously
(32). The proportion of cells was analyzed by FACSCalibur and
Cell Quest Software (BD Biosciences).

Plasmids
Expression Plasmids Used in Mammalian Cells—FH-TLP,

which is the same as pCIneo-FH-TLP described in a previous
report (29), is a mouse TLP expression plasmid harboring
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FLAG and oligohistidine tags at the N terminus. NLS-TLP
(same as pCIneo-FH-NLS-TLP) (32) is a derivative of pClneo-
FH-TLP that has a nuclear localization signal. Mouse and
human TLPs have an identical amino acid sequence. A p53
expression plasmid, pcDNA-FLAG-p53, supplied by Addgene
(Cambridge, MA) was modified to pcDNA-HA-p53 (referred
to as HA-p53 in this study), which contains an HA tag at the N
terminus.

Reporter Plasmids for Luciferase Assay—Basically, pGL4.10
vector (Promega) for the luciferase reporter assay was used for
plasmid construction. Human p21 (p21Y%*/“#!) genomic
DNA in pKM2L-ph21 was obtained from RIKEN DNA Bank
(Tsukuba, Japan). In this study, the transcription start site (TSS)
at +1 of the human p21 gene was assigned in accordance with
TSS of p21 variant-1 transcript (NCBI accession number
NM_00389.2). The promoter region of the p2I gene from
—2677 to +66 was amplified by PCR and cloned with a Mighty
TA-Cloning kit (Takara). Then the insert was transferred to a
luciferase reporter vector between Kpnl and Xhol sites for the
5’-end and 3’-end, respectively, to construct p21lucl (see Fig.
3A). Other p21 promoter-reporter constructs were derived
from p21lucl as schematically illustrated in the figures. p21luc3
has a Kpnl linker between —1875 and —1874 (see Fig. 4A). In
p21lucl8, the p53-binding sequence was changed from
5'-("22DGAACATGTCCCAACATGTTG to 5'-GAACCGT-
GAAACCACTGTTG. A fragment of 818 bp upstream from a
BstEII site (located just upstream of the translation start site)
that contains multiple TSSs of the human INK4a promoter was
cloned in a pGL3-Basic vector (Promega) to construct
pINK4aluc. A luciferase reporter for human BAX was described
previously (40).

Bacterial Expression Plasmids—QOpen reading frames of p53
and TLP were subcloned into a pET-3a vector (Novagen). Open
reading frames of TLP, TBP, and p53 were subcloned into
pGEX4T-1 (GE Healthcare) for production of GST fusion
proteins.

Short Interfering RNA (siRNA)

siRNAs were prepared by using a Silencer siRNA Construc-
tion kit (Ambion) as described previously (41). Sequences of
siRNA for human TLP contained 5'-UAACAGGGCCCAAU-
GUAAATT (sense) and 5'-UUUACAUUGGGCCCUAUU-
ATT (antisense). A scrambled sequence of a part of human
TFIIAafB containing 5'-UGGCUGACGACUACUGCGCTT
(sense) and 5'-GCGCAGUAGUCGUCAGCCATT (antisense)
was used as a control siRNA.

Luciferase Assay

Cells were inoculated into a 24-well plate (3 X 10* cells/well).
Twenty-four hours later, cells were transfected with 100 ng of a
reporter plasmid and 200 ng of an effector plasmid and cultured
for 24 h. If necessary, the total amount of transfected DNA was
adjusted using pRL-TK (Promega). Cells were harvested and
disrupted with Passive Lysis Buffer (Promega). Luciferase activ-
ity in lysates was determined using the Dual-Luciferase
Reporter Assay System (Promega).
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RT-PCR

Total cellular RNAs were prepared by using an RNeasy kit
(Qiagen), and reverse transcription-PCR (RT-PCR) was per-
formed as described previously (42). Briefly, cDNA synthesized
from 500 ng of total RNA using Prime Script II (Takara) or
avian myeloblastosis virus Reverse Transcriptase XL (Takara)
was amplified by PCR using Pag5000 DNA polymerase (Strat-
agene) and appropriate primer sets. Amplified products were
analyzed by 2% agarose gel electrophoresis.

Bacterially Expressed Recombinant Proteins

The pET series of expression plasmids and pGEX series of
expression plasmids were transformed into Escherichia coli
BL21 and DHb5a, respectively. The recombinant proteins
were induced by isopropyl 1-thio-3-p-galactoside. Cells for FH-
tagged protein preparation were suspended in FH buffer
(PBS(—), 0.5 m NaCl, 10% glycerol, 1% Triton X-100, 10 mm
imidazole, and protease inhibitor (PI) mixture) (41). Cells for
the GST-tagged proteins were suspended in buffer containing
PBS(—), 0.5 M NaCl, 0.5 mm EDTA, 10% glycerol, 1% Triton
X-100, 2 mm DTT, and PI mixture. Cells were disrupted by
sonication and centrifuged at 9500 rpm for 20 min, and the
supernatant fraction was collected as bacterial cell extracts.

GST Pulldown Assay

FH-tagged proteins in bacterial cell extracts were bound to
nickel-nitrilotriacetic acid (Ni-NTA; Qiagen) and eluted with a
buffer containing PBS(—), 0.5 M NaCl, 0.5 mM EDTA, 10% glyc-
erol, 1% Triton X-100, 0.5 M imidazole, and PI mixture. GST-
tagged proteins were bound to glutathione-Sepharose 4B beads
(GE Healthcare). Purified FH-tagged proteins and protein-
bound GST-tagged proteins were suspended in TNE buffer (50
mMm Tris-HCI (pH 7.9), 150 mm EDTA, 1 mm EDTA, 10% glyc-
erol, 0.1% Nonidet P-40, and PI mixture) and incubated at 4 °C
for 3 h. The bound proteins were eluted with SDS sample buffer
and detected by Western blotting as described before (43).

Immunoprecipitation of Intracellular Proteins

HeLa cells transfected with pcDNA-FLAG-p53 were sus-
pended in TNE buffer, disrupted by sonication, and centrifuged
at 13,000 rpm for 20 min. The supernatant fractions were col-
lected as whole cell extracts. Protein concentration was deter-
mined using the BCA Protein Assay kit (Pierce). Three hundred
micrograms of the extract was mixed with anti-FLAG M2
Affinity Gel (Sigma-Aldrich) for 3 h at 4 °C. IgG-Sepharose 6
Fast Flow (GE Healthcare) was used as a control antibody.
Bound proteins were eluted with FLAG peptides, boiled for 5
min in SDS sample buffer, and analyzed by Western blotting.

Western Blotting

Proteins were separated by 12.5% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to Immobilon-P
PVDF membrane (Millipore), and detected by ECL (GE Health-
care) as described previously (43) by using specific antibodies
and appropriate horseradish peroxidase-conjugated secondary
antibodies such as anti («)-rabbit IgG and a-mouse IgG. As
primary antibodies, we used a-p53 antibody (Santa Cruz Bio-
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technology), a-GST antibody (Ambion), a-FLAG M5 antibody,
a-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) anti-
body (Ambion), and antigen-purified a-TLP antibody as
described previously (29).

Gel Shift Assay

FH-p53 was purified by essentially the same method as that
described by Wu and Chiang (44). Proteins in extracts of
FH-p53-overexpressing bacteria were precipitated in 30%
ammonium sulfate and suspended in FH buffer. Proteins were
bound to an Ni-NTA column and eluted by BC100 buffer (20
mM Tris-HCI (pH 7.9), 20% glycerol, 1 mm DTT, 0.2 mM EDTA,
0.1 M KCl, and PI mixture) supplemented with 0.4 M imidazole.
Eluates were dialyzed against BC100 buffer. Other FH-tagged
proteins were directly bound to the Ni-NTA column, eluted
with 0.5 M imidazole-containing BC100 buffer, and dialyzed
against BC100 buffer.

A gel shift assay was performed essentially in accordance
with a method described by Hou et al. (45). A DNA fragment
spanning from —2266 to —2237 of the p21 gene that contains a
p53-binidng sequence was used as a probe (see Fig. 5). The
DNA fragment was labeled with [y-**P]ATP and T4 polynucle-
otide kinase and purified with Sephadex G-25 (GE Healthcare).
The protein fraction was incubated in binding buffer (10 mm
HEPES-KOH (pH 7.9), 4 mm NaCl, 0.2 mm EDTA, 5 mm DTT,
10% glycerol, 0.1 mg/ml bovine serum albumin, and 10 ng of
poly(dA-dT)) at room temperature for 10 min. Then probe
DNA (40,000 cpm) was incubated with the mixture at 37 °C for
30 min to allow binding of probe DNA to proteins. The
protein'DNA complexes were separated by 4% native PAGE
and detected by autoradiography. If necessary, cold probe DNA
was added to the binding reaction as a competitor. Control
competitor DNA with point mutations was prepared according
to a method described previously (44).

Chromatin Immunoprecipitation (ChIP)

A ChIP assay was performed as described previously with a
few modifications (46). Chromatin of HCT116 cells was treated
with formaldehyde, sheared by sonication, and incubated with a
specific antibody. The sample was then immunoprecipitated
with protein G-Sepharose (GE Healthcare), and the presence of
a target DNA in the precipitates was analyzed by PCR.

RESULTS

TLP Negatively Affects G ,-S Transition in Cell Cycle Progres-
sion of Human Cells—Although it is known that TLP inhibits
cell cycle progression of chicken DT40 cells (32), it is not known
how TLP behaves in mammalian cells. In this study, we
addressed this issue. At first, we examined the effect of TLP on
growth of HeLa cells. It is known that TLP is predominantly
localized in the cytoplasm but is concentrated in the nucleus
when cells are treated with genotoxins (32, 47). To amplify the
effect of TLP, TLP expression plasmid-transfected cells were
irradiated with UV light. Cells carrying TLP expression plas-
mids showed a slightly but significantly lower growth rate than
that of vacant vector-transfected cells (Fig. 14). The growth
profile of these cells was analyzed by flow cytometry. TLP-over-
expressing cells were found to contain a smaller proportion of
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FIGURE 1. Growth inhibition of human cells bzy TLP. A, growth profile of TLP-overexpressing cells. HeLa cells (3 X 10%) transfected with FH-TLP or vector DNA
(200 ng) were irradiated with UV light (100 J/m?). The cells were replated in a 6-well plate, and their numbers were counted at the indicated times. Dotted line,
mock-transfected cells. B, flow cytometry of TLP-overexpressing cells. HeLa cells transfected with DNA (vector, FH-TLP, or nuclear localization signal-containing
FH-NLS-TLP) and irradiated with UV light (25 J/m?) were analyzed for cell cycle phases by flow cytometry. C, flow cytometry of TLP-overexpressing wild-type
(p53*/*) (panel a) and mutant (p53~/~) (panel b) HCT116 cells. In this case, UV irradiation was omitted. D, growth profile of TLP-overexpressing HCT116 cells.
Wild-type (panel a) and p53~/ cells (panel b) (8 X 10*) transfected with FH-TLP or vector (vec) DNA (200 ng) were replated in a 6-well plate, and cells numbers
were counted at the indicated times. Panel ¢, ratios of vector-transfected cells to TLP-transfected cells are displayed. Data are indicated as averages with error

bars according to multiple experiments.

G,/M phase cells, whereas the proportion of G; cells was
increased by about 10% (Fig. 1B). Much clearer results were
obtained when cells were transfected with plasmid containing a
nuclear localization signal-carrying TLP (FH-NLS-TLP).

We performed similar experiments by using UV light-un-
treated HCT116 cells and obtained essentially the same results
(Fig. 1C, panel a). However, when we used mutant (p53~ /")
HCT116 cells, there was little G; phase cell accumulation
induced by TLP overexpression (Fig. 1C, panel b). We then
analyzed the cell growth profile again using these HCT116 cells.
Proliferation of p53"/" HCT116 cells was considerably inhib-
ited by TLP overexpression like HeLa cells, whereas there was
little growth inhibition of p53~/~ cells by TLP (Fig. 1D). Con-
sequently, the results indicated that TLP is involved in inhibi-
tion of the G;-S transition of mammalian cells. These results
also suggested that p53 is involved in this phenomenon.

TLP-activated Growth-inhibitory Genes of HeLa Cells—Ac-
cording to the above results, we searched for TLP-regulated
genes. HeLa cells transfected with the TLP expression plasmid
were analyzed by RT-PCR for mRNAs of several growth-related
genes including G,-arresting genes such as p21 (p21 ¥4/ <P,
INK4a (p16™%*"), and ARF (p14*%F). We further examined
genes related to DNA repair (i.e. Gadd45 and BRCAI), p53
destabilization (i.e. MDM?2), and apoptosis (i.e. Bax, PUMA,
and Noxa). Results presented in Fig. 2A demonstrate that TLP
overexpression stimulated p21 and INK4a among the genes
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examined. Other genes did not show any significant changes. A
similar experiment was performed using HepG2 cells. Again,
p21 was stimulated by TLP overexpression (Fig. 2B), whereas
INK4a gene expression was not stimulated. We performed a
gene knockdown experiment for TLP in HeLa cells. It was
clearly shown that p21 gene expression was considerably
reduced by TLP siRNA, whereas INK4a and ARF were not
affected (Fig. 2C). The p21 gene has been shown to be repressed
by TLP siRNA in Hep3B cells (18). Taken together, the results
indicated that endogenous p21 gene expression is stimulated by
TLP.

p21 Promoter Is Potentiated by TLP—To investigate how
TLP affects transcription, we performed promoter-reporter
assays using luciferase reporter plasmids. Overexpressed TLP
had no or little activating effect on BAX and INK4a promoters
(Fig. 3A). We also constructed a p21 promoter-reporter plas-
mid (p21lucl). The insert of this plasmid contains two major
functional promoters, referred to as downstream promoter and
upstream promoter, that use the +1 TSS and —2258 TSS,
respectively. The upstream and downstream promoters pro-
duce p21 alt-a and p21 variant-1 transcripts, respectively (Figs.
3B and 7A) (35). The upstream and downstream promoters are
TATA-less and TATA-containing promoters, respectively.
The p21 promoter(s) in p21lucl was not activated by TLP but
rather inhibited as observed previously for several TATA-con-
taining promoters (28, 34). Because p21lucl harbors two tan-
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FIGURE 2. Effect of TLP on endogenous gene expression of human cells. A, Hela cells transfected with increasing doses of FH-TLP were harvested, and the
amount of MRNA was determined by semiquantitative RT-PCR for the indicated genes. B-Actin and GAPDH were used as control genes for RT-PCR and Western
blotting (WB), respectively. B, HepG2 cells transfected with FH-TLP were analyzed for mRNA as described above. C, mRNAs in Hela cells transfected with
increasing doses of TLP siRNA or control siRNA were analyzed for the genes indicated. The effect of siRNA was checked by Western blotting. mock, mock-
infected cells.
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FIGURE 3. Activation of human p217 promoter by TLP. A, luciferase reporter assay for various human promoters. Hela cells transfected with the indicated
reporter plasmids together with FH-TLP or its vacant plasmids (vector) were examined for relative luciferase activity using the Dual-Luciferase Reporter Assay
System. B, schematic illustration of human genomic DNA around the p27 gene from —2677 to +66 inserted in p21luc1 and its derivative plasmids. p21luci
contains transcription start sites at —2230 for the upstream promoter and + 1 for the downstream promoter. p21luc3 is a promoterless construct. Solid boxes
represent reported p53-binding sites. C, COS7 cells were transfected with increasing amounts of FH-TLP, and luciferase activity derived from the p27 promoter
in p21luc2 and BAX promoter was measured. Data are indicated as averages with error bars according to multiple experiments.

dem-orienting promoters, the effect of TLP on the down- same results were obtained when we used COS7 cells (Fig.
stream promoter alone was not elucidated from this 3C).The p21 upstream promoter was also stimulated greatly
construct. On the other hand, p21lluc2, which has the by TLP when it had been inserted into pGL3-Basic vector
upstream promoter alone and weaker promoter function (datanotshown). We found that the p21 upstream promoter
than that of p21lucl, was considerably activated by TLP. The is activated by TLP.
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FIGURE 4. Activation of p21 upstream promoter by TLP. p21luc2 containing the p27 upstream promoter and its truncation derivatives were analyzed by
luciferase reporter assay with or without co-transfected FH-TLP. Results are displayed as relative activities. A, structures of inserts of p27 upstream promoter-
derived DNA are schematically illustrated on the left side of the panel. Solid boxes and boxes with broken lines represent p53-binding sites and deleted
sequences, respectively. Left panel, results of the luciferase assay. B, p21luc10 in which the downstream p53 target site was eliminated and its truncation
derivatives were also analyzed. Data are indicated as averages with error bars according to multiple experiments.

Effect of p53 Target Site and p53 Protein on TLP-activated
Transcription from p21 Upstream Promoter—To delineate a
TLP-responsive region in the p21 upstream promoter, we con-
structed truncated versions derived from p21luc2 and exam-
ined their TLP responsiveness. As shown in Figs. 3B and 4, the
DNA sequence around the p2I upstream promoter in which
the transcription start site is located at —2230 has two p53
target sites around —2250 and —1370. Among truncation ver-
sions, p21luc4, -5, -7, and -9 exhibited TLP-activated transcrip-
tion (Fig. 4A4). All TLP-activated promoter constructs were
found to contain two p53 target sites. We prepared p21lucll
and further truncations (i.e. p21luc12, -13, and -14). Luciferase
reporter assays revealed that promoter constructs containing
both p53 target sites at —2250 and a transcription start site at
—2230 were activated by TLP (Fig. 4B). Because the degree of
activation of p21lucll by TLP was comparable with that of
p21luc2, the region required for TLP-activated transcription
of p21luc2 DNA is most likely localized around the upstream
p53 target site. To determine whether the upstream p53 target
site participates in TLP-activated transcription, we conducted
the following experiments.

First, we performed a gel shift assay to confirm that p53 actu-
ally binds to the upstream p53 target site. As seen in Fig. 54,
panel b, highly purified recombinant p53 forms a specific
shifted band that is decreased by addition of cold probe DNA
but not by corresponding control (mutant) DNA. This shifted
band was not observed when a normal E. coli-derived protein
preparation was used (data not shown). Moreover, the shifted
band was hypershifted by specific antibody (Fig. 54, panel c).
Hence, the sequence around —2250 was confirmed to be a p53-
binding site.

Second, we performed luciferase assays using reporter
constructs that contain mutations within the p53-binding
sequence. p21lucl6 has a DNA cassette of 30 bp in which 20 bp
of the p53-binding sequence (i.e. a core binding region and its
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flanking sequences) followed by the upstream promoter is
included. The promoter DNA itself has no transcription-pro-
moting ability (Fig. 5B, panels b and c, lane 6). However, the
promoter responded strongly to both p53 and TLP when the
promoter was followed by the p53 cassette in any direction (Fig.
5B, panels b and ¢, lanes 2 and 3). When the p53 cassette had a
mutation within the p53-binding site, the reporter constructs
did not respond to either p53 or TLP (Fig. 5B, panels b and c,
lanes 4 and 5). Finally, we found that a TLP-responsive element
cannot be separated from the p53-binding site.

Third, we performed luciferase reporter assays in HCT116
cells using the same reporter constructs as those mentioned
above. Again, p21llucl5 and p21luclé responded to overex-
pressed TLP in wild-type cells but not in p53~/~ cells (Fig. 5C,
panel a). The TLP-activated transcription from p2llucl5
and p21lucl6 was rescued by co-transfection of the p53 expres-
sion plasmid (Fig. 5C, panel b, lanes 1 and 2). Taken together,
the TLP-responsive cis element of the p21 upstream promoter
was found to be the p53-binding sequence itself, and p53 pro-
tein is required for TLP-dependent transcriptional activation.

Mechanism of pS53-dependent and TLP-activated Tran-
scription—We investigated whether TLP potentiates p53-de-
pendent transcriptional activation. p21lucl5 showed 6- and
3-fold enhancement in HeLa cells by overexpression of p53 and
TLP, respectively (Fig. 5D, lanes 2 and 3). However, co-trans-
fection of both expression plasmids showed a much higher
degree of activation (11-fold) (Fig. 5D, lane 4). This synergistic
activation suggests physical interaction of these two proteins.
We performed GST pulldown assays using bacterially ex-
pressed proteins. As seen in Fig. 6A, panel a, lane 9, GST-TBP
was used as a positive control that binds to FH-p53 because p53
is one of the TBP-binding proteins (48). GST-TLP also binds to
FH-p53, and GST-p53 could bind to FH-TLP (Fig. 64), indicat-
ing that TLP binds to p53 in solution as efficiently as does TBP.
Moreover, results of an immunoprecipitation assay demon-
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strated that FLAG-p53 and endogenous TLP in extracts of p53-
overexpressing HeLa cells were co-immunoprecipitated (Fig.
6B, lane 6). These results indicate that p53 and TLP can interact
in cells.

Response of Upstream Promoter to TLP—A luciferase assay
revealed that the upstream promoter for p21 alt-a transcript
was activated by TLP in the presence of p53 as described above.
We investigated which transcripts of p21 gene are affected by

TLP. RT-PCR revealed that the upstream promoter-driven p21
alt-a was increased by FH-TLP expression (Fig. 7B), whereas
FH-TLP had little effect on the downstream promoter-driven
p21 variant. We further investigated the effects of endogenous
p53 on the TLP-activated p21 upstream promoter. As seen in
Fig. 7C, p21 alt-a transcripts were considerably increased by
TLP in HCT116 p53*/" cells, whereas such enhancement was
limited in p53~/~ cells. Consequently, we confirmed that the
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FIGURE 6. Physical interaction of TLP and p53. A, GST pulldown assay for p53 and TLP. Panel a, FH-TLP, glutathione beads (beads), bead-bound GST, and
bead-bound GST-tagged proteins (GTS-TLP or GST-TBP) were mixed as indicated, and bead-bound proteins were detected by Western blotting. Positions of
GST tag-containing proteins are indicated by arrowheads. Panel b, GST pulldown assay was also performed as described above. In this experiment, FH-TLP and
GST-p53-bound beads were used. B,immunoprecipitation for detection of intracellular p53-bound TLP. Extracts of HeLa cells overexpressing FLAG-p53 were
immunoprecipitated with M2 beads, and endogenous TLP in precipitates was detected with the specific antibody. control, IgG.

p21 upstream promoter in the chromosome is also activated by
TLP in a p53-dependent manner.

Function of Upstream Promoter in Etoposide-treated Cells—
p21 transcripts in MCF-7 cells are known to be increased by
etoposide treatment (49). We examined p21 alt-1 transcripts
from the chromosomal p21 gene in etoposide-treated HCT116
cells by RT-PCR. The amount of p21 alt-a transcript was greatly
increased in response to etoposide treatment (Fig. 84, panel a).
We examined intranuclear p53 and TLP of treated cells and
found that both factors are concentrated in nuclei by etoposide
as expected from previous work (32, 47, 50) (Fig. 84, panel b).
Because etoposide treatment can be regarded as a condition

equivalent to that in which endogenous p53 and TLP are con-
centrated in nuclei for transcription activation, we further
investigated the association of those two factors with the p21
upstream promoter by a ChIP assay using this etoposide-medi-
ated gene activation condition. In wild-type HCT116 cells, in
vivo binding of p53 and TLP to the p53-responsive element in
the upstream promoter was increased in response to etoposide
treatment (Fig. 8B). Then we performed a ChIP assay of p53
in the presence and absence of overexpressed TLP. Intriguingly,
the amount of the p53-associated p21 upstream promoter was
significantly increased by the exogenous TLP (Fig. 8C), imply-
ing that TLP positively works for recruitment of p53 to the

FIGURE 5. Role of p53 in TLP-activated transcription. A, gel shift assay of p53 for the p53-binding site located around —2250. Panel a, purified recombinant
FH-p53 expressed in E. coliwas separated by SDS-PAGE and stained with silver. control, protein sample prepared from normal E. coli by the same protocol. Panel
b, purified FH-p53 was used for a gel shift assay (lane 2). Increasing amounts (4, 10, 25, 50, and 100 fmol) of cold probe DNA (WT; lanes 3-7) and its mutant DNA
(Mut; lanes 8-12) were used as competitors. Sequences of the wild-type competitor (i.e. same as the probe) and mutant competitor were 5'-CTCAGGAACAT-
GTCCCAACATGTTGAGCTC and 5'-GTCAGGAACCGTGAAACCACTGTTGAGCTC, respectively. The position of the specific shifted band is indicated by arrow-
heads. Panel c, M5 antibody against the FLAG tag and control IgG were included in the gel shift assay. B, luciferase assay for the p53-binding sequence around
—2250in the p21 upstream promoter. Panel a, structures of template DNAs and their nomenclature are schematically illustrated. Solid box, p53-binding site
from —2261 to —2242. Reporter plasmids were derived from p21luc16. Box with oblique lines, region with point mutations in a core region of the p53-binding
site. Luciferase activity for the reporter constructs was analyzed in HeLa cells co-transfected with HA-p53 expression plasmid (panel b) and FH-TLP-expression
plasmid (panel ¢), and results are displayed as activities relative to the enzyme activity of lane 3 in vector-transfected cells. C, luciferase assay with HCT116 cells.
Panel a, wild-type cells (lanes 1-3) and p53 =/~ cells (lanes 4-6) were transfected with p21luc15 (lanes 1 and 4), p21luc16 (lanes 2 and 5), and p21luc20 (lanes 3
and 6) and co-transfected with FH-TLP or vector DNA, and luciferase activity was measured. Panel b, p53~/~ HCT116 cells transfected with the reporter plasmids
indicated were co-transfected with vector DNA, HA-p53, FH-TLP, or HA-p53 + FH-TLP. D, synergy of TLP and p53 in the activation of the p27 upstream
promoter. Hela cells were transfected with 10 ng of HA-p53 or FH-TLP together with p21luc15. The total amount of effector plasmids was adjusted to 20 ng
with vector DNA. Data are indicated as averages with error bars according to multiple experiments.
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FIGURE 7. Role of endogenous p53 in TLP-activated transcription from chromosomal p217 upstream promoter. A, two kinds of p27 transcripts produced from
the human p27 gene. Positions of exons of p27 variant-1 and p21 alt-a transcripts (48) and genomic DNA around the two p27 promoters are schematically illustrated.
Open and solid boxes represent non-coding and coding exons, respectively. Primer sets A, B, and C indicated by thick arrows were used for RT-PCR to detect p21
variant-1, p21 alt-a, and both transcripts, respectively. B, cells were transfected with FH-TLP, and the amounts of p27 transcripts were determined by RT-PCR with each
primer set. C, requirement of endogenous p53 for TLP-governed activation of p21 upstream promoter. Wild-type and p53~/~ HCT116 cells (5 X 10°) were transfected
with FH-TLP (2 ng), and the amount of p217 alt-a transcripts was determined by using primer set B 24 h after transfection. mTLP, mouse TLP.
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FIGURE 8. Function of p217 upstream promoter in etoposide-treated HCT116 cells. A, effect of etoposide on the activity of the p27 upstream promoter and
nuclearaccumulation of TLP and p53. Cells were treated with 25 and 50 um etoposide or vehicle (=) for 24 h. Panel a, RT-PCR for detection of p21 alt-a transcripts
with a specific primer set. Panel b, Western blotting for detection of nuclear TLP and p21 protein. Nuclear extracts were prepared as described previously (46),
and the amounts of three kinds of endogenous proteins were detected by Western blotting. TBP was analyzed as a constitutive nuclear protein. B, association
of endogenous p53 (panel a) and TLP (panel b) with p21 upstream promoter. Wild-type HCT116 cells were treated with etoposide (E) or vehicle (V) and then
analyzed by ChlP assay using specific antibodies for the p53-responsive element (RE) in the upstream promoter region (—2431 to —2196) and the far-upstream
region (—7018 to —6833) as a negative control because this region had been shown not to bind to p53 (46). /gG and Ab, IgG- and specific antibody-precipitated
materials, respectively; Inp, input. C, effect of overexpressed TLP on the association of p53 and TLP with the p27 upstream promoter. Etoposide-treated cells
were transfected with FH-TLP (TLP) or vacant vector (vec) DNA, and association of p53 with the responsive element was analyzed by ChIP assay with a specific
primer set as described above. IP, immunoprecipitation.

upstream promoter. Exogenous FH-TLP also was confirmed to
be associated with the same promoter region (Fig. 8C). These
results are essentially consistent with those obtained by the
luciferase reporter assay described above.

DISCUSSION

TLP Functions Generally as Growth Repressive Factor—In a
previous study, we demonstrated that TLP works to repress the
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growth of chicken cells (32). Here, we further found that growth
of mammalian cells is also repressed by TLP and that TLP func-
tions to inhibit G;-S transition. Because this phenomenon was
observed in multiple cell lines, growth inhibition is thought to
be a common function of vertebrate TLP. Previous findings that
TLP is a development factor (30, 31) are consistent with this
view because cell differentiation is basically associated with
growth arrest. For ordinary cells, the TLP-governed cell cycle
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stall may be required for checkpoint and/or apoptosis progres-
sion when cells are suffering from genotoxic stresses.

We identified p21 as one of the TLP-responsive genes. Cyclin
G2, which works as a G; phase cyclin, was also activated by TLP
(data not shown). We have reported that TLP stimulates the
TAp63 gene, which induces apoptotic cell death (18). Mamma-
lian TLP also regulates tumor suppressor genes (i.e. TAp63 and
EN1) (18, 38), and Drosophila TLP (TRF2) activates the prolif-
erating cell nuclear antigen gene, which functions in DNA
repair as well as replication (37). TLP can be regarded as a global
growth-regulatory gene. Because the degrees of growth inhibi-
tionand G, arrest by TLP were small or not clear in p53~'~ cells
compared with those in wild-type cells (Fig. 1, C and D), p53 is
thought to be responsible for these phenomena. This situation
is consistent with the fact that the growth-repressive p21 gene
is activated by p53 and TLP as revealed in this study. Compared
with wild-type HCT116 cells, the degree of growth inhibition of
HelLa cells by TLP was significant but not great (i.e. 80 —85% of
vector-transfected cells in Fig. 1A4). This difference may be due
to limited amounts of functional intracellular p53 because p53
in HeLa cells is significantly repressed by papillomavirus pro-
teins (45).

Through a search for TLP-stimulated endogenous genes, we
identified p21 and INK4a. Because these genes are major CKIs
for G, arrest, a part of TLP-mediated growth inhibition seems
to be responsible for activation of these genes. Although
14-3-30 was also enhanced by TLP, the enhancement was weak
(data not shown). This may be a reason why the proportion of
G,-arrested cells was not increased by TLP overexpression (Fig.
1). Chicken DT40 cells are arrested at G,/M phase by TLP (32).
We have found that some TLPs are concentrated in nuclei by
genotoxin treatment (32, 47). In chicken DT40 cells, TLP accu-
mulation in the nucleus induces G, arrest but not G, arrest (32).
Differences in the proportions of TLP-sensitive regulatory fac-
tors in cells may be due to distinct responses to TLP.

pS3-dependent and TLP-activated Transcription of p21
Upstream Promoter—The present study clearly demonstrated
that the p21 gene is activated by TLP at the transcriptional level.
Our study clarified that at least the upstream promoter is
potentiated by TLP. No TLP-dependent activation was
observed for the INK4a promoter even though TLP stimulates
the chromosomal INK4a gene. The INK4a reporter plasmid
may not contain a TLP-responsive region.

Purified p53 bound to the p53-binding sequence in the p21
upstream promoter (Fig. 54), and mutation of the p53-binding
sequence abolished TLP-directed transcriptional activation
(Fig. 5B). TLP-activated transcription of the p21 promoter was
not observed in p53~/~ HCT116 cells but was rescued by
ectopic p53 expression (Fig. 5C). Compared with wild-type
HCT116 cells, TLP-mediated G, arrest was not evident in
p53~'" cells (Fig. 1, C and D). Consistent with the results of
promoter-luciferase reporter assays shown in Figs. 4 and 5,
TLP-governed stimulation of p21 alt-a transcripts was more
evident in p53™*/" cells than in p53~/" cells in the case of the
chromosomal p21 gene (Fig. 7C). Moreover, stimulation of the
chromosomal p21 upstream promoter by etoposide occurred
concordantly with nuclear accumulation and subsequent
upstream promoter binding of endogenous p53 as well as TLP
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(Fig. 8). Thus, we concluded that p53 is an essential factor for
TLP-activated transcription of the p2I upstream promoter.
Among the p53 family genes, TAp63, whose gene product also
binds to a p53 target site, is induced by TLP (18). Hence, TLP-
induced TAp63 might activate the p21 gene in a TLP-overex-
pressing condition. However, this pathway is unlikely because
the p21luc2 reporter was considerably activated in COS7 cells
(Fig. 3C) in which the TAp63 gene is almost silent.*

It is well known that p53 activates genes for GADDA45,
MDM2, and BAX (40, 51). However, these genes were not stim-
ulated by TLP in our experimental conditions, indicating that
p53-mediated transcriptional activation is not always stimu-
lated by TLP. Some unknown cis elements other than the p53-
binding sequence may be required for TLP-dependent tran-
scriptional activation. Alternatively, the core promoter may be
involved in this specificity because TLP is known to bind to
several general transcription factors including TFIIA (28, 29),
TFIIB (28), and TBP (data not shown).

Reason Why p21 Promoter(s) in p21lucl Was Not Enhanced
by TLP Overexpression—Different from p21luc2, transcription
from the p21 promoter in p21lucl apparently was not activated
by TLP (Fig. 3A). A critical factor of this phenomenon is prob-
ably the presence of a TATA box in the promoter. It is known
that a TATA-containing promoter is repressed by overex-
pressed TLP in a promoter-reporter assay condition (28, 34,
35). Because TATA promoters in chromatin are not necessarily
inhibited by TLP, a non-physiological chromatin structure may
be related to this phenomenon. Because TLP strongly binds to
TFIIA, excess amounts of TLP trap and inactivate TFIIA (28,
34), which may result in repression of TFIIA-dependent TFIID-
driven TATA promoters in a reporter assay condition. The
upstream and downstream p21 promoters are TATA-less and
TATA promoters, respectively, and the same situation presum-
ably occurred in the p2I downstream promoter. Moreover,
transcription machineries at the downstream promoter proba-
bly interfere with elongation from upstream promoter-driven
transcription in the p21lucl plasmid. Ultimately, it is thought
that the net amount of transcription in p21lucl plasmid is
depressed by TLP overexpression.

Mechanism of p53-dependent and TLP-activated Transcrip-
tion—The present study suggests that p53 binding to the p21
upstream promoter is an essential condition for TLP-governed
transcriptional activation because p53 binds to its functional
target sequence (Fig. 54) and associates with the upstream pro-
moter region of the endogenous p2I gene (Fig. 8B). TLP
increased in vivo association of p53 with its binding region (Fig.
8C), which suggests that TLP functions as a recruitment factor
of p53. The binding capacity of p53 and TLP shown in Fig. 6 is
consistent with this idea. However, we think that the binding
affinity between p53 and TLP is not high in cells because the
TLP signal in Fig. 6B, lane 6 is weak. Although TLP was also
recruited to the p53-binding region together with p53 (Fig. 8B),
it is speculated that TLP on the promoter does not bind tightly
to the DNA but associates with p53 and DNA with some affin-
ity. Actually, the gel shift assay could not show the stable bind-

4 H. Suzuki, R. Ito, K. Ikeda, and T. Tamura, unpublished observation.
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ing of TLP to the p53-binding region (data not shown).
Although TLP has been reported to bind to a DNA sequence
directly in the NFI promoter (38), the reported sequence was
not found around the p53-binding sequence in the p2I
upstream promoter. If stable DNA binding of TLP is indispen-
sable for its function, competition between TLP and p53 for the
p53-binding sequence must occur. However, we could not
obtain such a result, and we could not separate a TLP-respon-
sive element from a p53-binding sequence at —2250. Conse-
quently, TLP may be able to work as a co-activator for p53.
Drosophila TLP functions as a co-activator for the DNA repli-
cation-related element-binding factor (37). Evidence that TLP
binds to several general transcription factors (see above) also
supports the co-activator hypothesis.

General Aspects of p21 Gene Expression—We demonstrated
that, among two promoters of the p21 gene, the upstream pro-
moter is almost silent in a normal condition but is markedly
activated by TLP, whereas the downstream promoter promi-
nently works in a normal condition but is only slightly activated
by TLP (Fig. 7B). Additionally, the upstream promoter is con-
siderably stimulated by etoposide in accordance with nuclear
accumulation and promoter association of p53 and TLP (Fig. 8),
whereas there is little etoposide-mediated stimulation of the
downstream promoter (data not shown). Hence, the down-
stream promoter is thought to be used for constitutive expres-
sion of the p21 gene. Multiple cis elements for constitutive tran-
scription factors such as Sp1 and E-box elements in addition to
a TATA box existing in the downstream promoter (7, 8) may be
used mainly for downstream promoter-driven transcription. In
contrast to the downstream promoter, the upstream promoter,
whose function basically depends on p53 and TLP, is used in a
condition in which cells are exposed to genotoxins. Because
TLP is accumulated in nuclei by various kinds of genotoxins
(32, 47), the p53/TLP-dependent upstream promoter is proba-
bly involved in the stress response. Moreover, we have demon-
strated that etoposide induces the TLP gene itself (18), and the
amount of etoposide-enhanced p2I alt-a transcripts is
decreased by TLP siRNA (data not shown).
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