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Figure 3 Plkl directly phosphorylates Ser-52 of TAp63.
(a) in vitro kinase assay. GST and GST-tagged TAp63alpha
deletion mutants were incubated with the active form of Pikl in the
presence. of [y-"PJATP. The reaction mixtures were separated by
SDS-PAGE (polyacrylamide gel electrophoresis) and subjected to
autoradiography. (b) A scquence (D/E)X(S/T)®D/E) (where X is
any amino acid and @ is hydrophobic amino acid) was identified as
a consensus motif for Plkl-dependent phosphorylation. According
to the search for a putative phosphorylation site(s) targeted by Plkl
within the amino acid sequence of TAp63 (residues 20-96), related
motifs, (39EPSEDG44 and SO0EISMDCSS), were in the NH2-
terminal portion of TAp63alpha. (¢) in vitro kinase assay. GST and
GST-TA63alpha-(1-102)S41A, and GST-TA63alpha-(1-102)S52A
were incubated with the active form of Plkl in the presence of
[y-*PJATP. The reaction mixtures were separated by SDS-PAGE
and subjected to autoradiography.

however, these phenomena were attenuated by co-
transfection of Plkl, and KD Plkl failed to attenuate
it (Figure 5a). To study the molecular mechanism of the
effect of Plkl-induced phosphorylation on the function
of TAp63, we checked the protein stability of TAp63al-
pha in the presence of Plkl or KD PlkI(K82M). As
shown in Figures 5b and c, Plkl clearly decreased the
protein stability of TAp63alpha. On the other hand, KD
Pik1(K82M) did not modify the protein stability of
TAp63alpha. In addition, the Plkl-related degradation
of TAp63 was not attenuated by a proteasome inhibitor
MG132 (data not shown), consistent with the phenom-
enon in TAp73/Plkl experiments (Koida er al., 2008).
These results suggest that Plkl downregulates the
protein stability of TAp63 by its phosphorylation
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through a proteasome-independent pathway and sup-
presses TAp63-induced cell death.

Expression of Plkl and p63 in liver tumor cells

Earlier our laboratory reported that Plkl is highly
expressed in hepatoblastoma samples and that patients
with a high expression of Plkl showed significantly
poorer prognosis than those with a low expression
(Yamada er al., 2004), indicating Plkl involvement in
carcinogenesis and its potential as a therapeutic target in
liver cell malignancy. As the above results indicate the
significance of Plkl/TAp63 in the regulation of cell
death of cancer cells, we studied the expression level of
Plkl and p63 in liver tumor cell lines (Figure 6a). We
used one hepatoblastoma cell line (Huh6) and five HCC
cell lines. From the results of reverse transcription (RT)-
PCR and western blotting, a considerable expression of
Plk1 was observed in liver tumor cell lines. Also, TAp63
was expressed in all liver tumor cell lines and the
deltaNp63 expression was observed in HLF and PLC/
PRF/S cells.

Significance of TAp63 in Plkl knockdown-induced
apoptosis of liver tumor cells

Next, we carried out a knockdown experiment of Plkl
using siRNA in liver tumor cells (Huh6, HLE and HLF
cells). FACS analysis suggested that Plkl knockdown
induced an increase in the sub-G0/G1 fraction not only
in p53 wild-type Huhé cells but also in p53 mutant-type
HLE cells (Figure 6b). As p53 is mutated in HLE cells,
this suggested the significance of TAp63 and/or p73 in
Plk1 knockdown-induced apoptosis of liver tumor cells;
however, the sub-G0/G! fraction did not increase in
HLF cells. In both HLE and HLF cells, p53 was
mutated, and TAp63 and p73 were considerably
expressed, although the expression of deltaNp63 was
detected only in HLF cells (Figure 6a and Supplemen-
tary data), suggesting the possible anti-apoptotic effect
of deltaNp63 in Plkl knockdown-induced apoptosis.
Next, we studied the influence of Plkl knockdown on
p53 family downstream effectors in liver tumor cells by
RT-PCR experiments (Figure 6c). Plkl knockdown
transactivated the p53 family downstream effectors
p21ceiiaf - GADD45 and PUMA in. Huh6 cells, and
p21riwArt 14.3-3¢ and PUMA in HLE cells.

As a result of Plkl single knockdown; we found
significant TAp63 in Plkl knockdown-induced apopto-
sis pathways. Next, we carried out.double knockdown
experiments of Plk1/TAp63 using HLE cells. Plk1 single
knockdown increased cell death, but this was suppressed
by double knockdown of Plki/TAp63 (Figure 6d).
Furthermore, we examined the influence of double
knockdown of Plkl1/TAp63 on the expression of p53
family downstream effectors by RT-PCR (Figure 6e).
PUMA, 14-3-3c and p2I<P'"™"*1 expression levels were
increased by Plkl single knockdown, and double
knockdown of Plkl and TAp63 successfully abolished
the increase in p53 family downstream effectors by the
single knockdown.
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Figure 4 Plk!l represses TAp63-mediated transcriptionél activation. (a and ¢) H1299 cells (5x 10* cells) were co-transfected
with a constant amount of TAp63aipha expression plasmid (25 ng), 100 ng of p53/p63-responsive luciferase reporter construct bearing
p21crtivArt - B4X or MDM2 promoter and 10ng of Renilla luciferase reporter plasmid (pRL-TK) in the presence or absence of
increasing amounts of FLAG-Plk! expression plasmid (a) or FLAG-PIk [(K82M) expression plasmid (¢) (50, 100 and 200 ng). To
standardize the amounts of plasmid DNA per transfection, pcDNA3 was added to yield 510 ng of plasmids. At 48 h after transfection,
cells were lysed, and their luciferase activities were mecasured. Data werc normalized and presented as mean values £5.d. of three
independent experiments. (b) PIk1(K82M) retains the ability to interact with TAp63 in cells. COS-7 cells were transiently transfected
with FLAG-KD Plk1 andfor HA-TAp63 expression plasmids, immunoprecipitated with monoclonal anti-HA antibody (clone 3F10,
Roche) and monoclonal anti-FLAG antibody (clone M2, Sigma), and immunoblotted with monoclonal anti-FLAG antibody and
monoclonal anti-p63 antibody (clonic 4a4) as indicated, to obscrve the interaction.
Possible role of Plkl[p63 in cancer stem cell fraction of and almost equal to PLC/PRF/5 cells (Figure 7b). An
liver tumor cells analysis of the p63 downstream molecules in the SP
Previous research showed that the involvement of Plk1 and non-SP fraction indicated that p63 activities were
- is crucial for the metaphase—anaphase transition. Plkl repressed in the SP fraction except for the p21 activation
mRNA and protein levels are coordinately regulated  in PLC/PRF/S cells (Figure 7c), suggesting the possibi-
during cell-cycle progression and are highest in the  lity that p2l might be induced in a p53/TAp63-
mitotic phase (Winkles and Alberts, 2005; Eckérdt and  independent manner. These results suggest the consider-
Strebhardt, 2006). These observations. suggested that  able role of Plk1/p63 in the development of cancer stem
Plkl expression may be modest in the cancer stem cell  cell-targeted therapy for liver tumor cells.
fraction and that-have a less significant role in cell death
as cancer stem cells are generally accumulated in the
Go/G1 phase (Zhou and Zhang, 2008). To examine  Discussion
expression levels of Plkl and p63 in the cancer stem cell
fraction, we carried out real-time PCR using the side  Post-translational modification of p53 family members
population (SP) fraction and non-SP fraction of liver  is a key phenomenon-in their regulation (Shich ef al.,
tumor cells. Surprisingly, the result suggested that both 1997); however, the. regulation of p63 through post-
Plk1/p63 are highly expressed in. the SP fraction  translational modification has been studied only recently
compared with in the non-SP fraction (Figure 7a). (Huang et al., 2004; Ghioni et al., 2005).  From these
Furthermore, the expression level of TAp63 was higher  studies, it has been suggested that p63 protein levels can
than that of deltaNp63 in the SP fraction of Huh7 cells,  change rapidly as a result of post-translational mod-
Oncogene
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Figure 5 Plkl downregulates the protein stability of TAp63 by
its phosphorylation and suppresses TAp63-induced cell death.
(a) H1299 cells were transfected with TAp63alpha alone or
together with Plkl or KD Plkl. At 24-h post-transfection, the
cells were observed. (b) Decreased half-life of TAp63alpha in the
presence of Plkl. Hep3B cells were transfected with TAp63ipha
alone or together with Plk1 or KD Plk1. At 24-h post-transfection,
the cells were treated with cycloheximide (50 ug/ml) and harvested
at the indicated time points after the addition of cycloheximide.
Cell lysates were analysed by SDS-PAGE (polyacrylamide -gel
clectrophoresis) and immunoblotting. (¢) Densitometric analysis of
all TAp63alpha protein bands relative to tubulin was measured
using NIH I[magel software and plotted on a graph. The value of
0-h signals was indicated as 100%.

ification. At present, limited studies of the phosphoryla-
tion status of p63 have been reported (Westfall et al.,
2005; Suh et al., 2006). DNA damage induces both the
phosphorylation of p63 and its binding to p53 cognate
DNA sites, and these events are linked to oocyte death
(Suh et al., 2006). TAp63 is constitutively expressed in
female germ cells during meiotic arrest and is essential in
the process of DNA-damage-induced oocyte death not
involving p53. Furthermore, the phosphorylation of
TAp63y, but not deltaNp63y, by IkB kinase  (IKKP)
was reported, although: the exact amino acid residue for
phosphorylation was not determined (MacPartlin et al.,
2008). The IKKB-related phosphorylation of TAp63y
was also induced by y-radiation. Upon  ultraviolet
radiation, deltaNp63a was phosphorylated at the ser-
66/68 (in TAp63a, Ser-160/162) residues and led to
ubiquitin-mediated degradation, suggesting that the
protein stability of deltaNp63 is controlled by phos-
phorylation of different amino acid residues compared
with that of TAp63 (Westfall et al., 2005).

In this study, we reported that Plkl directly interacts
with p63 and the Ser-52 residue of TAp63 is phos-
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phorylated by Plkl (Figure 3). This Plkl-induced
TAp63 phosphorylation might not to be related to the
DNA-damage-induced phosphorylation of TAp63, as
Plkl was shown to be downregulated in response to
DNA damage (Smits ef al., 2000; van Vugt et al., 2001);
however, the Ser-52 phosphorylation of TAp63 after
DNA damage should be examined for the following
reasons: (1) IKKB-induced phosphorylation of TAp63
was shown in the TA domain of TAp63y and
was related to TAp63y stabilization in response to y-
radiation (MacPartlin er al., 2008) and (2) radiation-
induced phosphorylation/activation of p63 in oocytes
occurs in TAp63 but not in deltaNp63 (Suh e al., 2006).
Interestingly,. the previously reported p63 phosphoryla-
tion was related to protein stabilization, upregulation of
activity and induction of apoptotic cell death (Westfall
et-al.,,; 2005;:Suh et al., 2006). This study, however,
clarified that phosphorylation by Plk1 results in protein
degradation and suppression of the transcriptional
activity of TApé63alpha (Figure 5b), consistent with
the inactivation of transcriptional activity in p53 (Ando
et al., 2004) and p73alpha (Koida ez al., 2008). It can be
noted that, this Plkl-related TAp63 degradation was
affected by cell density of Hep3B cells (data not shown),
suggesting that further analysis of p63 phosphorylation
and its effect on degradation will be required in future.

The study of Ser-52 phosphorylation not only in
DNA damage response but also in oncogene-related
stimulation will contribute to understanding the exact
role of Plkl-related tumorigenesis in many malignan-
cies. Anti-phosphor-Ser-52 TAp63 antibody will be an
indispensable tool for those studies and phosphorylation
of Ser-52 among TAp63 isoforms, TAp63o/TAp63p/
TAp63y, should be addressed in various malignancies.
Another interesting finding in our study is that both
Pik1/p63 were highly expressed in the SP fraction of
liver tumor cells compared with the non-SP fraction,
although p63 downstream molecules were not induced
in SP fraction except for p21 (Figure 7), suggesting that
Plk1 has an important function in preventing apoptotic
cell death'in tumorigenesis through the inactivation of
p53 family members in tumor-initiating cells; therefore,
the functional “interaction of this Plk1-p53 family
protein appears to be a candidate for tumor-initiating
cell-targeted therapy.

Despite strong and continuing emphasis on the
involvement of the p53 family in tumorigenesis because
of the tumor suppressive role of the founding member
p53, it now seems evident that the remaining family
members; p63 and p73, are highly involved in regulating
the development of different tissues (Candi et al., 2007).
In particular, lines of evidence indicate that the main
role of p63 lies in the regulation of epithelial develop-
ment ‘and, in particular, in. the formation of the
epidermis (Mills et al., 1999; Yang et al., 1999); however,
the exact molecular regulation mechanism of TAp63/
deltaNp63 transcriptional activities related to develop-
ment and tumor suppression remains to be elucidated.
Recently, several target genes of TAp63 in epithelial
development have been identified, for example, IKKa/
GATA-3 (Candi et al., 2006), Jagged-1&-2 (Sasaki et al.,
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2002), Hes-1/Hey-1&-2 (Nguyen et al., 2006), K14 Furthermore, it was recently reported that Plkl homo-
(Koster et al., 2004) and p21 (Westfall er al., 2003). zygous null mice were embryonic lethal and early
We also reported that TAp63-dependent induction of  Plkl—/— embryos failed to survive after the eight-cell
growth differentiation factor 15 (GDF15) has a critical ~ stage. Immunocytochemistry studies showed that Plkl
function in the regulation of keratinocyte differentiation  null embryos were arrested outside the mitotic phase (Lu
(Ichikawa et al., 2008). Investigation of the role of the  er al., 2008). These observations suggest that the Plk1/
Ser-52 phosphorylation of TAp63 in selective transacti-  p63 relationship may play an important role not only in
vation of these specific target genes will be an interesting  later epithelial tissue organization but also in early
research project to understand development regulation.  embryonic development.
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PLC/PRF/S Materials and methods
Cell culture
The African green monkey kidney cell line COS-~7, human lung
carcinoma cell line H1299, human hepatoblastoma cell line
Huh6, HCC cell lines Huh7, Hep3B, HLE, HLF and PLC/
PRF/S, and keratinocyte-like HaCaT cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10%
heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA,
USA), 50 pg/ml of penicillin and streptomycin each (Invitro-
gen). These cells were incubated at 37°C in an atmosphere
A containing 5% CO,.
SP Non-SP SP  Non-SP
b RNA extraction and RT-PCR
§ ot Huh? é 0.025 . PLOPRFIS . Total RNA extraction, cDNA synthesis and semi-quantitative
gon g o0 RT-PCR were carried out as described earlier (Koida e al.,
2 0%; 2 0015 2008). The specific primers were indicated as supplements
2 oos zZ ootb (Supplementary data). The expression of GAPDH (glycer-
g oo 2 T coosb | aldehyde-3-phosphate dehydrogenase) was measured as an
sORL 1 5 o inm internal control.
= sP SP nonSP nonSP & sp SP  non-SP  non-SP
TAp63 delftaNps3 TApS3 deltaNps3 TAp63 deltaNps3 TAp63 deltaNpéd
SP analysis
¢ Huh7  PLC/PRF/S Side population analyses were conducted as described earlier
SP- non-SP.. SP . non-SP (Chiba er al, 2006). We have studied the hepatocellular
markers such as AFP (alpha-fetoprotein) or cytokeratinl9
(CK19) of SP and non-SP cells that are obtained by sorting,
and a large number of cells positive for both markers were
observed in SP cells (Chiba et al., 2006).
Quantitative real-time RT-PCR of Plkl and TAp63
Polymerase chain reaction of TAp63 was carried out using
14-3-3 TagMan technology (Applied Biosystems, Foster City, CA,
USA). Gene expression assay primer and probe mixes were
GAPDH used for TAp63 and GAPDH (assay IDs: Hs00186613_ml
m and 4310884E, respectively), and reactions were carried out
. : ; o . according to the manufacturer’s protocol. Polymerase chain
Fxgl'.lre 7 Possible role of}’lkl/pﬁ?f in tumor-initiating cell fracnon reaction of Plkl was carried out using SYBR Green
of liver tumor cells. (a) Fjsmg the side popula.tlon (SP) fraction and technology (Takara Bio, Otsu, Shiga, Japan). PCR was carried
non-SP fraction of liver tumor cells, expression levels of Plki and . . R
p63 were examined by real-time PCR analysis. Data were normal- out using an ABI ‘Prlsm. 7700 Sequence Detection System
ized and presented as the mean values ts.d. of three independent (Perkm-Elmer/ Applled _Biosystems, Carlsbad, CA, USA).
experiments. (b) TAp63 and deltaNp63 expression levels in the SP Primers were indicated in Supplementary data.
fraction of liver tumor cells. Expression levels of TAp63 and
deltaNp63 were examined by real-time PCR analysis. Data were ) i .
normalized and presented as the mean +s.d. of three independent Protein extraction and western blot analysis
experiments. (¢) Semiquantitative reverse transcription (RT)-PCR Extraction of cellular proteins, protein concentration analysis,
analysis of the expression of Bax, Puma, 14-3-3¢ and p2] in SP and SDS-PAGE, protein transfer and western blot analysis were
non-SP cells. carried out as described in Supplementary data.
<
Figure 6 Plkl knockdown {ransactivates p53 family downstream effectors and induces apoptotic cell death: (a) Semiquantitative
reverse transcription (RTHPCR and western blotting of Plk1 and p53 family in hepatoblastoma and hepatoccllular. carcinoma cell
lines. (b) FACS analysis of liver tumor cells subjected to small interfering RNA (siRNA)-mediated knockdown of endogenous Plk1.
Cells were transfected with 10 nM of control siRNA or Plkl siRNA. At 48 h after transfection, both floating and attached cells were
collected by low-speed centrifugation. The cells were then stained with propidium iodide (50 pug/ml) in the presence of 50 pg/ml of
RNase A for 30min at room temperature. The DNA content indicated by propidium iodide staining was analysed using a
FACSCalibur flow cylometer. (¢) RT-PCR analysis of siRNA-mediated knockdown of endogenous Plk!l in liver tumor cells. Cells
were transfected with 10 nm of control siRNA or Plk1l siRNA. At 48 h after transfection, total RNA was prepared and analysed for
expression levels of p2]<rii¥¥1 GADD4S, PUMA and 14-3-30. Amplification of GAPDH serves as an internal control. (d) FACS
analysis of siRNA-treated cells. HLE cells were transfected with TAp63 siRNA and/or Plki siRNA. To standardize the amounts of
siRNA per transfection, control siRNA was added to yield 15 nm of siRNA. At 48 h after transfection, both floating and attached cells
were collected by low-speed centrifugation, Cells were then stained with propidium iodide (50 pg/ml) in the presence of 50 pg/ml of
RNase A for 30min at room temperature. The DNA content indicated by propidium iodide staining was analysed using a
FACSCalibur flow cytometer. (¢) RT-PCR analysis of siRNA-treated cells. HLE cells were transfected with TAp63 siRNA and/or
Plk1 siRNA. To standardize the amounts of siRNA per transfection, control siRNA was added to yield 15nm of siRNA. At 48 h after
transfection, total RNA was prepared and analysed for expression levels of p2 ]/ pUM A and 14-3-30. Amplification of GAPDH
serves as an internal control.
Oncogene
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Immunoprecipitation and western blot analysis

For the immunoprecipitation of Plkl and p63, COS-7 cells were
transiently transfected with 2pg of the expression plasmids
for FLAG-PIk! and or HA-TAp63alpha using Lipofectamine
2000 Transfection Reagent (Invitrogen). Protein extraction was
carried out as described earlier. The extracts were incubated with
the monoclonal anti-FLAG (clone M2, Sigma, St Louis, MO,
USA) or monoclonal anti-HA antibody (clone 3F10, Boehringer
Roche, Mannheim, Germany) at 4 °C for 8 h. Immunocomplexes
were precipitated with protein G-Sepharose beads at 4°C for
30 min, which were then pelleted by centrifugation at 15000 g for
5 min. The precipitates were washed with lysis buffer three times
at 4°C, resuspended in 30 pl of SDS sample buffer and treated
at 100°C for Smin. Proteins were then resolved by 8%
SDS-PAGE, and transferred onto Immobilon-P membranes
(Millipore, Bedford, MA, USA). The protein complex was
detected by western blot analysis using monoclonal anti-FLAG
or monoclonal anti-p63 antibodies.

GST pull-down assay

cDNA fragments encoding the indicated deletion mutants of
TAp63alpha were generated by a PCR-based strategy, and
subcloned into GST fusion protein expression plasmid pGEX-
4T-1 (GE Healthcare, Piscataway, NJ, USA). GST and GST-
TAp63alpha fusion proteins were expressed and purified using
glutathione-Sepharose beads (Amersham Biosciences). FLAG-
Plkl was radiolabeled in vitro using the TNT Quick Coupled
transcription/translation system (Promega, Madison, WI, USA)
in the presence of [**S}methionine and incubated with GST or
GST-TAp63alpha deletion mutants at 4°C for 2h. After the
addition of 30pl glutathione-Sepharose beads to the reaction
mixture, incubation was continued at 4°C for 1h. The beads
were collected by centrifugation and washed three times with
binding buffer containing 50mm Tris-HClI (pH 7.5), 150 mM
NaCl, 0.1% Nonidet P-40 and. 1 mmM EDTA. The *S-labeled-
bound proteins were eluted using 2 x_SDS sample buffer
and separated by 10% SDS-PAGE. After electrophoresis,
the gel was dried and exposed to X-ray film with an intensifying
screen.

Flow cytometry

After transfection, both floating and attached cells were collected
by low-speed centrifugation and washed in phosphate-buffered
saline. The cells were then stained with propidium iodide (50 pug/
ml) in the presence of 50 pg/ml of RNase A for 30 min at room
temperature. The DNA content indicated by propidium iodide
staining was analysed using a FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA, USA).

Luciferase reporter assay

Luciferase reporter assay was carried out as described earlier
(Koida er al., 2008): Each experiment was carried out at least
three times in triplicate.
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In vitro kinase assay

To identify the possible Ser residue(s) of TAp63alpha that
could be phosphorylated by Plkl, we carried out in vitro kinase
assay according to the previous report (Koida er al., 2008). In
brief, GST-TAp63alpha-(1-102), GST-S41A and GST-S52A
were incubated with the active form of Plkl (cat no. CY-
E1163, CycLex, Nagano, Japan) in the presence of 10uCi of
[y-*PJATP (~6000Ci/mmol, GE Healthcare) in 40pul of
kinase buffer (40mm HEPES (4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid), 10mm MgCl,, 1 mm dithiotreitol and
3mm MnCly). Reactions were incubated at 30°C for 30min
and terminated by the addition of Laemmli SDS sample
dilution buffer. The reaction mixtures were separated by SDS~
PAGE and subjected to autoradiography.

RNA interference

To knockdown endogenous Plkl, TAp63 and p73, cells were
transiently transfected with the chemically synthesized siRNA
targeting Plkl, TAp63 and p73 or with the control siRNA
using Lipofectamine RNAIMAX (Invitrogen) according to the
manufacturer’s recommendations. Total RNA and whole-cell
lysates were prepared 48h after transfection. The specific
sequences were as follows: Plkl, 5~ AACCAGUGGUUCGA
GAGACAG-3Y; TAp63, 5-GAUGGUGCGACAAACAA
GA-3; and p73, 5-CGGAUUCCAGCAUGGACGU-3".
Selected siRNA sequences were submitted to a BLAST search
against the human genome sequence to ensure specificity.
Silencer Negative Control #1 siRNA (Ambion, Austin, TX,
USA) was used as control siRNA.

Construction of the deletion mutants of Plkl

For construction of the deletion mutants of Plkl, pcDNA3-
FLAG-Plk] was digested: with. BamHI1, BamHI1/BstX1 and
BamHI/Ncol for the fragments encoding amino acid residues
1-401, 1-329 and 1-98, respectively. These fragments were
purified from agarose gels, filled in the overhangs with Klenow
enzyme and then inserted in-frame into enzymatically modified
BamHI and Xhol sites of the pcDNA3-FLAG expression
plasmid to obtain pcDNA3-FLAG-PlkI-(1-401), pcDNA3-
FLAG-Plk1-(1-329), and pcDNA3-FLAGPIkI-(1-98), re-
spectively. DNA sequencing confirmed the authenticity of
the expression plasmids before transfection.
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Lewis lung carcinoma-derived high metastatic A1l cells
constitutively overexpress hypoxia-inducible factor (HIF)-1a
mRNA compared with low metastatic P29 cells. Because All
cells exclusively possess a G13997A mutation in the mitochon-
drial NADH dehydrogenase subunit 6 (ND6) gene, we addressed
here a causal relationship between the ND6 mutation and the
activation of HIF-1a transcription, and we investigated the
potential mechanism. Using trans-mitochondrial cybrids be-
tween A1l and P29 cells, we found that the ND6 mutation was
directly involved in HIF-1ae mRNA overexpression, Stimulation
of HIF- 1« transcription by the ND6 mutation was mediated by
overproduction of reactive oxygen species (ROS) and subse-
quent activation of phosphatidylinositol 3-kinase (PI3K)-Akt
and protein kinase C {PKC) signaling pathways. The up-regula-
tion of HIF-1« transcription was abolished by mithramycin A,
an Spl inhibitor, but luciferase reporter and chromatin immu-
noprecipitation assays indicated that Sp1 was necessary but not
sufficient for HIF-1« mRNA overexpression in Al1 cells. On the
other hand, trichostatin A, a histone deacetylase (HDAC) inhib-
itor, markedly suppressed HIF-1e transcription in A1l cells, In
accordance with this, HDAC activity was high in A11 cells but
low in P29 cells and in A11 cells treated with the ROS scavenger
ebselene, the PI3K inhibitor LY294002, and the PKC inhibitor
Ro031-8220. These results suggest that the ROS-generating ND6
mutation increases HIF-Ia transcription via the PI3K-Akt/
PKC/HDAC pathway, leading to HIF-1« protein accumulation
in hypoxic tumor cells.

Somatic mutations in mitochondrial DNA (mtDNA) have
been shown to accumulate in cancer cells and proposed to con-
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tribute to the progression of cancers of a variety of tissue ori-
gins. Mitochondria are the key regulators of the oxidative phos-
phorylation system that is composed of five complexes (I-V).
Some somatic mtDNA mutations are envisioned as inhibiting
the electron transport chain, resulting in a marked increase in
mitochondrial reactive oxygen species (ROS)? production (1).
Actually, for example, a heteroplasmic frameshift mtDNA
mutation in the NADH dehydrogenase subunit 5 (NDS) gene
and a deletion mutant of cytochrome B (CYTB) gene promote
ROS generation {2, 3). In addition, we have recently reported
that a missense mutation in the ND6 gene causes the reduction
of complex | activity, ROS overproduction, and increased met-
astatic potential of Lewis lung carcinoma cells (4).

Hypoxia is a common characteristic of locally advanced solid
tumors. Hypoxic tumor cells activate many genes, including
those related to cell survival, glycolysis, and angiogenesis, and
invasion and metastasis to adapt to and escape from the micro-
environment (5, 6). The oxygen-sensing mechanisms have been
studied extensively and revealed hypoxia-inducible factors
(HIFs) as the key regulatory transcription factors that are com-
posed of HIF-« subunit and HIF-B8/ARNT subunit. Under nor-
moxic conditions, the « subunit (HIF-1a) is hydroxylated at
Pro®®* and Pro®” by specific Fe®”, oxoglutarate, and oxygen-
dependent prolyl hydroxylases; recognized and ubiquitinated
by an E3 ubiquitin ligase complex consisting of the tumor sup-
pressor VHL (von Hippel-Lindau), elongin B and elongin C,
and rapidly degraded through the ubiquitin-proteasome path-
way, whereas the 8 subunit of HIF-1 (HIF-1B) is constitutively
expressed. Under hypoxic conditions, HIF-1« protein is stabi-
lized, allowing its nuclear translocation and dimerization with
HIF-1B. In the nucleus, HIF binds to the hypoxia response ele-
ment of hypoxia-inducible genes, including vascular endothe-

3The abbreviations used are: ROS, reactive oxygen species; DCFH-DA,
2',7'-dichlorofluorescin diacetate; DMEM, Dulbecco's modified Eagle's
medium; DPBS, Dulbecco's phosphate-buffered saline; EMSA, electro-
phoretic mobility shift assay; ERK, extracellular signal-regulated kinase;
FACS, fluorescence-activated cell sorter; HDAC, histone deacetylase; HIF-
1, hypoxia-inducible factor-1a; JNK, c-Jun N-terminal kinase; MAP, mito-
gen-activated protein; ND6, NADH dehydrogenase subunit 6; PDTC, pyr-
rolidine dithiocarbamate; PI3K, phosphatidylinositol 3-kinase; PKC, protein
kinase C; PMSF, phenylmethylsulfonyl fluoride; TSA, trichostatin A; VEGF,
vascular endothelial growth factor.
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mtDNA Mutations Control HIF-1« Transcription

lial growth factor (VEGF), and transactivates their transcrip-
tion (5, 6).

Elevated HIF-1la protein levels are commonly observed in
many tumor tissues and associated with increased angiogen-
esis, resistance to apoptosis and chemo- and radiotherapy,
and poor patient prognosis (6, 7). Hypoxia generated by
aberrant vasculature formation and high interstitial pressure
is undoubtedly a major factor, but other factors such as activa-
tion of HIF-1a gene transcription may also play a role in up-
regulation of HIF-1« protein in tumor tissues. Actually, we and
others have reported the up-regulation of HIF-Ia mRNA in
some tumor types (8 —10). Although the precise mechanism of
HIF-1a gene activation is largely unknown, an increase in gene
dosage is reported as one of the mechanisms of constitutive
up-regulation of HIF-1a mRNA expression (9, 10).

ROS are the physiological mediators to stabilize and increase
the transcriptional activity of HIF-1a protein. Incubation of
cells with H,O, or an oxidative stressor leads to the stabiliza-
tion of HIF-1a protein and activation of HIF target genes under
normoxic conditions (11). Conversely, treatment of cells with
antioxidants such as N-acetylcysteine and glutathione attenu-
ates HIF-1a protein accumulation and the expressions of HIF
target genes in various cell types (11). HIF-1a protein levels
increase under normoxia in response to growth factors, hor-
mones, coagulation factors, cytokines, and vasoactive peptides,
which also stimulate ROS generation (12, 13). Mitochondria-
derived ROS produced by electron transport chain complex II1
are also reported to be able to stabilize HIF-1« protein under
hypoxic conditions (14). Although the stabilization of HIF-1a
protein by ROS has been highlighted, HIF-1a mRNA expres-
sion is also stimulated by ROS from NADPH oxidase (15).

So far, there are no reports of the involvement of mtDNA
mutations in the activation of the HIF-1« gene. Given a high
frequency of mtDNA mutation rate in tumor cells and ROS-
mediated HIF-la accumulation at both the protein and
mRNA levels, we reasoned that mtDNA mutations could be
a cause of HIF-1« transcriptional activation. In the present
study, we addressed this issue and investigated the potential
mechanism. We report here that certain ROS-generating
mtDNA mutations can stimulate HIF-1« transcription via the
phosphatidylinositol 3-kinase (PI3K)/protein kinase C (PKC)/
histone deacetylase (HDAC) pathway.

EXPERIMENTAL PROCEDURES

Reagents—Actinomycin D was purchased from Sigma-
Aldrich; and SB203580, LY294002, Ro31-8220, ebselene, pyrroli-
dine dithiocarbamate (PDTC), trichostatin A (TSA), mithra-
mycin A, sulfasarazine, and curcumin were from Calbiochem.
SP600125 was obtained from TOCRIS Cookson, Ellisville, MO,
and PD98059 was from Cell Signaling Technology, Beverly,
MA.

Antibodies—Monoclonal anti-HIF-1a antibody was ob-
tained from Novus Biologicals, Littleton, CO. Polyclonal
anti-p38 MAP kinase, anti-phospho-p38 MAP kinase (Thr'%¢/
Tyr'®?), anti-p44/42 MAP kinase, anti-phospho-p44/42 MAP
kinase (Thr?°%/Tyr'®"), anti-SAPK/JNK; anti-phospho-SAPK/
INK (Thr'®/Tyr!8%), anti-Akt; and anti-phospho-Akt (Ser*™?),
were purchased from Cell Signaling Technology. Polyclonal

33186 JOURNAL OF BIOLOGICAL CHEMISTRY

anti-Spl, anti-Sp3, anti-E2F-1 antibodies and normal rabbit
IgG were obtained from Santa Cruz Biotechnology, mono-
clonal anti-B-actin antibody was from Sigma-Aldrich, and
polyclonal anti-acetylhistone H4 antibody was from Upstate,
Charlottesville, VA,

Cell Lines and Culture Conditions—Low metastatic P29 and
P34 cells and high metastatic D6 and A1l cells, all of which
were derived from Lewis lung carcinoma, were characterized
previously (4, 8, 16). Trans-mitochondrial cybrids were
established as described previously (4). P29mtAll cybrids
carry nuclear DNA from P29 cells and mtDNA from A11 cells,
and A11mtP29 cybrids carry nuclear DNA from A1l cells and
mtDNA from P29 cells. As controls, P29mtP29 cybrids, which
have nuclear DNA from P29 cells and mtDNA from P29 cells,
and AllmtAll cybrids, which have nuclear DNA from A1l
cells and mtDNA from A1l cells, were used. Lewis lung carci-
noma cells were maintained in Dulbecco’s modified Eagle's
medium (DMEM) supplemented with heat-inactivated (56 °C,
30 min) fetal bovine serum, 100 units/ml penicillin, and 100
ug/ml streptomycin, Trans-mitochondrial cybrids were main-
tained in DMEM supplemented with heat-inactivated fetal
bovine serum, 100 units/ml penicillin, 100 png/ml streptomycin,
0.01% pyruvate, and 0.005% uridine. For hypoxic culture, they
were incubated under hypoxic conditions (1% O,) in a
NAPCO® automatic O,/CO, incubator (Precision Scientific,
Chicago, IL).

Sequencing of the ND6 Gene—Total DNAs extracted from
P29, P34, D6, and A1l cells were used for amplification of the
ND6 gene. The primers used for PCRs were as follows: the for-
ward primer (n.p. 14,030 to 14,053, 5'-CAATTTCACAGCAC-
CAAATCTCCA-3') and the reverse primer (n.p. 14,759 to
14,779, 5'-TATTAGGGGGTTAGTTTTGCG-3"). All PCR
amplifications were performed in a 50 p of solution consisting
of 1X PCR buffer, 0.2 mat dinucleotide triphosphates, 0.6 um
primers, 1 unit of ExTag DNA polymerase (TaKaRa BIO, Shiga,
Japan), and 10 ng of genomic DNA as a template. Reaction
conditions were 94 °C for 1 min with cycle times of 30 s for
denaturation at 94 °C, 30 s for annealing at 53 °C, and 1 min
for extension at 72 °C for 30 cycles. The final extension was
for 1 min. Amplified ND6 fragments were separated on 1%
agarose gels and extracted and then directly sequenced using
a Big Dye Terminator version 3.1 cycle sequencing kit
(Applied Biosystems).

Measurement and Visualization of ROS Generation—ROS
generation was detected with 2',7'-dichlorofluorescin diacetate
(DCFH-DA) (Molecular Probes, Eugene, OR). Briefly, the cells
cultured in 35-mm-diameter glass-bottom culture dishes (Mat-
Teck, Ashland, MA) were incubated with 10 usm DCFH-DA for
10 min at 37 °C in serum-free DMEM, washed twice with Dul-
becco’s phosphate-buffered saline (DPBS), and then immedi-
ately observed under a confocal laser microscope (Fluoview;
Olympus, Tokyo) or analyzed with a FACScan flow cytometer
(Beckton Dickinson). Mean fluorescence intensity was ana-
lyzed using CellQuest software (Becton Dickinson).

RNA Isolation and Northern Blotting—Total RNA was
extracted with guanidinium thiocyanate. Total RNA (20 ug)
was electrophoresed on 1% agarose gels containing formalde-
hyde and transferred onto nylon filters. Blots were hybridized
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with a *2P-labeled mouse HIF-1a ¢DNA probe or a mouse

VEGF ¢DNA probe (8), which was prepared by the random
primer method. Filters were finally washed at 50 °C in 30 mm
NaCl, 3 mm sodium citrate, and 0.1% SDS.

SDS-PAGE and Western Blotting—Total cell lysates were
prepared by directly solubilizing cells in SDS sample buffer.
For analyzes of phosphorylated proteins, cells were lysed in
1% Nonidet P-40, 150 ma NaCl, 10% glycerol, 2 mm EDTA,
20-mm Tris-HCl (pH 8.0), 1 mM dithiothreitol, 1 mymNaVO,,
1 mum phenylmethylsulfonyl fluoride (PMSF), and protease
inhibitor mixture (Roche Applied Science). Nuclear extracts
were prepared using a nuclear extraction kit (Active Motif,
Carlsbad, CA) according to the manufacturer’s protocol. Pro-
teins were resolved by SDS-PAGE under reducing conditions.
Protein concentration was determined by the method of Brad-
ford using bovine serum albumin as a standard.-The resolved
proteins were transferred electrophoretically to nitrocellulose
membrane. After incubating with 5% dry milk in TBS-T (150
mm NaCl, 50 mm Tris-HCl (pH 7.4), 0.05% Tween 20) for at
least 1 h at room temperature, the membrane was incubated
with polyclonal or monoclonal antibody for the appropriate
time, washed extensively with TBS-T, and then incubated with
horseradish peroxidase-conjugated goat anti-rabbit or anti-
mouse [gG, respectively. Proteins were detected using ECL
Western blotting detection reagents (Amersham Biosciences).

Luciferase Reporter Plasmid Construction—Murine HIF-1a
promoter from nucleotide —1958 to +93 (the transcriptional
start site was defined as -+1) inserted in the Kpnl/Sacl site of a
luciferase reporter plasmid pGL2-basic, hereafter termed
pGL2-HIFpro(—1958/+93), was a generous gift of Dr. C. A,
Bradfield, University of Wisconsin Medical School (17). Vari-
ous truncated forms of the promoter were made by utilizing
restriction enzyme recognition sites in the promoter and the
vector (Xbal, Kpnl/BbrPl, and Sacll for making pGL2-HIF-
pro(—1422/+93), pGL2-HIFpro(—293/+93), and pGL2-HIF-
pro(—150/+93), respectively) or by PCR using the 5’ primers
carrying the Kpnl site at the 5' end and the 3' primer carrying
Sacl site at the 3’ end, 5'-GGGAGCTCCGGCTCGGGTTC-3".
The 5' primers are: 5'-GAGGTACCTCAAGGTCTGTAGGT-
TGA-3' for pGL2-HIFpro (—1048/+93), 5'-GAGGTACCA-
TAGCAAAGAGCGGAGAC-3’ for. pGL2-HIFpro(—668/
+93), 5-GAGGTACCTTTCCCTCCCCTCGCCGC-3' for
pGL2-HIFpro{~101/+93), and 5'-GAGGTACCCTTCAGC-
GCCTCAGTGCA-3' for pGL2-HiFpro(—38/+93). The
amplified PCR products were inserted into the Kpnl/Sacl site of
a pGL2-basic vector. A pGL2-HIFpro(—150/+93)mutSpl plas-
mid that harbors a mutation in the putative Sp1 binding site was
generated by using the QuikChange Site-directed Mutagenesis
kit (Stratagene, La Jolla, CA). The sense and the antisense prim-
ers used were 5'-CGCCCTTGCCCGAACCCTGCCGCTG-
C-3' and 5 -GCAGCGGCAGGGTTCGGGCAAGGGCG-3/,
respectively.

Luciferase Reporter Assay—Transient transfection of the
luciferase reporter constructs harboring the HIF-1« promoter
sequence was carried out using Lipofectamine Plus (Invitro-
gen). As a control for transfection efficiency, pRL-TK vector
(Promega, Madison, W) was cotransfected with test plasmids.
pGL2-control vector (Promega) was used as a positive control.
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Luciferase activity in cell extracts was assayed 45 h after trans-
fection according to the Dual-Luciferase reporter assay system
protocols (Promega) using a luminometer (model TD-20/20;
Turner Designs, Sunnyvale, CA).

Electrophoretic Mobility Shift Assay (EMSA)—The nuclear
protein fractions for EMSA were prepared as described above.
Consensus Spl (witSpl, 5'-ATTCGATCGGGGCGGGGCG-
AGC-3') and mutant Spl (mutSpl, 5'-ATTCGATCGTTCG-
GGGCGAGC-3’) double-stranded oligonucleotides were pur-
chased from Santa Cruz Biotechnology. The HIF-1« gene pro-
moter-specific double-stranded oligonucleotide probe
(positions —72 to —48) (wtHIFpro-Spl) or its mutant form

(mutHIFpro-Spl) was prepared by annealing the sense 5'-CGCC-

TCCGCCCTTGCCCGCCCCCTG-3' and the antisense 5'-CAG-
GGGGCGGGCAAGGGCGGAGGCG-3' oligonucleotides or
the sense 5’'-CGCCTCCGCCCTTGCCCGAACCCTG-3' and
the antisense 5'-CAGGGTTICGGGCAAGGGCGGAGGCG-
3/, respectively. The probes were labeled using [y-**PJATP
{Amersham Biosciences) and MEGALABEL™ kit (TakaRa
BIO). Five micrograms of nuclear protein, **P-labeled double-
stranded probe (5000 cpm), 1 ug of poly(dI-dC), and 17 ul of
binding buffer (20 mm Hepes (pH 7.9), 50 mam NaCl, 5% glyc-
erol, 0.1 mum dithiothreitol) were mixed in a total volume of 20
ul. In competition assays, a 50-fold molar excess amount of
unlabeled competitors was included in the reaction mixture.
The mixture was incubated at room temperature for 30 min, then
loaded on a 5% polyacrylamide gel in TGE bufter (50 mm Tris-HCl
(pH 8.5), 380 mu glycine, 2 mai EDTA), and subjected to electro-
phoresis at 4 °C. The gel was dried and exposed to x-ray film at
—70°C. A supershift assay was performed using 10 ug of specific
goat polyclonal anti-Sp1 or anti-Sp3 antibody.

Chromatin Immunoprecipitation Assay—Cells were fixed
with 1% formaldehyde for 10 min at 37 °C, and the reaction was
quenched by adding glycine to a final concentration of 125 mai.
The cells were washed with DPBS containing 1 mai PMSF; cen-
trifuged; swelled in 5 ma Hepes (pH 8.0}, 85 mm KCl, 0.5%
Nonidet P-40, 0.5 mm PMSE, 100 ng/ml leupeptin, 100 ng/ml
aprotinin; incubated for 10 min on ice; and then lysed with a
Dounce homogenizer. Nuclei were collected by centrifugation
and resuspended in sonication buffer (1% SDS, 10 mm EDTA,
50 mm Tris-HCl (pH 8.0}, 0.5 mni PMSF, 100 ng/ml leupeptin,
100 ng/ml aprotinin). The nuclei were sonicated on ice to an
average length of 500 to 1000 bp and then centrifuged at
10,000 X g for 15 min at 4°C. The chromatin solution was
diluted 10-fold in chromatin immunoprecipitation dilution
buffer (500 mm Tris-HC! (pH 8.0), 1670 mm NaCl, 11% Triton
X-100, 1.1% sodium deoxycholate, 10 mm PMSF, 10 ug/m! leu-
peptin, 10 pg/ml aprotinin, 10 pg/ml pepstatin), precleared by
the addition of protein A-Sepharose beads for 1 h at 4 °C. Pre-
cleared chromatin solution was incubated with 5 ug of anti-Sp1
antibody, anti-Sp3 antibody, or anti-acetylhistone H4 antibod-
ies at 4°C for 13 h. Normal rabbit IgG served as a control.
Protein'DNA complexes were immunoprecipitated by protein
A beads, and the cross-links were reversed by heating to 65 °C
for 5 h. The DNA was recovered by phenol:chloroform extrac-
tion and precipitated by ethanol. Then, the association of Sp1,
Sp3, and acetylated histone H4 with the Sp1/Sp3 recognition
site in the HIF-1« promoter was examined by hot-start PCR
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FIGURE 1. HIF-1«and VEGF expressions are higher in high metastatic D6 and A11 cells than in low metastatic P29 and P34 cells. A, P29, P34,D6,and Al1
cells were cultured under hypoxic conditions (1% O,) for up to 6 h. Total RNA was extracted and subjected to Northern blot analysis. The blots were hybridized
with either a ?P-labeled HIF-1a or VEGF ¢cDNA probe. Ethidium bromide staining of the gel is also shown. B and C, P29 and A11 cells were incubated with 5
ng/miactinomycin D (Act D) for up to 9 h. Total RNA was extracted and analyzed as above. Ethidium bromide staining of 18 Sribosomal RNA is also shown. After
semiquantifying the intensities of bands, the levels of HIF- 1« mRNA were normalized to those of 18'S ribosomal RNA. D, P29, P34, D6, and A11 cells were
cultured under hypoxic conditions for up to 4 h. Nuclear extracts prepared from the cells were dissolved by SDS-PAGE. HIF-1« and E2F1, which served as a
control, were detected by immunoblotting. £, P29 and A11 cells were cultured under normoxic (N} or hypoxic (H) conditions for 18 h, VEGF produced in the
supernatants was measured by enzyme-linked immunosorbent assay. Bars, S.D.

using GoTagDNA polymerase (Promega). The sense and the
antisense primers used were 5'-ACCTCCTCCTGATTGG-
CTG-3' (positions —258 to —239) and 5'-TCGCGTCCCCTCA-
GCCGA-3’ (positions ~12 to +5), respectively. The PCR con-
ditions were: 96 °C for 5 min, 30 cycles with 96 °C for 305,57 °C
for 30 s, and 72 °C for 30 s, and 72 °C for 5 min, Final PCR
products were analyzed on 2% agarose gels with ethidium bro-
mide staining.

CD31 Staining of Tumor Blood Vessels—P29mtP29, P29mtAll,
AllmtAll, and A11mtP29 cells (1 X 10° cells) were inocu-
lated subcutaneously into the abdominal flank of C57BL/6
mice. When an estimated tumor volume reached ~2 cm®, sub-
cutaneous tumors were surgically removed and immediately
frozen in OCT compound. Cryostat sections (10-um thickness)
were made at every 100-um distance, fixed with 4% paraform-
aldehyde, and then washed with DPBS. After blocking with 10%
normal goat serum in DPBS, sections were incubated with rat
anti-mouse CD31 antibody (1:100 dilutions) (BD Pharmingen)
overnight at 4 °C. They were washed with DPBS and incubated
with fluorescein isothiocyanate-conjugated goat anti-rat IgG.
After extensive washing with DPBS, samples were counter-
stained with 1 pg/ml propidium iodide and observed under a
confocal laser microscope (Fluoview). Images were captured
and transferred to the Image] 1.34s software, and CD31-posi-
tive areas were analyzed. In this way, at least six randomly
selected fields (0.2 cm?/field) were analyzed, and the percentage
of CD31-positive area per field was calculated.

HDAC Activity Assay—Nuclear extracts were prepared using
a nuclear extraction kit. HDAC activity was measured using a
HDAC fluorometric assay/drug discovery kit (BioMol Interna-
tional, Plymouth Meeting, PA) according to the manufacturer’s
instruction. Briefly, 4.5-ug nuclear extracts were incubated
with Fluor de Lys substrate buffer at 37 °C for 30 min followed

33188 JOURNAL OF BIOLOGICAL CHEMISTRY

by incubation with Fluor de Lys developer concentrate at 25 °C
for 10 min. Fluorescence was measured with a multiwell plate
reader (excitation at 355 nm and emission at 460 nm).

RESULTS

Activation of HIF-1a Gene Transcription in High Metastatic
Cells—We compared the expression level of HIF-Ia« mRNA
between the low metastatic (P29 and P34} and the high meta-
static (D6 and A11) cells originated from Lewis lung carcinoma.
The results showed that D6 and All cells expressed a larger
amount of HIF-1e mRNA than P29 and P34 cells (Fig. 14).
Hypoxia did not affect the expression level of the mRNA. One
of the possible mechanisms of HIF-1a mRNA up-regulation in
D6 and Al1 cells may be the difference in HIF-1a mRNA sta-
bility in the cells. To test this possibility; we cultured P29 and
Al1l cells in the presence of actinomycin D for up to 9 h and
examined the mRNA level at each time point (Fig. 1B). The
results showed that the half-life of HIF-1¢ mRNA in All cells
was nearly equal to that in P29 cells (~8 h) (Fig. 1C). Thus, the
transcription of the HIF-1« gene was found to be more acti-
vated in A1l cells than in P29 cells.

Under normoxic conditions, HIF-1a protein was scarcely
detected in both the low and the high metastatic cells. However,
upon hypoxic exposure, HIF-1a protein level markedly in-
creased in D6 and A1l cells compared with P29 and P34 cells
(Fig. 1D). Accordingly, hypoxia enhanced the expression of
VEGF in D6 and All cells more than in P29 and P34 cells at
both the mRNA and protein levels (Fig. 1, A and E). Thus, the
up-regulation of HIF-1ce mRNA in D6 and A11 cells resulted in
overexpression of HIF-1e under hypoxic conditions, leading to
VEGF overexpression,

ND6 Mutation Activates HIF-1c Transcription—Sequenc-
ing of the ND6 gene revealed that D6 and A11 cells harbored
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FIGURE 2. HIF-1@ and VEGF expressions are high in the cybrids with mtDNA carrying the ND6 mutation. A, total RNA extracted from P29, A1, and the
cybrids was subjected to Northern blot analysis. The blots were hybridized with a **P-labeled HiF- 1« cDNA. Ethidium bromide staining of the gelis also shown.
B, P29 cells, A11 cells, and the cybrids were cultured under normoxic (V) or hypoxic (H) conditions for 4 h. Nuclear extracts prepared from the cells were
dissolved by SDS-PAGE. HIF-1a and E2F1, which served as a control, were detected by immunablotting. C, the cybrids were cuitured under normoxic (V) or
hypoxic (H) conditions for 18 h, VEGF produced in the supernatants was measured by enzyme-linked immunosorbent assay. Bars, S.D. D, cryostat sections
prepared from subcutaneous tumors were stained with anti-CD31 antibody. Sections were counterstained with propidium iodide (P. E, blood vessel density in
subcutaneous tumors formed by the cybrids was assessed by staining with anti-CD31 antibody. The fluorescent images of at least six fields (0.2 cm?/field) were

analyzed, and the percentage of CD31-positive areaffield (columns) was calculated, Bars, S.D.

a G13997A: mutation, which changes' evolutionally con-
served proline 25 to leucine, whereas P29 and P34 cells did
not (Fig. S1 and Table S1). To examine a causal relationship
between the ND6 mutation and- HIF-la transcription, we
examined HIF-Ia mRNA levels in trans-mitochondrial cybrids,
P29mtA11 and A11mP29 cells, which carry mtDNA from All
and P29 cells and nuclear DNA from P29 and A11 cells, respec-
tively. We used P29mtP29 and AllmtAll cells as control
cybrids. The results showed that the expression level of HIF-1a
mRNA was higher in the cybrids with A11 mtDNA (P29mtAll
and AllmtAll) irrespective of whether their nuclear DNA is
derived from P29 or A11 cells, than in the cybrids with mtDNA
from P29 cells (P29mtP29 and A11mtP29) (Fig. 24). Accord-
ingly, HIF-la protein and VEGF were highly induced in
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P29mtAll and A11lmtAll cybrids under hypoxic conditions
compared with A11mtP29 and P29mtP29 cybrids (Fig. 2, B and
C). Furthermore, P29mtAl1l and AllmtAll cybrids showed
enhanced angiogenesis in vivo (Fig. 2, D and E). These results
indicate that the HIF-1o mRNA overexpression in A1l and D6
cells is attributed to the ND6 mutation.

ROS Are Involved in HIF-1a Transcriptional Activation by
the ND6 Mutation—It is possible that mitochondrial ROS pro-
duction caused by the ND6 mutation mediates the activation of
HIF-1atranscription. To examine this possibility, we measured
the intracellular ROS level. Fluorescence-activated cell sorter
(FACS) analysis and confocal images showed that D6 and A11
cells produced a larger amount of ROS than P29 and P34 cells
(Fig. 3). In addition, the cybrids with mtDNA from A1l cells
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FIGURE 3. ROS production is elevated in the cells with mtDNA carrying
the ND6 mutation. A, P29, P34, D6, and A11 cells were incubated with 10 um
DCFH-DA for 10 min at 37 °Cin serum-free DMEM and then immediately were
analyzed with a FACScan flow cytometer. Mean fluorescence intensity (MFf} is
also shown. B, the cells treated as above were abserved under a confocal laser
microscope.

(P29mtA1l and A11mtA1l) overproduced ROS compared
with the cybrids with mtDNA from P29 cells (P29mtP29 and
A11mtP29) (Fig. S2). Thus, the ND6 mutation is correlated
well with both ROS overproduction and HIF-Ia mRNA
up-regulation.

Next, to gain evidence of a causal relationship between ROS
and HIF-1a mRNA expression, we examined the effects of gen-
eral antioxidants ebselene and PDTC, and antimycin A, which
inhibits electron transport pathway (18). FACS analysis showed
that intracellular ROS level was low in ebselene- and in PDTC-
treated cells whereas high in antimycin A-treated cells com-
pared with untreated cells; showing more distinct changes in
A11 cells than in P29 cells (Fig. 44). Ebselene and PDTC effec-
tively suppressed the expression of HIF-1a mRNA in A11 cells,
whereas antimycin A increased the expression in both P29
and A1l cells (Fig. 4B). These results strongly suggest that
the HIF-1a transcriptional activation is regulated by mito-
chondrial ROS. Supporting this, we found that exogenously

33190 JOURNAL OF BIOLOGICAL CHEMISTRY

added H,0, stimulated the expression of HIF-1a mRNA in
P29 cells (Fig. 4C).

PI3K-Akt and PKC Signaling Pathways Are Involved in Mito-
chondrial ROS-mediated HIF-1a Overexpression—We next
investigated signaling pathways of the mitochondrial ROS-me-
diated HIF-1a gene activation. For this, we treated P29 and A11
cells with PD98059, a MEKT inhibitor, SB203580, a p38 MAP
kinase inhibitor, SP600125, a-JNK inhibitor, and LY294002, a
PI3K inhibitor. As shown in Fig. 54, LY294002 significantly
inhibited HIF-1ae mRNA expression in A1l cells in a dose-de-
pendent manner, whereas PD98059, SB203580, and SP600125
did not, suggesting the involvement of the PI3K-Akt pathway in
the mitochondrial ROS-mediated HIF-1a gene transcription.
None of these inhibitors significantly suppressed HIF-la
mRNA expression in P29 cells, implying that the PI3K-Akt
pathway does not contribute to the basal expression level of
HIF-1a mRNA. In accordance with the data, Akt was highly
activated, indicated by its protein phosphorylation, in D6 and
Al1 cells but not in P29 and P34 cells, and there was no con-
sistent difference in the phosphorylation level of p38 MAP
kinase, p44/42 MAP kinase, or JNK (Fig. 5B). Akt was also
highly activated in P29mtA1l and AllmtAl1l cybrids, but not
in P29mtP29 and A11mtP29 cybrids (Fig. 5C). H,0, strongly
induced Aktactivationin P29 cellsin atime-dependent manner
(Fig. 5D). Moreover, ebselene inhibited Akt phosphorylation in
A1l cells (Fig. 5E). Thus, Akt phosphorylation is linked to the
level of HIF-1a mRNA. In addition, Ro31-8220, a pan-specific
PKC inhibitor, markedly inhibited HIF-1a mRNA expression
in All cells, but only slightly in P29 cells, suggesting the
involvement of PKC in the ROS-mediated HIF-la mRNA
expression (Fig. 5F). On the other hand, rapamycin, an mTOR
inhibitor; sulfasarazine, an NF-«B inhibitor, and curcumin, an
AP-1 inhibitor, did not significantly inhibit HIF-Ia mRNA
expression in All cells (Fig. $3). Collectively, these data indi-
cate that the PI3K-Akt and PKC pathways are involved in the
ROS-mediated HIF-1a transcriptional activation in A11 cells.

Sp1 Is Necessary but Not Sufficient for ROS-mediated HIF-1«
Gene Activation—To gain further insight into the underlying
mechanisms of HIF-1o genie activation in the high metastatic
cell lines, we treated the cells with mithramycin A, an Spl
inhibitor. The results showed that it significantly suppressed
the expression of HIF-1a mRNA in D6 and A11 cells but not in
P29 and P34 cells (Fig. 6A4), suggesting the involvement of Sp1
in the ROS-mediated HIF-1a mRNA overexpression. To exam-
ine which region of the HIF- 1« promoter is responsible for the
activated transcription of the gene in A11 cells, we constructed
luciferase reporter plasmids harboring the full-length (—1958/
+93) and a series of truncated promoters (Fig. 6B). We tran-
siently transfected them into All cells and examined their
activities. The results showed that deletion of the region from
—~1958 to — 101 effectively reduced the promoter activity com-
pared with the full-length promoter, whereas deletion from
—1958 to —150 did not significantly reduce the activity. Dele-
tion of the region from —1958 to —38 abrogated the promoter
activity, indicating that an important sequence for the pro-
moter activity resides in the region from —149 to —38.
Sequence analysis of this region using a computer software
(TFSEARCH, Papia system) revealed a putative Spl binding
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scriptional Activation—To investi-
gate a possible mechanism of the
HIF-1« transcriptional activation in
the high metastatic cells further, we
treated P29 and A11 cells with TSA,
anonselective HD AC inhibitor. The
results showed that TSA dramati-
cally suppressed HIF-I« mRNA
expression in All cells but slightly
in P29 cells (Fig. 7A), suggesting the
relationship between HDAC activ-
ity and the ROS-mediated HIF-1c
mRNA overexpression. Then, we
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FIGURE 4. ROS production is correlated with HIF-1c mRNA expression. A, P29 and A11 cells were treated
with solvent alone (dimethyl sulfoxide) (None), ebselen (20 ), PDTC (20 pg/mi), and antimycin A (20 ug/ml)
for 18 h. The cells were incubated with 10 um DCFH-DA for 10 min at 37 °C in serum-free DMEM and then
immediately were analyzed with a FACScan flow cytometer. Mean fluorescence intensity (MFJ) is also shown.
B, P29 and A11 cells were treated as above, and total extracted RNA was subjected to Northern blot analysis.
The blots were hybridized with 32P-labeled HIF-1a ¢DNA. Ethidium bromide staining of the gel is aiso shown.

C, P29 cells were treated with 25 um H,0, for up to 16 h. Total extracted RNA

sequence (—60/—51). Mutation of this sequence TGCCCG-
CCCC to TGCCCGAACC significantly reduced the promoter
activity (Fig: 6B), demonstrating the importance of this se-
quence for the promoter activity.

To obtain direct evidence that Sp family members bind to this
putative Spl binding sequence, we carried out EMSAs using
wtHIFpro-Spl (—72/—48) as a DNA probe. As shown in Fig. 6C,
these assays revealed three constitutive binding complexes (C1-
C3) {{ane 2) that were almost entirely Sp-dependent;, as shown by
competition with excess wtHIFpro-Spl or Sp1 consensus oligonu-
cleotides (wiSp1) ({ares 3 and 5), but not with their mutant form
mutHIEpro-Spl or mutSp1 (Janes 4and 6). Addition of antibod-
ies directed against either Spl or Sp3 induced a supershift
and/or a significant reduction of Sp1/Sp3-dependent bind-
ing activities (lanes 7 and 8). Simultaneous addition of both
antibodies led to a nearly complete supershift (lane 9). These
data indicate that Spl and Sp3 proteins actually bind to the
region proximal to the transcription initiation site.

.~ We then compared the expression levels of Spl and Sp3
between the high and the low metastatic cell lines. However, we
could not detect any difference (Fig. 6D). Also, the DNA bind-
ing activity of Sp1/Sp3, as demonstrated by EMSA analysis, did
not correlate with the HIF-1a transcriptional level (Fig. GE).
Moreover, chromatin immunoprecipitation assays revealed
that there were no differences in the binding of Spl and Sp3 to
the Sp1/Sp3 binding site and the level of histone H4 acetylation
around the site between P29 and All cells (Fig. 6F). These
results indicate that Spl is necessary but not sufficient for
explaining the higher expression of HIF-1a mRNA in the high
metastatic cell lines.
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measured HDAC activity in P29
cells, P29 cells treated with H,0,,
All cells, and A1l cells treated with
ebselene, antimycin A, LY294002,
and Ro31-8220. The results in Fig.
7B show that HDAC activity was
significantly higher in A1l cells than
in P29 cells. It was high in H,O,-
treated P29 cells and antimycin
A-treated All cells, but low in All
cells  treated with  ebselene,
LY294002, and Ro31-8220 com-
pared with the respective untreated
cells. Thus, the HDAC activity is positively correlated with the
HIF-1a mRNA up-regulation.

DISCUSSION

The present study demonstrates that an ROS-generating
mtDNA mutation in the ND6 gene leads to HIF-1oo mRNA
overexpression, resulting in marked up-regulation of HIF-1a
protein and VEGF production levels under hypoxic conditions.
This study also suggests the possibility for the first time that
some of pathogenic mtDNA mutations can activate H/F-1a
transcription,

mtDNA mutations are frequently observed in tumor cells and
implicated to be a factor in the progression of tumors. mtDNA
mutations in tumor cells include severe mutations such as inser-
tion-deletion and chain termination mutations and mild missense
mutations. The mutation in the ND6 gene found in A1l cells is a
missense mutation that reduces complex [ activity (4). This muta-
tion was also found in the other high metastatic D6 cells but not in
the low metastatic P29 or P34 cells. In both A1l and D6 cells,
up-regulation of HIF-1« gene transcription was detected, suggest-
ing a causal linkage between the NDG mutation and HIF-1a tran-
scription. In- the present study, we used trans-mitochondrial
cybrids to prove this linkage, and as expected, the cybrids carrying
mtDNA from Al1 cells overexpressed HIF-Iao mRNA, despite the
source of nuclear DNA.

Several lines of evidence supported that ROS caused by the
ND6 mutation primarily mediates HIF-1a transcription. First,
the cells carrying A1l mtDNA overproduced ROS. Second,
ebselene and PDTC reduced the intracellular ROS level and
concomitantly abolished HIF-1« transcription, Third, antimy-
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sulfoxide, PD98059, SB203580, SP600125, and LY294002 at the indicated concentrations for 18 h. Total RNA was extracted and subjected to Northern blot
analysis. The blots were hybridized with a 3?P-labeled HIF- 1« cDNA. Ethidium bromide staining of the'gel is also shown. B, cell lysates prepared from P29, P34,
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immunoblotting. C, cell lysates prepared from P29, A11, and the cybrids were subjected to immunoblotting to detect Akt and phosphorylated Akt. B-Actin
served as a loading control. D, P29 cells were treated with 25 um H,0O, for up to 80 min. Cell lysates were prepared and subjected to immunoblotting as in C.
E, A11 cells were treated with ebselene (20 jim) for 18 h. Cell lysates were prepared and subjected to immunoblotting as in C. £, P29 and A11 cells were treated

with Ro31-8220 at the indicated concentrations for 18 h. Total RNA was analyzed as in A.

cin A that inhibits the function of complex III, thereby gener-
ating large quantities of superoxide radicals, increased the
expression of HIF-1ae mRNA in both P29 and A11 cells. Fourth,
exogenous H,O, enhanced the expression, ROS from NADPH
oxidase are also mediators of HIF-la mRNA. induction in
lipopolysaccharide-stimulated microglial cells and thrombin-
stimulated pulmonary artery smooth muscle cells (15, 19). Fur-
thermore, we showed that PI3K-Akt and PKC, but not ERK
or JNK, regulate HIF-1oc mRNA expression: Because both
LY29004 and Ro31-8220 suppressed HIF-1a mRNA expres-
sion more-effectively in A1l cells than in P29 cells, PI3K-Akt
and PKC may engage in the ROS-mediated expression of
HIF-1a mRNA, Consistent with these results, either PI3K or
PKC or both are shown to regulate HIF-1o transcription in
lipopolysaccharide-stimulated glial cells, BCR/ABL-express-

33192 JOURNAL OF BIOLOGICAL CHEMISTRY
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ing Ba/F3 hematopoietic cells; and angiotensin 1l-treated vas-
cular smooth muscle cells (12,15, 20). In contrast, ERK and JNK
are reported to mediate lipopolysaccharide-stimulated HIF- 1«
mRNA induction in human monocytes/macrophages and hep-
atoma cells, respectively (21, 22). Further study is required
to determine which PKC isoform is responsible for the ROS-
mediated expression of HIF-Ia mRNA using a molecular
approach.

The HIF-1a gene promoter contains putative binding sites
for several transcription factors, including Spl, AP-1, and
NF-kB (23-25). Treatment of All cells with mithramycin A
resulted in a marked suppression of HIF-1a mRNA expression
in A1l cells, whereas sulfasarazine and curcumin showed no
effect, suggesting the importance of Sp1 for the promoter activ-
ity. Luciferase reporter assays also indicated that the Sp1 bind-

pCELEN

VOLUME 284 -NUMBER 48-NOVEMBER 27, 2009

4

0102 ‘¢ Aenigag uo "YIINID NVO N3N v8IHD 18 B10°0gF mmm woy pspeojumog



Supplemental Material can be found at:
hitp:/Awww.jbe.org/content/supplf2009/10/14/M109.054221.DC1 . himi

mtDNA Mutations Control HIF-1ce Transcription

A P29 P34 D6 At B E?ﬁ,‘;}ﬁ.“; ss";:’l Lu;:sfe-ra:es acllv:ty (ar:zistrary :nlt)
"0 04 08"'0 04 08" 0 04 08" 0 04 08" Mith A(uM + Vo LS
-1858 §-Lme +93
- o "‘% R | R T .
= 1422 +
- 288 1048 semmmmsm———
- 188 668 e i
2 293 s
C - 9 150 =
2@ E
> 9 b s 101§
— S
8§ &f& w333 28—
29 EE gy
° g ;i: 5 2 S % g % Luclterase activity (arbitrary unit)
o c £ E & & & ¢ 0.5 ' 1.5 2
. +1 1 1 1 i 1
: . % -1958 }— +93 -
25 5 150 ~fme ;
Cc1 -
- 150 sef e
oz Pl

-
2 3 e =
§ 2 8% 28 s P29 At
‘ i 1 i
- o o 2E8% T2 I.a
Qa o Q A
i8G5 . 284
IR T CEE
< < €« £ B g a «

w
k-]
w
e
4
H
.4
3
i
g g9
A
i
.
o
{nput
igG

B-Actin - e v -

1t 2 3 4 5 6 7 8 9
FIGURE 6. Sp1 Is necessary but not sufficient for the ROS-mediated HIF-1a mRNA overexpression. A, P29, P34, D6, and A1l cells were treated with
mithramycin A at the indicated concentrations for 24 h. Total RNA was extracted and subjected to Northern blot analysis. The blots were hybridized with a
32p_fabeled HIF- 1o cDNA. Ethidium bromide staining of the gel is also shown. B, pGL2-basic luciferase reporter plasmids harboring the full-length (—1958/+93)
and a series of truncated HIF- 1o promoters were transfected in A11 cells, and luciferase activity was assayed 45 h after transfection. Filled and open boxes
indicate putative wild-type and mutated Sp1 binding sites, respectively. C, nuclear extracts prepared from A11 cells were subjected to EMSAs in which
32p_jabeled oligonucleotides {(HIFpro-Sp1) containing a putative Sp1 binding site was used as a probe. wtHIFpro-Sp1, mutHiFpro-Sp1, wiSp1, and mutSp1
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binding complexes. D, total cell lysates prepared from P29, P34, D6, and A11 cells were subjected to immunoblotting using anti-Sp1, anti-Sp3 and anti-g-actin
antibodies. £, nuclear extracts prepared from P29, P34, D6, and A11 cells were subjected to EMSAs as in C. F, nuclear extracts prepared from P29 and A11 cells
were subjected to chromatin immunoprecipitation assays in which anti-acetylated histone H4 (anti-AcH4), anti-Sp1, and anti-Sp3 antibodies were used.

Normal rabbit IgG served as a control.

ing site is indispensable for the promoter activity. Unexpect-
edly, however, we could not find any difference in the level of
Spl binding to and histone acetylation around the binding site
between A1l and P29 cells. In contrast, Oh et al. (19) reported
that lipopolysaccharide induces HIF-Ia mRNA in an Spl-de-
pendent pathway. It is necessary to determine whether other
regions of the promoter and transcription factors are involved
in the overexpression of HIF-1oe mRNA in Al1 cells.

In the present study, we showed that TSA markedly re-
pressed the expression of HIF-1a mRNA in Al1 cells. Based on
this observation, we found a correlation between HDAC activ-
ity and HIF- 1o transcription; that is, HDAC activity was higher
in A11 than in P29 cells. It was also higher in H,0,-treated P29
cells and antimycin A-treated Al1 cells than in the respective
control cells. Furthermore, HDAC activity in All cells was
repressed by ebselene, LY294002, and Ro31-8220. Together,
these data indicate that ROS lead to HDAC activation through
PI3K and PKC pathways, thereby activating HIF- 1« transcrip-
tion. In general, histone acetylation enhances gene expression
through the chromatin remodeling caused by histone modifi-
cation (26). Therefore, it is not clear how HDAC inhibition can
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lead to the transcriptional repression of the HIF-1« gene. How-
ever, many genes such as proinflammatory genes, including
tumor necrosis factor-w, interleukin-18, interferon-y, and
inducible nitric-oxide synthase, are reported to be repressed by
HDAC inhibitors (27-30). The repression of these proinflam-
matory genes has been suggested to be a result of inhibition of
NF-«B activation and the acetylation of non-histone proteins
(30). Because our data indicate little contribution of NF-kB in
the ROS-mediated HIF- 1o mRNA overexpression in A1l cells,
acetylation of other non-histone proteins may be important. It
should be noted that Noh et al. (31) have recently shown that
TSA decreases mRNA of extracellular matrix components.
They also show that HDAC2 plays an important role in the
development of extracellular matrix accumulation and that
ROS mediate transforming growth factor-B1-induced activa-
tion of HDAC2 (31). HDAC:s constitute a family of 18 enzymes
(32). Therefore, it will be interesting to determine which HDAC
is responsible for the ROS-mediated HIF-1« transcription in
the cells carrying mtDNA with the ND6 mutation.

In conclusion, our findings show that the ROS-generating
ND6 mutation causes HIF- I o transcription via PI3K-Akt/PKC/
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FIGURE 7. HDAC activity is involved in the ROS-mediated HIF-1« tran-
scription, A, P29 and A11 cells were treated with TSA at the indicated con-
centrations for 18 h. Total RNA was extracted and subjected to Northern blot
analysis, The blots were hybridized with a *?P-labeled HIF-1a ¢cONA. Ethidium
bromide staining of the gel is also shown. B, HDAC activity is shown in
untreated P29 and P29 cells treated with 25 um H,0, for 16 h, and untreated
A1l and A1l cells treated with ebselene (20 um), antimycin A (20 um),
LY294002 (20 um), Ro31-8220 (S M), and TSA (100 ng/mi) for 18 h.

HDAC pathway. Because mtDNA mutations have been impli-
cated to be a factor in cancer etiology and shown to be gradually
accumulated in tumor cells, some of them, especially patho-
genic somatic mutations, may contribute to malignant progres-
sion by causing the up-regulation of HIF-1« protein in tumaors.
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Etoposide-induced Apoptosis through Transcriptional
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Accumulating evidence indicates that TBP (TATA-binding
protein)-like protein (TLP) contributes to the regulation of
stress-mediated cell cycle checkpoint and apoptotic path-
ways, although its physiological target genes have remained
elusive. In the present study, we have demonstrated that
human TAp63 is one of the direct transcriptional target genes of
TLP. Enforced expression of TLP results in the transcriptional
induction of the endogenous TAp63, but not of the other p53
family members such as TAp73 and p53. Consistent with these
results, small interference RNA-mediated knockdown led to a
significant down-regulation of the endogenous TAp63. Lucifer-
ase reporter assay and chromatin immunoprecipitation analysis
revealed that the genomic region located at positions —487 to
—~29, where +1 represents the transcriptional initiation site of
TAp63, is required for TLP-dependent transcriptional activa-
tion of TAp63 and also TLP is efficiently recruited onto this
region. Additionally, cells treated with anti-cancer drug etopo-
side underwent apoptosis in association with the transcriptional
enhancement of TAp63 in a p53-independent manner, and the
knockdown of the endogenous TLP reduced etoposide-induced
apoptosis through repression of TAp63 expression. Taken
together, our present study identifies a TLP-TAp63 pathway
that is further implicated in stress-induced apoptosis.

Transcriptional regulation involves the functional integra-
tion of diverse factorsand is a critical regulatory step for cellular
events that include growth, differentiation, and death. These
cellular activities often occur simultaneously due to the action
of regulatory factors with broad targets. A representative exam-
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ple of such a factor is the tumor suppressor p53 and its family
members, including p63 and p73, which contribute to tumor
suppression, cell cycle checkpoint, DNA repair, and apoptosis
(1). p63 acts as a pro-apoptotic transcription factor (2, 3) and,
like p53 and p73, is expressed as multiple isoforms (4). They
include the trans-activating (TA)® isoform of p63, termed
TAp63, and an NH,-terminal activation domain-deficient iso-
form, ANp63, that acts as a dominant negative factor over p53,
TAp63, and TAp73 (2). p63 has been clearly implicated in a
variety of developmental processes (5), whereas its anticipated
role as a tumor suppressor is unclear, mainly because of its low
frequency of the somatic mutations in human tumors (6, 7).
However, a study focused on long term effects of p63 mutations
in mice showed that mice bearing mutations in both p63 and
p53 develop a more aggressive tumor, indicating the presence
of atumor suppressive activity of p63 (8). This is consistent with
earlier studies indicating that p63 is required for p53-depen-
dent apoptotic response (9) and that, in response to certain DNA
damage insults, p63 activates an overlapping set of p53-target
genes implicated in cell ¢ycle arrest and apoptosis (10). Al-
though extensive studies of p63 in human tumors have sug-
gested that deregulated expression of TAp63 and ANp63 con-
tributes to tiumor development and progression (4}, the precise
molecular mechanisms behind the transcriptional regulation of
TAp63 remain to be unclear.

TATA-binding protein (TBP) is a general transcription fac-
tor that plays a central role in the regulation of pre-initiation
complex formation by eukaryotic RNA polymerases (11, 12).
Eukaryotic cells also contain multiple TBP paralogs implicated
in transcriptional regulation during cell growth, differentiation,
and development (11, 12). TBP-like protein (TLP) (13), also
known as TBP-related factor 2 (14, 15), TLF (16), or TRP (17), is
one of the TBP paralogs common to Metazoa and has been
implicated by genetic studies in various developmental pro-
cesses, including spermiogenesis in mice (11, 12). Although
TLP fails to bind to TATA box (11, 12), it stimulates transcrip-
tion from several TATA-less promoters (18). Mammalian TLP,
unlike TBP, does not associate with TAFs to form a transcrip-

3 The abbreviations used are: TA, trans-activating isoform; ChiP, chromatin
immunoprecipitation; FACS, fluorescence-activated cell sorter; NF1, neu-
rofibromatosis type 1; siRNA, small interfering RNA; TBP, TATA-binding
protein; TLP, TBP-like protein; TUNEL, terminal deoxynucleotidy! transfer-
ase-mediated dUTP nick end labeling; RT, reverse transcription.
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tion factor IID-type complex but, instead, associates with
TFIA in cells (14, 19). It was reported earlier (20) that mam-
malian TLP activates transcription from the TATA-less neuro-
fibromatosis type 1 (NFI) promoter through site-specific bind-
ing, but represses the TATA-containing c-fos promoter, thus
leading to the prediction of an anti-oncogenic ability of TLP as
well as the potential for direct binding to other target genes.
Shimada et al. (21) reported that chicken TLP represses the
G,/M transition and, through its nuclear translocation, medi-
ates apoptosis induction in a p53-independent manner. Hence,
TLP is proposed to have both checkpoint and anti-oncogenic
functions, although its physiological role and also the precise
molecular mechanisms behind TLP-mediated apoptosis as well
as cell cycle checkpoint remain to be elusive.

Here, we have analyzed mammalian TLP function in relation
to TAp63 expression and show that TLP enhances the pro-
moter activity of TAp63 and thus leads to apoptosis. Further
observations suggest that this novel TLP-TAp63 pathway
increases the sensitivity to anti-cancer drug etoposide.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Chicken DT40 cells were
grown in RPMI 1640 medium (Invitrogen) as previously
described (21). DT40-TLP™'™ cells derived from parental
DT40 cells lack TLP (21). Human cervical carcinoma-derived
HeLa and human hepatocellular carcinoma-derived HepG2
cells were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% heat-inactivated fetal
bovine serum (Invitrogen), penicillin (100 IU/ml), and strepto-
mycin (100 pg/ml). Human hepatocellular carcinoma-derived
Hep3B cells were grown in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal bovine serum and antibiotics.
HepG2 and HelLa cells carry wild-type p53. Hep3B and DT40
cells lack p53. Where indicated, cells were exposed to etopo-
side (at a final concentration of 50 um). For transfection,
DT40 cells were transiently transfected with the indicated
expression plasmids by electroporation. Hela cells were
transiently transfected with the indicated combinations of
the expression plasmids using Lipofectamine 2000 transfec-
tion reagent (Invitrogen) according to the manufacturer’s
instructions.

RT-PCR—Total RNA was prepared from the indicated cells
using RNeasy Mini Kit (Qiagen, Valencia, CA) according to the
manufacturer’s recommendations. For the RT-PCR, first
strand cDNA was generated using SuperScript Il reverse tran-
scriptase (Invitrogen) and random primers. The resultant
cDNA was subjected to the PCR-based amplification. The oli-
gonucleotide primers used in this study were as follows: human
TLP, 5 -CCTCTTCCCACGGATGTGAT-3' (sense) and 5'-
GAGTCCAATGTGCAGCAGT-3' (reverse); mouse TLP,
5 -GCCATTTGAACTTAAGGA-3' (forward)and 5'-TGTA-
AATTCTGGCAA-3' (reverse); human TAp63, 5'-GTCCCA-
GAGCACACAGACAA-3' (forward) and 5'-GAGGAGCCG-
TTCTGAATCTG-3' (reverse); chicken TAp63, 5 -GAAAC-
AGCCATGCCCAGTAT-3' (forward) and 5'-CAAATGC-
GAGCTTCAAAACA-3' (reverse); human TAp73, 5 -CGG-
GACGGACGCCGATG-3' (forward) and 5'-GAAGGTCG-
AAGTAGGTGCTGTCTGG-3' (reverse); human p53, 5'-
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ATTTGATGCTGTCCCCGGACGATATTGAAC-3" (for-
ward) and 5'-ACCCTTTTTGGACTTCCGGACGATATT-
GAAC-3’ (reverse); human p21*¥*, 5-GACACCACTGGA-
GGGTGACT-3' (forward) and 5'-CCCTAGGCTGTGCTC-
ACTTC-3’ (reverse); human 14-3-30, 5'-AGAGCGAAAC-
CTGCTCTCAG-3’ (forward) and 5'-CTCCTTGATGAGG-
TGGCTGT-3' (reverse); human Lamin A/C, 5'-CCGAGT-
CTGAAGAGGTGGTC-3' (forward) and 5'-AGGTCACCC-
TCCTTCTTGGT-3' (reverse); human BAX, 5'-TCTGACGC-
AACTTCAACAC-3' {forward) and 5'-GAGGAGTCTCACC-
CAACCAC-3’ (reverse); human PUMA, 5'-GCCCAGACTG-
TGAATCCTGT-3' (forward) and 5'-TCCTCCCTCTTCCG-
AGATTT-3' (reverse); human NOXA, 5'-GCAAGAATGGA-
AGACCCTTG-3' (forward) and 5'-GTGCTGAGTTGGCAC-
TGAAA-3’ (reverse); human GAPDH, 5'-ACCTGACCTGCC-
GTCTAGAA-3' (forward) and 5'-TCCACCACCCTGTTGC-
TGTA-3' (reverse). The expression of B-actin or GAPDH was
measured as an internal control. The PCR products were sub-
jected to 1% agarose gel electrophoresis and visualized by
ethidium bromide staining,.

Real-time Quantitative RT-PCR—Total RNA was extracted
from clinical samples using TRIzol reagent (Invitrogen) accord-
ing to the manufacturer’s instructions, and reverse transcrip-
tion was performed with SuperScript II reverse transcriptase
(Invitrogen). Real-time quantitative PCR (TagMan PCR) using
an ABI Prism 7700 sequence detection system (Perkin-Elmer
Applied Biosystems, Foster City, CA) was carried out according
to the manufacturer’s protocol. All the reactions were per-
formed in triplicate. The data were averaged from the values
obtained in each reaction. The mRNA levels of each of the
genes were standardized by B-actin.

siRNA-—Hep3B cells transiently transfected with siRNA
targeting TLP (TLP siRNA-1, 5'-UAACAGGGCCCAAUGU-
AAA-3'; TLP siRNA-2, 5'-GGAAGGAGCAAAUGUAAUU-
3'), siRNA against TAp63 (TAp63 siRNA-1, 5'-CAGCUAUA-
UGUUCAGUUC-3'; TAp63 siRNA-2, 5'-GAUUGAGAUU-
AGCAUGGAC-3') (Invitrogen) or with siRNA against
Lamin A/C (Dharmacon, Chicago, IL) by using Lipofectamine
RNAiIMAX transfection reagent (Invitrogen) according to the
manufacturer’s instructions. Forty-eight hours after transfec-
tion; total RNA was prepared and processed for RT-PCR.

Immunoblotting—Cells were washed in ice-cold phosphate-
buffered saline and lysed in an SDS-sample buffer. After brief
sonication, whole cell lysates were boiled for 5 min, resolved by
12% SDS-PAGE, and electrotransferred onto Immobilon-P
membranes (Millipore, Bedford, MA). The membranes were
blocked with Tris-buffered saline containing 0.1% Tween 20
and 5% nonfat dry milk and then incubated with monoclonal
anti-p21*¥? (Ab-1, Oncogene Research Products, Cambridge,
MA), monoclonal anti-FLAG (M2, Sigma), monoclonal anti-
Lamin B (Ab-1, Calbiochem), monoclonal anti-tubulin-c (Ab-
2, Neomarkers, Fremont, CA), polyclonal anti-TAp63 (22},
polyclonal anti-TLP (23), or with polyclonal anti-actin (20-33,
Sigma) antibody for 1 h at room temperature followed by an
incubation with the appropriate horseradish peroxidase-conju-
gated secondary antibodies (Jackson ImmunoResearch Labora-
tories, West Grove, PA) for 1 h at room temperature. The

pCEVON

VOLUME 284+-NUMBER 51-DECEMBER 18, 2009



chemiluminescence reaction was performed using ECL reagent
(Amersham Biosciences, Piscataway, NJ).

Construction of Luciferase Reporter Plasmids—A luciferase
reporter plasmid containing TAp63 promoter region encom-
passing from —2340 to +26, where +1 represents the tran-
scriptional initiation site, was amplified by PCR-based strategy
using genomic DNA prepared from human placenta as a
template. Oligonucleotide primers used were as follows: F1, 5'-
TTGGTAGAGCTCGAGGATAGCTTGAGTCCAGCAG-3'
(forward) and R1, 5'-AGATATCCCTTTCACATCCC-3' (re-
verse); F2, 5'-GTGCATGTGTTTGAGGTAGG-3' (forward)
and R2, 5'-CTTAGAGCTAGCCCTTCAACTGTCTTTGAT-
ATCAACG-3' (reverse). Underlined sequences indicate the
positions of Sacl restriction site in the forward primer F1 and
Nhel restriction site in the reverse primer R2. PCR products
were gel-purified and subcloned into pGEM-T Easy plasmid
(Promega, Southampton, UK) according to the manufacturer’s
protocol. The resultant plasmid DNA was digested with Sacl
plus HindIII or with HindIII plus Nhel and then subcloned into
Sacl/Nhel restriction sites of pGL3-basic plasmid (Promega)
to give pGL3-TAp63(—2340). A series of the 5' deletion
mutants of pGL3-TAp63(—2340) were generated by using an
Erase-A-Base system (Promega) according to the manufactur-
er’s instructions.

Luciferase Reporter Assay—HeLa cells were transiently co-
transfected with the constant amount of the indicated pGL3-
TAp63 luciferase reporter constructs (100 ng), pRL-TK Renilla
luciferase reporter plasmid (10 ng) together with or without 100
ng of the expression plasmid for FLAG-TLP. The total amount
of the plasmid DNA per each transfection was kept constant
(510 ng) with the empty plasmid (pClneo). Forty-eight hours
after transfection, cells were harvested and lysed, and both fire-
fly and Renilla luciferase activities were measured by using a
Dual-Luciferase reporter assay system {Promega). The firefly
luminescence signal was normalized based on the Renilla lumi-
nescence signal.

ChIP Assay—Chromatin immunoprecipitation (ChIP) assay
was performed according to the protocol provided by Upstate
Biotechnology (Charlottesville, VA). In brief, HeLa cells were
transiently transfected with the expression plasmid for FLAG-
TLP. Forty-eight hours after transfection, cells were cross-
linked with 1% formaldehyde in medium at 37 °C for 15 min.
Cells were then washed in ice-cold phosphate-buffered saline
and resuspended in 200 ul of SDS lysis buffer containing pro-
tease inhibitor mixture. The suspension was sonicated on ice
and pre-cleared with protein A-agarose beads blocked with
sonicated salmon sperm DNA (Upstate Biotechnology) for 30
min at 4 °C. The beads were removed, and the chromatin solu-
tion - was immunoprecipitated with polyclonal anti-FLAG
(Sigma) antibody at 4 °C, followed by incubation with protein
A-agarose beads for an additional 1 h at 4°C. The immune
complexes were eluted with 100 ul of elution buffer (1% SDS
and 0.1 M NaHCOQ,), and formaldehyde cross-links were
reversed by heating at 65 °C for 6 h. Proteinase K was added to
the reaction mixtures and incubated at 45 °C for 1 h. DNA of the
immunoprecipitates and control input DNA were purified and
then analyzed by standard PCR using human TAp63 promoter-
specific primers.
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Subcellular Fractionation—To prepare nuclear and cytoplas-
mic extracts, cells were lysed in 10 mam Tris-HCl, pH 7.5, 1 mM
EDTA, 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluo-
ride, and a protease inhibitor mix (Sigma) and centrifuged at
5000 rpm for 10 min to collect soluble fractions, which were
referred to as cytosolic extracts. Insoluble materials were
washed in the lysis buffer and further dissolved in SDS-sample
buffer to collect the nuclear extracts. The nuclear and cyto-
plasmic fractions were subjected to the immunoblot analysis
using monoclonal anti-Lamin B (Ab-1, Oncogene Research
Products) or monoclonal anti-tubulin-a (Ab-2, Neomark-
ers) antibody.

TUNEL Staining—Hep3B cells were grown on coverslips and
transiently transfected with the indicated siRNAs. Forty-eight
hours after transfection, cells were fixed in 4% paraformal-
dehyde and apoptotic cells were detected by using an in situy
cell detection Kit (Roche Molecular Biochemicals, Mann-
heim, Germany) according to the manufacturer’s protocol. The
coverslips were mounted with 4',6-diamidino-2-phenylindole-
containing mounting medium (Vector Laboratories, Burl-
ingame, CA) and observed under a Fluoview laser scanning
confocal microscope (Olympus, Tokyo, Japan).

FACS Analysis—Transfected HepG2 cells were exposed to 50
M of etoposide. Forty-eight hours after the treatment, floating
and attached cells were collected, washed in ice-cold phos-
phate-buffered saline, and fixed in 70% ethanol at —20 °C. Fol-
lowing incubation with phosphate-buffered saline containing
40 pg/ml of propidium iodide and 200 pg/ml of RNase A for 1 h
at room temperature in the dark, stained nuclei were analyzed
by a FACScan machine (BD Biosciences, Mountain View, CA).

Statistical Analysis—The data obtained from real-time PCR
were expressed as means * S.E. of the mean.

RESULTS

TLP Has an Ability to Induce the Expression of TAp63—We
have previously described that TLP induces both cell cycle
arrest and apoptosis in chicken DT40 cells in a p53-indepen-
dent manner (21). These results imply that the other p53 family
members such as p73 or p63 could be closely involved in these
cellular processes, because p53 family members play a domi-
nant role in the regulation of cell fate determination. To exam-
ine the possible contribution of TLP to p53, TAp73, and TAp63
gene expression, human cervical carcinoma-derived HeLa cells
were transiently transfected with FLAG-TLP expression plas-
mid. Intriguingly, enforced expression of FLAG-TLP resulted
in a significant up-regulation of TAp63 but not of p53 and
TAp73 (Fig. 1, A and B). Consistent with these results, siRNA-
mediated knockdown of the endogenous TLP led to a remark-
able down-regulation of the endogenous TAp63 as well as its
direct transcriptional target genes such as p21*%? and NOXA
(Fig. 1C). p21*¥* and NOXA are involved in the induction of
cell cycle arrest and apoptosis, respectively (24). Additionally,
knocking down of the endogenous TAp63 had an undetectable
effect on the expression level of the endogenous TLP, whereas
the expression levels of the endogenous p21"¥? and NOXA
dramatically decreased. In support with these results, TLP-de-
ficient chicken DT40 cells expressed p63 at an extremely lower
level as compared with wild-type DT40 cells, and ectopic
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