HE3RE HETE 2011E7AH

THAATTFINA I =N 3 Y VB (BLTF PI3K)
bBEHICHITONE, PBKIZ D LHOSEMAREF 0
YrEF-HEPLRASIZE DIEHIALE NG, BHOH
BEEIWE F A A VST ABETERICL-TY
WAL S, PI3K/Akt BEOEEALE A L THIRLIE %
PIlS AHREEIED

PBK Ofiffy 722y D pllda 22— F3 5
PIK3CA #IZTFI0E, A8, RERRE TEH KBS,
SHSAERE 7 E CARNADOPDER SN TV A Y, X
B Tt PIK3CA BIZFOERIT 15%REQHE T,
FOERITIEEBERZELLLDONE L, exon 9
(E542K, E545K 7% &) B X U520 (HI047R %2 &) % f@#t
THIETWY ExMECTELLERTHEY,
72, PIK3CA 5T OERIZDWTIE, Hi EGFR Hifkse
DERBERNC DD B L v ) WiE™ L s 2
WO LW T AWMEDD YD, BN OWEIES
DEZARMEETH D, T2, exon 20 DERDH A
FHRTFUERTFICRIB2 LI MELH LY,

F7:, PBK OfR#Y 7122y P®D pSha T — F$5
PIKSRI BIEFIZH L THORBETH % DI TER
Bholb#ESNTVEY, PIK3CA BIETF & R,
EHRRR L ORI GO L ZATHEETH 5,

V. PTEN

PTEN i3 PI3K/Akt &% HET 2 @A WGIEET
THY, PIBK =) Y B{bs %, PTEN BT OEE
FHEA B THRESN TV B, $£/, PTEN OFHMY
JH 20~30% Rt O RBERICRD N TV 5, EIRHIZE
IBWTIE, FEFEETIEPTEN ORB OB E T cetuxi-
mab 5 DEBEMIE DLW 0D, EBECIE
PTEN SBLBE CHBRBMPRITF TH » 72 & OMED
&)%25.26)0

F o RIEMB LR ETO PTEN R A,
HAMESWIEOER TS 2%, KRAS - BRAF BIEF
EHICHAETIDBEITBIT A cetuximab WEIET, &L
REFHEFICE 252000, RERRTFETFHMETFC
HotzbiEEhTnr?,

VI. Amphiregulin, epiregulin

amphiregulin (BLF AREG) % epiregulin (JL'F EREG)
IZEGFR DY ¥ FTHY, EGF, TGFa & 1 biE4AkE
PEWZ EPAMONTWE, 2721, #1T BRAEE
BB FHRTFHET S 513480 EGFR Fik#E 0 k%
MRTHEFTHLWEEIREINTEY, HALD
BRETHLHNREHEZRLLTWEEEZEZONS,

KRASEETEED L) CHRBEPHRIYETEL W
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BELZENTLHEE RT3 L WA, KRASH
AN BT AREG # EREG A EHEILL TV 554,
cetuximab+irinotecan HERSEHEE 1T = & TRIF 2
WERDE O N5 L s hic™, KRASEREITI,
AREG % EREG D58 & BB IS 255
7o

WI. #i EGFR Hifk& ADCC i&tE

ADCC &3, BRI HEE LIzhifrs T F 250 %
7 —Mifae T #lE, ik ~sovy—-Yhrox
Tz —HBLO Fe RBERLHEETHIET, Bk
BN FE S N BN ARG EGEETH B, 7T
CD20 #ifk (rituximab), ¥iHER2 #ifk (trastuzumab)
TIRLDET S IgGH 77 5 ZADOHAFEBRIICIERD
ZREELTHEHEINTEY, For SHKOBIEFER
WA D BRBEERICEI LB ENHEE ST
559 1gG, HifETH B cetuximab I2BWTH, EGFR
KIFEY 7 VEREREOMEDMIC ADCC DaFiiss
FELTwRIEXMLNTE Y™ FeyRla &
FcrRlla D#IEF% 8 (Feyla-H/R™, FeyRMa-V/
F) ILRBHZUBEENT VS, 2070, For %K
HROBEFLENL [gGY 77 5 ATh A cetuximab @
EEBRERTFHOLOOFTFv—h—E LTHIEFEShTn
55

FcyRIa, MaBETIIOWTE, Bokd b o#E>
1240 cetuximab 128 LT & ) B i aios B s
T BEEFRE 131H, 158V THH, 1 ritux-
imab, trastuzumab TRENMFH@ L —FKL T3,
HapMap 72837 =7 MILALHERAILEITS H/HD
HETFRIZN 0% HD5E8NTEY,  OBEEITZRK
RANCHLEHETH D, Lz V/V OBIEFEIEHY
2%THYH, TOFFEEKRMILLPPEEETH 5,
FeyRIDa, NaBIZTERBAETERZ DL, cetuximab @
BRRESHF SN BETSAEZ L OHEI, HAA
WKBWTERA LY %% {, ADCC MM AR
WHETHERET 20, BERACHLEAAZR
HhaBERErPfFcELEELIONS,

VE. #1 EGFR ifAEREICEH T2 RBIER

JLEGFR MIAEICB VL THNBEERIR L EREOH W
HFEUTHY, grade2 D EOHHEEIZZ OB
MES B EHESNTWE™, 72721, # EGFR Hifkis
WX B HEREEBRORS grade EIHBFRBEHEBEL T
WAREVWKRESTH Y, HEISEHEICRUBRS &
WEL R BBED, LHVBED grade T/ EIP T
o TWLHREND L, DD, KHREEI BRI
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RAFURTFEL2YEL LHRECEERTTONEVWEE
AoNB, FHEE L GHEBEEDOBEE 2 HZITRT -
DIz, BERBERHICHEZRELEEEED
grade DFF P EHRLEIZ LB EEZ LN,

by

B, BEOMIMLERSBFICBWT, BHOREE
FUTENA G-I —2HART AL EERDIDEELR
BED—DTHh b, ¥ EGFR MO BB, KRAS
BETERORECIVRESELDZ I LFHS IR
Y, KIGREOEYFERICND THEFMLEEIEA S hiz,
51t%, KRAS BIZTRBIC BRAF #{zF % PIK3CA &
EFZ 2N TEN, Fv—A— 2 ) B LR
HZliE, KEBROMILERE SHICHESEL DD
RSN S, N F =D —F TP A TFENE
IR L DIBIE 2T O 12034 IR ERIC L 5
BEDLETH B, HERDEEHRKRBRICT &2 LEIER
BB THIET, BEOSFTICHNRHEZ DS L,
EHOIERBHRBICOERTELIDEEZONSG,
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Apoptosis and autophagic cell death are programmed cell deaths
that are involved in cell survival, growth, development and carci-
nogenesis. p53, the most extensively studied tumor suppressor,
regulates apoptosis and autophagy by transactivating its down-
stream genes. It also stimulates the mitochondrial apoptotic path-
way and inhibits autophagy in a transactivation-independent
manner. However, the contribution of apoptosis and autophagic
cell death to p53-dependent cell death is unclear. Using wild-type
(WT) and mutant (MT) p53 inducible cell lines in TP53-null SF126
glioblastoma cells, we examined the apoptosis and autophagic cell
death induced by p53. WT p53 expression in SF126 cells induced
apoptosis and autophagy, and reduced the cell number. An auto-
phagy inhibitor reduced autophagy, increased the S-phase frac-
tion, and attenuated the inhibition of cell proliferation induced by
WT p53. Pan-caspase inhibitor reduced apoptosis but showed
weaker inhibition of cell proliferation than the autophagy inhibi-
tor. We concluded that p53-dependent cell death in SF126 cells
comprises caspase-dependent and caspase-independent apoptosis
and autophagic cell death, and the induction of autophagy as well
as apoptosis could be a new strategy to treat some type of WT
p53-retaining tumors. (Cancer Sci 2011; 102: 799-807)

B oth apoptosis and autophagic cell death are included in pro-
grammed cell death. They are involved in not only cell
homeostasis processes such as cell survival, growth and devel-
opment, but also cancer progression and proliferation. Classical
chemotherapeutic drugs target DNA to eliminate cancer cells by
inducing DNA damage and subsequent apoptosis. Current
molecular target drugs also activate the apoptotic pathway, but
recent study shows some of these classical drugs and molecular
target drugs are also involved in the autophagic pathway.?
Apoptosis is a well-known programmed cell death. Morpho-
logical features of apoptosis include membrane changes, chro-
matin condensation, nuclear fragmentation and apoptotic body
formation. On the other hand, autophagy is a bulk degradation
mechanism that plays an essential role in the removal and recy-
cling of cytoplasmic proteins and organelles as well as the main-
tenance of cellular nutrient homeostasis during nutrient
deprivation. Morphological features of autophagy are the forma-
tion of a closed double membrane vacuole called an autophago-
some, which matures by fusion with a lysosome to create an
autolysosome. Although autophagy is necessary for cell sur-
vival, recent studies have demonstrated that it induces cell death
under specific circumstances such as cancer.“"® Cell death with
the morphological feature of autophagy is defined as autophagic
cell death. In cell death due to autophagy, the fate of the cell
should be altered and result in long-term cellular survival when
“an autophagy inhibitor (such as 3-methyladenine) or siRNA of
an autophagy-related gene (such as Arg5) inhibits autophagy.”

doi: 10.1111/1.1349-7006.2011.01857.x
® 2011 Japanese Cancer Association

Autophagy removes harmful proteins and organelles that induce
DNA damage in a cell; therefore, it works against carcinogenesis.
Indeed, beclin-1, a phylogenetically conserved autophagy-related
gene, is often inactivated monoallelically in human cancers.’
Furthermore, beclin-1 +/~ mutant mice suffer from a high
incidence of spontaneous tumors.® These indicate that beclin-1
is a haploinsufficient tumor suppressor gene.

Tumor suppressor p53 regulates both apoptosis and auto-
phagy.*? ?53 is activated by a variety of cellular genotoxic
stressors' M and subsequently, p53 transactivates apoptosis- and
autophagx—inducing genes (apoptosis: BAX,'? p53AIP1™® and
PUMA;™ and autophagy: DRAM,"> Sestrin 1 and Sestrin 2
[SESN 2]%'™). Moreover, p53 also regulates apoptosis and
autophagy in a transactivation-independent manner. Cytoplas-
mic p53 induces mitochondrial outer membrane permeabiliza-
tion, followed by the release of cytochrome c and subseguent
apoptosis,'®'® and attenuated the induction of autophagy.®*2"

Although p53 regulates both apoptosis and autophagy by
diverse mechanisms, it remains unclear how much they contrib-
ute to actual p53-dependent cell death and inhibition of cell pro-
liferation. Furthermore, whether the apoptosis and autophagy
induced by p53 are mutually independent is unclear. To answer
these questions, we constructed a wild-type (WT) p53-inducible
cell line in SF126 glioblastoma cells and analyzed the contribu-
tion of apoptosis and autophagy to WT p53-dependent cell death
using apoptosis and autophagy inhibitors. We also established
S121F and R306G mutant (MT) p53-inducible cell lines and
analyzed the contribution of apoptosis and autophagy the same
as WT p53. These two mutants have not been reported in human
tumor. But the cell biological behaviors of these mutants are
interesting. S121F has a stronger apoptosis-inducing ability than
WT p53. 2) R306G localizes in the cytoplasm due to lack of
association to importin alpha, and the truncated form of importin
alpha is identified in breast cancer,®® and might have a strong
autO{)haH-inhibiting ability because of its cytoplasmic localiza-
tion."?>*" We considered that comparing the phenotypes of MT
p53 to WT p53 might be useful for assessing if apoptosis and
autophagy are functionally independent from each other.

Materials and Methods

Cell lines and cell culture. The stable SF126 cell line express-
ing doxycycline (Dox)-inducible WT P53 (SF126-tet-p53: WT
clone) was previously constructed.”* SF126-tet-TON (Mock
clone), SF126-tet-S121F (S121F clone) and SF126-tet-R306G
(R306G clone) were constructed according to the protocol
described in a previous report® using the three plasmids,
pcDNAS/TON, pcDNAS/TON-p53S121F  and pcDNAS/

1To whom correspondence should be addressed.
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TON-p53R306G, respectively.® Wild-type or MT p53 was
induced with 10 ng/mL Dox (Sigma-Aldrich, St. Louis, MO,
USA). For inhibition of autophagy and apoptosis, cells were
cultured with 6 mM 3-methyladenine (3MA; Sigma-Aldrich)
and 10 pM  benzyloxycarbonyl-valyl-alanyl-aspartic  acid
(O-methyl)-fluoro-methylketone (VAD; R&D systems, Minnea-
polis, MN, USA), respectively.

Subcellular fractionation. Before trypsinization, cells were
washed once in cold phosphate-buffered saline (PBS), lysed and
separated into subcellular fractions using the CelLytic
NuCLEAR Extraction kit (Sigma-Aldrich) following the manu-
facturer’s recommendations.

Western blotting analysis. Cells were harvested and resus-
pended in lysis buffer containing 50 mM Tris-HCI (pH 8.0),
150 mM NaCl, 5 mM EDTA and 1% protease inhibitor cocktail
(Sigma-Aldrich). The lysate was analyzed by western blotting as
described previously®™ using anti-p53 (sc-6243; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-actin (A2066;
Sigma-Aldrich), anti-LC3 (PM036; Medical & Biological
Laboratories, Nagoya, Japan), anti-BAX (M010-3; Medical &
Biological Laboratories), anti-DRAM (ab72171; Abcam,
Cambridge, MA, USA), anti-14-3-3¢ (ab14123; Abcam), anti-
SESN2 (ab57810; Abcam), anti-MDM2 (sc-965; Santa Cruz
Biotechnology) and anti-p21 (sc-397; Santa Cruz Biotechno-
logy) antibodies.

Immunofluorescence analysis. The strategy for p53 immuno-
fluorescence was described in a previous report.*” For LC3
immunofluorescence, cells were harvested at 18 h after treat-
ment and fixed with 4% paraformaldehyde and incubated for
10 min at room temperature. After washing with PBS, they were
then permeabilized with 50 pg/mL digitonin (Sigma-Aldrich)
for 15 min at room temperature. After washing with PBS, these
cells were incubated with anti-LC3 (PM036; Medical & Biolog-
ical Laboratories) diluted 1:250 for 1 h. After washing with
PBS, they were incubated with Anti-Rabbit IgG(H + L)FITC
(Beckman Coulter, Brea, CA, USA) for 1 h and visualized using
LSM5 PASCAL (Carl Zeiss, Oberkochen, Germany). We
observed cells with x400 magnification and presented the mean
percentage L.C3 puncta-positive or puncta >10 cells +SEM in
five different fields of vision. In each field, approximately 30
cells were analyzed.

Cell proliferation assay. A total of 5 x 10° cells per well were
seeded and incubated in a 96-well plate for 24 h. They were
then treated with drugs and further cultured until 48 h at 37°C.
Cell proliferation assay were performed with a Cell Counting
Kit-8 (Dojin Laboratories, Kumamoto, Japan) as described
previously.¢

Cell cycle analysis by FACS. A total of 1.5 x 10* cells per
plate were seeded and incubated in a 6-cm culture plate for
24 h. They were further incubated in the presence of drugs for
48 h. These cells were collected and FACS was performed as
described previously.¢

Results

Characterization of established cell lines. As shown in Fig-
ure 1, the established cell lines expressed p53 in a Dox-depen-
dent manner, but with different expression levels, and the
expression level of WT p53 was lower than those of S121F and
R306G. To determine the transcriptional activities of the
expressed p53, we also performed western blotting of well-
known p53 downstream gene products. Although the WT p53
expression level was lower than that of MT p53s, all the exam-
ined downstream gene products were highly induced by WT
p53. DRAM and SESN2 are p53 downstream genes that induce
autophagy and they also upregulated in our system.

Immunofluorescence analysis revealed that WT p53 and
SI121F mutants were mainly localized in the nucleus, and

Dox-

Mock WT S121F

R306G

0.00 1.00 221 237

0.00 1.00 0.37 0.74

0.00 1.00 0.18 0.21

0.27 1.00 0.67 0.59
e UIIS < 14-3-3¢
0.34 1.00 0.71 0.35

0.78 1.00 1.00 0.72

0.29

1.00

0.66 0.68

Fig. 1. Induction of p53 and its downstream genes by Dox. After 24-
h incubation with or without Dox (10 ng/mL), expression levels of
p53, MDM2, p21WAF1, BAX, 14-3-3sigma, DRAM and Sesn2 were
analyzed by western blotting. B-Actin was used as an internal control.
Numbers indicated under the top panel are the expression levels of
p53/B-actin (expression level of wild-type [WT] p53/expression level
of B-actin = 1.00). Numbers indicated under the other panels are the
expression levels of downstream genes/B-actin (the product induced
by WT p53/WT p53 = 1.00).

R306G mutants were mainly localized in the cytosol (Fig. 2a).
To quantify the distribution of p53 protein, we performed sub-
cellular fractionation to divide the cells into nuclear and cyto-
solic fractions for immunoblotting. As shown in Figure 2(b,c),
more than 80% of WT p53 and S121F mutants were localized in
the nucleus, while approximately 80% of R306G was localized
in the cytosol.

We then performed a cell proliferation assay (Fig. 3a). At
48 h after Dox treatments, cell proliferation was inhibited by
WT p53 expression and the total cell number was equal to that
at the start. Cell proliferation was also inhibited by S121F
expression, but the total cell number decreased markedly com-
pared with that seen with WT p53 expression. R306G expres-
sion inhibited cell proliferation, but its effect was weak in
comparison to that exerted by WT p53 and S121F.

doi: 10.1111/].1349-7006.2011.01857.x
© 2011 Japanese Cancer Association
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(b) WT S121F R306G
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WT $123F

Fig. 2. Analysis of p53 localization. (a) immunostaining of p53. (b)
Western blotting of nuclear and cytosolic fractions. () Quantification
of the p53 expression level in nuclear and cytosolic fractions analyzed
in (b).

Finally, we examined the effect of WT and MT p53 expres-
sion on the cell cycle by FACS (Fig. 3b). The sub-G1 fraction
was prominently increasing in S121F, followed by WT p53 and
R306G. On the other hand, the proportion of the S-phase frac-
tion was decreased by WT p53 and S121F expression, but not
by R306G expression. These results showed that WT p53 had
cell cycle arrest-inducing as well as apoptosis-inducing activity,
while S121F tended to induce apoptosis rather than cell cycle
arrest.

Analysis of autophagy inducible abilities of WT and MT
p53. Autophagy is induced under nutrient deprivation, and
stimulated autophagy was observed by increasing L.C3 puncta-
positive cells and LC3-I to LC3-I conversion.

Thus, we examined whether autophagy was stimulated in
established cell lines under serum-starved conditions. As shown
in Figure S1, LC3 puncta-positive cells were increased under

Sakamoto et al.

serum-starved conditions. LC3-I to LC3-II conversion was also
accelerated in all cell lines (Fig. S2); thus, autophagy was
detected in SF126 cells under serum-starved conditions.

We then examined whether WT and MT p53 expression stim-
ulates autophagy even under serum-rich conditions. LC3 punc-
ta-positive and puncta >10 cells accumulated in all Dox-treated
WT clones, and even MT clones, but not in mock clones
(Fig. 4). In the same way, LC3-I to LC3-II conversion was also
accelerated when WT and MT p53 were expressed (Fig. 5 lanes
1 and 5).

These data showed that WT and MT p53 expression stimu-
lates autophagy in established cells.

Contribution of autophagy to apoptosis, cell cycle arrest and
the inhibition of cell proliferation induced by WT and MT
p53. To examine the p53-induced autophagy influence on apop-
tosis, cell cycle arrest and inhibition of cell proliferation we ana-
lyzed them in the established cell lines under the p53 expression
conditions using the autophagy inhibitor 3MA or pan-caspase
inhibitor VAD.

Adding 3MA, LC3-I to II conversions were decreased in the
WT and MT p53 clones (Fig. 5 lanes 5 and 6), but it was rather
slightly increased in the mock clones. The number of LC3 puncta-
positive cells in WT and MT p53 expressed cells also decreased
by adding 3MA (Fig. S3). In contrast to 3MA, VAD did not
change LC3-I to II conversions and the number of LC3 puncta-
positive cells (Fig. 5 lanes 5 and 7, Fig. S3). These data showed
that 3MA block the WT and MT p53-induced autophagy. We
then analyzed if the characters of these clones induced by WT
and MT p53 change under the blocking autophagy by 3MA.

In mock clones with Dox, adding 3MA or VAD did not
increase the sub-Gl fraction, but the S-phase fraction was
decreased and cell proliferation was blocked by the 3MA treat-
ments (Fig. 6a,b lanes 5-7). Similar results were obtained from
other clones without p53 expression (Fig. 6c-h lanes 1-3).
These data showed that under the serum-rich and without p53
condition, 3MA did not influence the autophagy status, but
induced cell cycle arrest and resulted in inhibiting cell prolifera-
tion, without apoptosis.

In contrast to the mock clone, adding 3MA slightly decreased
the sub-G1 fraction and increased the S-fraction on the WT p53
clone (Fig. 6¢c lanes 5 and 6), thus attenuating the inhibition
of cell proliferation (Fig. 6d lanes 5 and 6). Thus, blocking
autophagy by 3MA under WT p53 expression conditions results
in antagonizing p53 functions such as increasing sub-G1 frac-
tion, cell cycle arrest (S phase) and inhibition of cell prolifera-
tion. VAD treatment slightly decreased the sub-G1 fraction, and
the proportion of the S-phase fraction did not change (Fig. 6¢
lanes 5 and 7); however, the inhibition of cell proliferation was
attenuated (Fig. 6d lanes 5 and 7). To reveal that increased
sub-G1 fraction induced by WT p53 represents the increasing
apoptosis fraction, we measured the activity of caspase-3/7
activities (Fig. S4). VAD treatment blocks the pro-caspase acti-
vities completely, but 3MA treatments did not influence caspase
activities in WT, but rather increased it. On the other side, 3MA
treatment increased the total cell number (Fig. 6d lanes 5 and 6).
We also found that DRAM knockdown, one of the key mole-
cules of p53-induced autophagy, also increased the total cell
number (data not shown). These data indicate that p53-induced
autophagy is one of the reasons for the amount of cell death.

On the other hand, apoptosis induced by S121F expression
was not rescued by 3MA and the S-phase fraction was slightly
decreased (Fig. 6e lanes 5 and 6). The inhibition of cell prolifer-
ation was slightly attenuated, but the total cell number was
decreased compared with that seen before S121F expression by
the 3MA treatment (Fig. 6f lanes 5 and 6). VAD treatment also
had a minimal effect on apotosis and inhibition of cell prolifera-
tion induced S121F (Fig. Ge,f lanes 5 and 7). VAD treatment
strongly blocked the caspase-3/7 activities in S121F cell lines
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Fig. 3. Cell proliferation assay and cell cycle analysis of established cell lines. (a) Cell proliferation assay of each clone. The cell viability just
before treatment was 0%. Values shown are mean = SD (n = 3). (b) DNA histogram of each clone with or without p53 expression. After 48-h
incubation with or without Dox (10 ng/mL), cells were harvested and analyzed by FACS. Values shown are mean + SD (n = 3). Value of the sub-
G1 fraction is a portion of the total population, and values of G1, S and G2/M fractions were portions of the population excluding the sub-G1

fraction.

the same as WT, while the subGl fraction did not decrease
(Fig. 6e). We consider that WT p53 and especially S121F
induce caspase-independent apoptosis®® and the subG1 fraction
was composed of caspase-independent apoptosis and caspase-
dependent apoptosis.

Finally, we examined whether 3MA and VAD treatments
influence the R306G phenotype. Treatment with 3MA did not
change the sub-G1 fraction or the proportion of the fraction in
each cell cycle phase (Fig. 6g lanes 5 and 6). Furthermore, inhi-
bition of cell proliferation was slightly attenuated (Fig. 6h lanes
5 and 6). VAD also did not change the sub-G1 fraction, the pro-
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portion of the fraction in each cell cycle phase and the inhibition
of cell proliferation (Fig. 6g,h lanes 5 and 7).

These data indicated that 3MA also inhibited R306G-induced
autophagy as well as other WT p53 and SI21F, but blocking
autophagy did not influence its phenotype.

All the data are summarized in Figure 7 and Table 1.

Discussion

Dual contribution of apoptosis and autophagic cell death to
p53-dependent cell death. Previous studies have reported that

doi: 10.1111/].1349-7006.2011.01857.x
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Fig. 4. LC3 puncta induced by p53. (a) Cells were 1 Dox (p53) puncta >10
incubated under serum-rich conditions, and 18 h
after adding Dox (10 ng/mt), cells were harvested,
fixed and immunostained. (b) Puncta-positive cells
and puncta >10 cells were counted. Five-field vision
(more than 30 cells/one field) was used for
scanning and the percentage of puncta-positive
cells was calculated. Values shown are average + SD

% of puncta positive cells
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Fig. 5. Immunoblotting of LC3 with 3MA or/and VAD treatment on the established cell lines. (a) Cells were treated with Dox (10 ng/mL)
and/or 3MA (6 mM) and/or VAD (10 pM), or starvation (FBS-), and then incubated for 24 h and harvested. Whole cell extracts were
immunoblotted by LC3. B-Actin was used as an internal control. (b) Intensities of LC3-1 and LC3-Il bands were quantified and LC3-Il/LC3-l is
represented.
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Fig. 7. Effects of p53 induction and apoptosis or
autophagy inhibition on each clone. Values in
Table 1 were normalized by each control value and
illustrated in a radar chart. (a) Mock; (b) wild-type '
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Table 1. The summary of character of established cell lines treating with pan-caspase and autophagy inhibitors

Control Dox (p53) Dox (p53) + 3MA Dox {p53) + VAD
Mock
Cell proliferation (%) 215 £ 11.41 189 + 38.41 132 + 5.8t 209 * 6.9t
Sub-G1 (%) 1.1 £ 0.621 0.5 + 0.00t 14 £0.111 0.5 £ 0.171
S phase (%) 15.5 £ 1.19t 20.6 £ 0.201 9.3 + 0.661 16.3 £ 1.09%
Puncta-positive cells (%) (>10)  27.9 + 3.44t1 (0.0)  29.0 = 5.571 (0.0) 29.1 + 14.531 (0.0) 32.4 £ 9.50t (0.0)
LC3-ii/1 0.155 0.241 0.464 0.298
WT p53
Cell proliferation (%) 137 + 22.8t 3177t 100 + 4.7t 48 + 11.1t
Sub-G1 (%) 0.7 + 0.00% 12.8 = 1.541 9.5 = 0.821 9.7 = 0.53%
S phase (%) 194 = 1411 9.4 = 1.31% 17.9 £ 0.91t 7.6 = 0.241
Puncta-positive cells (%) (>10) 34.8 + 7.071 (0.0) 90.0 x 3.371 (25.2 £ 1.901) 75.2 + 3.491 (7.6 £ 2.691) 93.4 x 4.061 (31.5 + 6.55%)
LC3-li/1 0.266 1.611 0.305 1.242
S121F
Cell proliferation (%) 161 + 19.61 -79 + 1.41 -44 + 9.11 ~77 + 0.9%
Sub-G1 (%) 0.8 £ 0.13t 65.6 + 2.941 68.1 £ 1.051 59.2 + 2.661
S phase (%) 25.3 + 3.99t 17.1 £ 1.791 11.6 £ 0.58t 14.1 £ 0.92t
Puncta-positive cells (%) (>10) 16.8 = 5.671 (0.0) 91.7  2.331 (37.7 + 8.681) 82.9 + 4.261 (19.1 £ 2.29%) 96.8  2.25% (52.3 = 9.171)
LC3-/1 0.096 1.099 0.746 1.79
R306G
Cell proliferation (%) 212 £ 321t 94 + 7.9% 109 = 4.3+ 122 + 13.4%
Sub-G1 (%) 0.7 £ 0.11t 1.9 £ 041+ 2.5 + 0.53% 1.3+ 0.17¢
S phase (%) 229 + 0.62t 23.8 + 0.591 22.5 & 1.14t 22.9 + 0.46t
Puncta-positive cells (%) (>10) 27.4 + 4.761 (0.0) 77.1 = 4.421 (18.1 £ 2.29%) 32.3  8.06t (2.2 + 3.531) 82.3 + 6.861 (18.0 + 3.921)
LC3-i/1 0.070 0.654 0.238 0.581

tValues shown are mean = SD (95% Cl).

overexpression of WT p53 induces both apoptosis and auto-
phagy.\1>#73D However, it is still unclear whether the auto-
phagy induced by p53 contributed to p53-dependent cell death.
In this study, we demonstrated that conditional overexpression
of WT p53 in the human glioblastoma cell line SF126 induced
both apoptosis and cell death by autophagy, and consequently
inhibited cell proliferation. Inhibition of p53-induced autophagy
by 3MA released cell cycle arrest and inhibition of cell prolifer-
ation but slightly inhibited apoptosis. Inhibition of p53-induced
apoptosis by VAD released inhibition of cell proliferation with-
out affecting autophagy. The degree of recovery of cell prolifer-
ation by 3MA was higher than that of VAD, indicating that
contribution of autophagic cell death was important to p53-
dependent cell death as well as apoptosis. We also examined

Sakamoto et al.

whether the autophagy was induced by p53 expression using
TP53-null SaOS2 cells, but under the p53 expressed conditions
in SaOS2 cells, the autophagy was not induced (unpublished
data, Y.S.). The reason for this remains unclear, but the pathway
of p53-induced autophagy may be uncontrollable in Sa0S2
cells.

These results suggest that activation of p53-induced auto-
phagy, as well as activation of apoptosis, is a potential therapeu-
tic target for cancer treatment in some types of tumors with WT
p53. But it remained to dissolve that precise molecular mechan-
ism of p53 inducing autophagic cell death.

Separation of p53-induced autophagy and apoptosis path-
ways. Compared with WT p53, S121F demonstrated a stronger
ability to induce cell death but retained a similar ability to

Cancer Sci | April2011 | vol. 102 | no.4 | 805
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induce autophagy. When S121F-induced autophagy was inhib-
ited by 3MA, it did not affect caspase-dependent apoptosis and
did not release inhibition of cell proliferation. These results sug-
gest that a p53-induced autophagy pathway is separable from a
p53-induced caspase-dependent apoptosis pathway.

One possible explanation is that the induction of apoptosis
and autophagy is independently regulated by distinct p53-down-
stream genes, and the genes are differentially transactivated by
WT pS3 and by S121F. For example, S121F might preferentially
transactivate pro-apoptotic genes. However, we have previously
shown a lack of correlation between p53-dependent transcrip-
tional activity of downstream genes for apoptosis and cell cycle
arrest and the abilitg/ to induce apoptosis among 179 mutant p53
including S121F.®® In that study, there was no correlation
between the ability to induce apoptosis and p53-downstream
pro-apoptotic genes among WT p53 and S121F. Because the
induction of autophagy was similar among WT p53, S121F and
R306G, induction of p53-dependent autophagy may not be cor-
related with p53-dependent transactivation of known down-
stream genes for apoptosis and cell cycle arrest.

Whether p53-induced autophagy depends on the transactiva-
tion function of p53 needs to be elucidated by further studies
including identification of new p53-downstream genes related to
autophagy and analysis of the transactivation-independent
mechanism of p53-induced autophagy.

Cytoplasmic p53 and induction of apoptosis and auto-
phagy. Among common p53 polymorphisms R72 and P72, the
R72 variant has a stronger ability to induce apoptosis and a
greater ability to localize to the cytoplasm gespecially fo mito-
chondria) of cells than the P72 variant.*” Because R306G
mainly locates cytoplasm, we speculate that it may possess a
stronger ability to induce apoptosis than WT p53. Unexpect-

References

Sawyers C. Targeted cancer therapy. Nature 2004; 432; 294-7.

Tan ML, Ooi JP, Ismail N, Moad Al, Muhammad TS. Programmed cell
death pathways and current antitumor targets. Pharm Res 2009; 26: 1547
60.

[

w

Taylor RC, Cullen SP, Martin SJ. Apoptosis: controlled demolition at the

cellular level. Nat Rev Mol Cell Biol 2008; 9: 231-41.

4 Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-eating and self-killing:
crosstalk between autophagy and apoptosis. Nat Rev Mol Cell Biol 2007; 8:
741-52.

5 Debnath J, Baehrecke EH, Kroemer G. Does autophagy contribute to cell

death? Autophagy 20085; 1: 66-74.

Levine B, Yuan J. Autophagy in cell death: an innocent convict? J Clin Invest

2005; 115: 2679-88.

7 Kroemer G, Levine B. Autophagic cell death: the story of a misnomer. Nat

Rev Mol Cell Biol 2008; 9: 1004-10.

Qu X, Yu J, Bhagat G et al. Promotion of tumorigenesis by heterozygous

disruption of the beclin-1 autophagy gene. J Clin Invest 2003; 112: 1809~

20.

9 Yue Z, Jin S, Yang C, Levine Al, Heintz N. Beclin-1, an autophagy gene
essential for early embryonic development, is a haploinsufficient tumor
suppressor. Proc Natl Acad Sci U S A 2003; 100; 15077-82.

10 Green DR, Kroemer G. Cytoplasmic functions of the tumour suppressor ps3.
Nature 2009; 458: 1127-30.

11 Harmis SL, Levine AJ. The p53 pathway: positive and negative feedback loops.
Oncogene 2005; 24: 2899-908.

12 Miyashita T, Reed JC. Tumor suppressor p53 is a direct transcriptional
activator of the human bax gene. Cell 1995; 80: 293-9.

13 Oda K, Arakawa H, Tanaka T er al. pS3AIP1, a potential mediator of p53-
dependent apoptosis, and its regulation by Ser-46-phosphorylated p53. Cell
2000; 102: 849-62.

14 Yu J, Zhang L, Hwang PM, Kinzler KW, Vogelstein B. PUMA
induces the rapid apoptosis of colorectal cancer cells. Mol Cell 2001; 7:
673-82.

15 Crighton D, Wilkinson S, O'Prey J et al. DRAM, a p53-induced modulator of
autophagy, is critical for apoptosis. Cell 2006; 126: 121-34.

16 Maiuri MC, Malik SA, Morselli E ef al. Stimulation of autophagy by the p53

target gene Sestrin 2. Cell Cycle 2009; 8: 1571-6.

L=

o«

edly, induction of apoptosis by R306G was only slight and was
much weaker than those of WT p53 and S121F. It has been
shown that apoptosis by cytoplasmic p53 needs collaboration of
PUMA and BAX, p53-downstream proteins, in mitochon-
dria."” We speculate that R306G may not induce efficient
apoptosis because it does not efficiently transactivate down-
stream genes.

Recently, cytoplasmic p53 has been shown to inhibit auto-
phagy.?” However, in this study, cytoplasmic mutant R306G
failed to inhibit autophagy, but rather slightly induced it. There
are at least two speculations explaining the distinct observations.
First, cytoplasmic R306G partially inhibits autophagy induced
by nuclear R306G, and the observation is the sum total. Second,
as in the case of apoptosis, autophagy by cytoplasmic p53 needs
collaboration of some p53-downstream proteins, and R306G
may not induce the downstream genes.

In conclusion, we demonstrated that in the human glioblas-
toma cell line SF126, inhibition of cell proliferation by WT p53
consisted of apoptosis and autophagic cell death, and that the
contribution of autophagic cell death to p53-dependent cell
death was stronger than that of apoptosis. We also demonstrated
that the p53-induced autophagy pathway was independent from
the p53-induced apoptosis pathway.
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Abstract. After DNA damage, p53 is accumulated in the
nucleus and transactivates downstream genes and induces
apoptosis. There are two pathways in pS3-dependent apoptosis,
the transactivation-dependent and -independent pathway. In this
study, we constructed p53-inducible glioblastoma cell lines and
analyzed them for the induction of apoptosis and transactiva-
tion of p53-downstream genes after the nuclear or cytoplasmic
expression of p53. To sequester p53 in the cytoplasm, we used
p53 mutant with arginine to glycine substitution at residue 306
(R306G). Wild-type p53 retained the ability to arrest the cell
cycle, and a p53 mutant with serine to phenylalanine substitu-
tion at residue 121 (SI121F), which has a strong ability to induce
apoptosis, retained this ability even when both the wild-type
and p53 and S121F mutant were exclusively sequestered from
the nucleus into the cytoplasm. Notably, cytoplasmically
sequestered wild-type p53 and S121F mutant transactivated
the downstream genes with distinct expression profiles, and the
strong apoptotic ability of S121F was not associated with its
transactivation activity. These results underscore the existence
of transactivation-independent apoptosis and cytoplasmic
function of p33.

Introduction

TP53 tumor suppressor gene is one of the most commonly
mutated genes in human neoplasia, and approximately 80%
of these mutations are missense mutations (1,2). The gene
product, p53 protein, is a nuclear transcriptional activator that
is activated by post-translational modification, including phos-
phorylation and acetylation, in response to DNA-damaging
stresses. Activated p33 is stabilized, accumulates in the nucleus
and binds to pS3-responsive elements (pS3REs) in the promoter
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region of p53-downstream genes (3). Transactivation of these
genes, including p2I WAFI, MDM2, pS3AIPI, BAX, NOXA and
PUMA, results in cell cycle arrest and apoptosis.

Most p53 mutants with a single amino acid substitution
found in human neoplasm lose the ability to bind to p53REs,
and this functional defect is thought to be one of the most
important oncogenic events caused by TP53 mutation 4).
Therefore, the translocation of p53 into the nucleus is crucial for
normal p53 function. Cytoplasmic sequestration of wild-type
p53 was observed in undifferentiated neuroblastoma, breast
cancer, retinoblastoma, colorectal carcinoma and glioblastoma
cells (5-7). In all these cells, wild-type p33 is inactivated since
itis retained in the cytoplasm. Although the precise mechanism
underlying the cytoplasmic sequestration remains unclear,
several molecular mechanisms have been proposed: i) a muta-
tion in the bipartite sequence of p53 (residues 305 and 306)
(8) or a truncated mutation of the nuclear localization motif
receptor protein importin-a (9); ii) hyperactive nuclear export
by an MDM2-dependent pathway (10); and iii) overexpression
of cytoplasmic tethering proteins, such as mortalin (11), cullin 7
(12) and PARC (13). The mutations in the bipartite sequence
have been analyzed comprehensively, and these mutants were
shown to lose transactivation activity in a yeast functional
assay (14).

In contrast to tumor-derived loss-of-function p53 mutants,
other types of p53 mutants (super p53s) have a stronger ability
to induce apoptosis than wild-type p33. Among these, a p53
mutant with a serine to phenylalanine substitution at residue 121
(SI21F) has a distinct affinity to bind pS3REs from wild-type
p53 (15). SI121F induces a more potent apoptosis than wild-type
p53 in mammalian cell lines. The transcriptional activity of
S121F for downstream genes, however, is less efficient than that
of wild-type p53 (16). In addition, different expression profiles
among super p53s have been reported (17). These results
suggest that transactivation-independent cytoplasmic activity
occurs in p53-dependent apoptosis and that SI21F may be a
diverged mutant with enhanced cytoplasmic activity.

To test this hypothesis, we expressed wild-type and S121F
p53 in the nucleus or cytoplasm of p53-null SF126 glioblastoma
cells using a p53 mutant with an arginine to glycine substitu-
tion at residue 306 (R306G), and analyzed them for induction
of apoptosis and transactivation of p53-downstream genes
following the p53 induction.
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Materials and methods

Construction of stable SF126 glioblastoma cell lines. The plas-
mids pCR259-WTp53, pCR259-S121F and pCR259-R306G
were previously constructed (14). pCR259-S121F-R306G was
constructed by inserting a small fragment of pCR259-R306G
into the Bsu361/Eagl site of pCR259-S121F. The small Nhel/
Eagl fragments of the four pCR259-based plasmids were
inserted into the Nhel/Notl site of pcDNAS/TON (Invitrogen,
Carlsbad, CA, USA). The resulting plasmids were designated
pcDNAS/TON-WTp53, pcDNAS/TON-S121F, pcDNAS/
TON-R306G and pcDNAS5/TON-S121F-R306G, respectively.
The stable SF126 cell lines expressing tetracycline-inducible
p53 were constructed according to the protocol described in
the T-Rex™ System (Invitrogen) using the four pcDNAS5/
TON-based plasmids. For each category, several stable clones
were selected by hygromycin B (100 yg/ml) and two indepen-
dent stable clones were used.

Western blot analysis. The cell lines were harvested and the
cells were resuspended in lysis buffer containing 50 mM
Tris-HCI, pH 8.0, 150 mM NaCl, 5 mM EDTA and 1% protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). Cell
lysates were centrifuged for 10 min at 4°C. The superna-
tants were resolved by SDS-PAGE and transferred to PVDF
membranes. The membranes were incubated with anti-p33
(FL-393; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and mouse anti-actin (Sigma-Aldrich), followed by incubation
with goat anti-rabbit Alexa Fluor 680 IgG (Invitrogen) and
goat anti-mouse [R Dye 800 CW IgG (Rockland, Gilbertsville,
PA, USA). Expression of both p53 and B-actin was visualized
using an Odyssey Infrated Imaging System (LI-COR, Lincoln,
NE, USA).

Immunofluorescent analysis. Each cell line was cultured
on poly-D lysine-coated Lab-Tek Chamber Slides™ (Nalge
Nunc, Rochester, NY, USA) until 70% confluence was
achieved. At 24 h after the addition of 10 ng/ml doxycycline
or phosphate-buffered solution (PBS), the cells were fixed with
acetone-methanol (1:1) and incubated for 20 min at -20°C.
After washing with PBS and blocking with 5% non-fat milk in
PBS containing 0.05% Tween-20 for 1 h, cells were incubated
with FITC-conjugated mouse anti-p53 (DO-1 FITC; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) diluted at 1:500,
stained with propidium iodide and then visualized on an LSM5
PASCAL (Carl Zeiss, Jena, Germany).

Cell proliferation assay. Cells (4x10%) were seeded and
incubated in a 96-well plate for 24 h. Doxycycline (10 ng/ml)
or PBS was added to the medium and the cells were then
cultured until 72 h at 37°C. At 0, 24,48 and 72 h after the addi-
tion of doxycycline, 10 ul of the Cell Counting Kit-8 (Dojin
Laboratories, Kumamoto, Japan) was added to each well and
the cells were incubated for 2 h at 37°C. Absorbance at 490 nm
was read with a microplate reader. Each data point is derived
from triplicate experiments. The absorbance values at 24, 48
and 72 h were normalized by the value at 0 h.

Cell cycle analysis by fluorescence-activated cell sorting.
Cells (1x10%) were seeded and incubated in a 10-cm culture
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plate for 24 h, and then incubated in the presence of doxy-
cycline (10 ng/ml). After 24 h, the cells were collected and
stained with propidium iodide (50 xg/ml). The stained cells
were filtered through 50-um nylon mesh and analyzed using
a Cytomics FC500 (Beckman Coulter, Miami, FL, USA).
The subfraction of cells in each phase of the cell cycle was
calculated using Multicycle software (Phoenix Flow Systems,
San Diego, CA, USA). The average subfraction value of two
independent cell lines was calculated.

Quantitative real-time PCR analysis. Total RNA was extracted
from cells in the presence or absence of doxycycline using an
RNeasy Mini kit (Qiagen, Gaithersburg, MD,USA). RNA (I ug)
was converted to cDNA using a High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA, USA)
with random hexamers. TagMan Gene Expression Assay was
performed on the ABI 7500 real-time PCR System (Applied
Biosystems) according to the manufacturer's protocol. Assay
ID was as follows; GAPDH, Hs99999905_m1; ACTB (B-actin),
Hs99999903_m1; MDM2, Hs01066938_m1; p21 (CDKNIA),
Hs00355782_ml; BAX, Hs00180269_m1; NOXA (PMAIPI),
Hs00560402_mI; PUMA (BBC3), Hs00248075_m]1; and
P53AIP1, Hs00223141_ml. The expression level of each pS3
target gene was collected by either B-actin or GAPDH (data
not shown). A relatively induced expression was measured as
a ratio of the collected value of doxycycline presence against
that of doxycycline absence. Two independent clones were
analyzed, and the data were shown as a mean of four replicates
with an error bar of standard deviation.

Results

Cytoplasmic sequestration of p53 by R306G mutation. To
examine the cytoplasmic activity of wild-type p53 and the
S121F mutant, we constructed a series of stable SF126 glioblas-
toma cell lines. These cells expressed wild-type p33, SI121F,
R306G or S121F-R306G double mutants in the presence of
doxycycline (Fig. 1). To examine the cellular localization of
doxycycline-induced p53, an immunofluorescent analysis was
performed (Figs. 1 and 2). Both wild-type p53 and S121F
localized mostly to the nucleus. In the presence of the R306G
mutation in the same p53 molecule, wild-type p53 and S121F
were exclusively sequestered from the nucleus to the cytoplasm.
To quantify the degree of sequestration of p53, 100 cells of
each cell clone were scored as having nuclear, cytoplasmic or
both nuclear and cytoplasmic patterns (Fig. 2). Both wild-type
and S121F thoroughly localized in the nucleus (>95% of cells),
and no cell showed a cytoplasmic pattern. By contrast, both
wild-type and S121F with R306G localized in the cytoplasm
(>95%) or exhibited cytoplasmic and nuclear patterns. None of
the cells expressing p53 exhibited any nuclear pattern. These
results indicate that R306G sequestered p53 from the nucleus
to the cytoplasm. This result is reasonable since R306G is a
mutation in the bipartite sequence of p53 (residues 305 and 306)
as described above.

Inhibirion of cell proliferation by cytoplasmically localized
wild-type p53 and S121F. To examine the effect of cytoplasmi-
cally localized wild-type p53 and the S121F mutant on cell
proliferation, we cultured two independent cell lines for each
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Figure 2. Quantitative analysis of the subcellular localization of wild-
type pS3 and SI21F. (A) Subcellular localization of p53 was visualized as
described in Fig. 1. and was classified as nuclear, cytoplasmic or both nuclear
and cytoplasmic. (B) One hundred cells were analyzed and the percentage of
each category is shown. WT, wild-type

category (wild-type, S121F, R306G, S121F-R306G and null
p53) and estimated the viable cells at 24, 48 and 72 h after p53
induction by doxycycline (data not shown). The results at 48 h
are shown in Fig. 3A. Although the cytoplasmic sequestration

of wild-type p53 considerably disturbed the inhibitory effect
against cell proliferation by wild-type p33, some inhibitory
effects remained. The cytoplasmic sequestration of SI121F did
not disrupt the strong inhibitory effect on cell proliferation.
These results indicate a cytoplasmic function of p33 on cell
proliferation in both wild-type p53 and SI21F.

Induction of apoptosis by cytoplasmically localized wild-type
P53 and S121F. To evaluate the ability of wild-type p33 and the
SI121F mutant to induce apoptosis, each cell line was cultured
and analyzed for a percentage of cell-cycle phase by fluores-
cence-activated cell sorting 24 h following the p33 induction by
doxycycline (Fig. 3B and C). As shown in Fig. 3B, compared
to the null p53 control, wild-type p53 clearly arrested cells
at the G1 (49.9-59.4%) and G2 + M (12.3-32.1%) phases of
the cell cycle and subsequently reduced the S-phase fraction
(33.1-2.3%). The sub-G1 fraction (apoptosis fraction) was
only slightly increased (4.7-6.2%) at 24 h, whereas at 48 h a
substantial increase was observed (1.7-16.1%; data not shown).
The cytoplasmic sequestration of p53 did not affect the cell
cycle (G1,60.5%; G2 + M, 31.6%), but slightly affected both
the S phase (5.9%) and the sub-G1 phase (2%). S121F mark-
edly increased the sub-G1 fraction (44.5%) without an increase
in the G1 (33.1%) and G2 + M (8.3%) fractions, indicating
strong apoptotic induction without cell cycle arrest. The cyto-
plasmic sequestration of S121F affected the sub-G1 (26.7%),
GI (41.2%) and G2 + M (19.6%) fractions only partially,
indicating that a strong induction of apoptosis of S121F was
retained despite the cytoplasmic sequestration. These results
were consistent with the results of the cell proliferation analysis
and again indicated a cytoplasmic function of p53 on both cell
cycle arrest and apoptosis.
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Figure 3. Inhibition of cell proliferation and induction of apoptosis by wild-
type p33 and SI21F. (A) Cell proliferation assays were performed at 24, 48
and 72 h after the addition of doxycycline. The average of triplicate data at
48 h is shown. (B) Cell cycle analysis by fluorescence-activated cell sorting.
The average subfraction value of two independent cell lines at 24 h after the
addition of doxycycline is shown. (C) Representative DNA histogram and
subfractions at 24 h.

Transactivation of p53 target genes by cytoplasmically
localized wild-type p53 and S121F. To examine the effect of
cytoplasmic sequestration on transcriptional activation by
wild-type p53 and S121F, transcripts of the p53-downstream
genes, MDM2, p2I WAFI, BAX, NOXA, PUMA and p53AIPI,
were quantitated by real-time quantitative PCR analysis at
24 h after p53 induction (Fig. 4). Of the six genes, all except
p33AIPI were less efficiently transactivated by SI121F than by
wild-type p53. The results showing a lower ability of SI2IF
than wild-type p53 on transactivation were mostly consistent
with our previous findings, with the exception of the result of
pS3AIPI (17), which is consistent with the previous hypothesis
that SI21F may cause a transactivation-independent apoptotic
pathway. Notably, the cytoplasmic sequestration of wild-
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Figure 4. Transactivation of six pS3 target genes by quantitative real-time
PCR analysis. The expression level of ecach pS3 target gene was collected
by B-actin. Relative induced expression is shown as a ratio of the collected
value of doxycycline presence against that of doxycycline absence. Two
independent clones were analyzed, and the data are shown as a mean of four
replicates with an error bar of standard deviation.

type p53 did not completely inactivate transactivation, but it
reduced the level of transactivation in 3 of the 6 target genes
(wiht the exception of p2/ WAFI). Of note, the cytoplasmic
sequestration of SI21F did not change the expression profile
of the target genes. The ability of cytoplasmically sequestered
S121F on transactivation was also confirmed when the expres-
sion level of each p53 target gene was collected by GAPDH
(data not shown).

Discussion
The cytoplasmic sequestration of p53 did not completely

inactivate p53 function, suggesting the cytoplasmic function
of p53. This finding may be the reason that mutations on the
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bipartite sequence in human tumors are extremely rare. In this
context, Goldman et al showed that in a neuroblastoma cell
line expressing cytoplasmically sequestered wild-type p53,
p53 target genes (p2/WAF] and MDM?2) were up-regulated
following cell irradiation (18). These results also suggest
that wild-type p53 retains some functional activity when it
is sequestered in the cytoplasm, although p53 homologues,
such as p63 and p73, may have been involved in the result. By
contrast, our experimental system was a p53-specific inducible
system,; therefore, involvement of p53 homologue activation
is unlikely.

Our previous knowledge of p53-dependent apoptosis was
that after genotoxic stress, activated p53 transactivated its
downstream genes in a sequence-specific manner in the cell
nucleus and induced apoptosis in cells through the direct or
indirect induction of the downstream protein(s); however, a
transactivation-independent mechanism for p53-dependent
apoptosis has been reported by several laboratories (19,20). In
addition, we previously indicated a lack of correlation between
p53-dependent transactivation activity and the ability to induce
apoptosis, and speculated that a transactivation-independent
mechanism may exist (17). We excluded the nuclear function of
p53, including the sequence-specific transactivation function,
by introducing R306G, a mutation in the bipartite sequence
at residues 305 and 306. A conditional expression system
of cytoplasmically sequestered p53 was constructed and we
found that cytoplasmically sequestered p53 retains its ability
to arrest cell proliferation (wild-type p53) and induce apop-
tosis (S121F). These results strongly support a cytoplasmic
apoptotic function of p53. Notably, however, cytoplasmically
sequestered p53 transactivated downstream genes. Therefore,
we did not clarify whether cytoplasmic p53-dependent apop-
tosis depends on either a direct or an indirect transactivation
mechanism or is independent of transactivation.

Additional experiments are required to evaluate which
mechanism is crucial for p53-dependent apoptosis and
to clarify the mechanism underlying super p53 (S121F)-
dependent apoptosis.
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