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Figure 8 Expression of ARAP3 mutants affects peritoneal
dissemination of gastric carcinoma cells. 58As9 cells expressing
ARAP3 mulants were injected intraperitoneally into BALB/c nude
mice (4 x 10° cells/mouse, n = 5). Nineteen days after injection, the
R532K mutant ARAP3 suppressed ascites formation and -perito-
neal dissemination, but the R942L and 2YF mutants did not
(A and Ba). Similarly, R532K also reduced the number of
mesentery nodules formed after tumor cell inoculation, whereas
R942L and 2YF did not (Bb) (*P<0.05 **P<0.01).

how the phosphotyrosine-dependent signal of ARAP3
suppresses cell-ECM attachment, migration and invasion
of cancer cells. ' :

ARAP3 inhibits peritoneal dissemination
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We also observed that the Arf-GAP domain of
ARAP3 regulated the internalization of epidermal
growth factor receptor following epidermal growth
factor stimulation (data not shown), similar to that
reported in ARAP] (Daniele et al., 2008; Yoon et al.,
2008). However, judging from the results in this
study, the Arf-GAP activity of ARAP3 does not
significantly contribute to the suppression of peritoneal
dissemination.

Several suppressors of integrin signaling or cell-kECM
adhesion have been identified as possible therapeutic
targets for preventing peritoneal dissemination of
scirrhous gastric carcinoma (Nishimura et al., 1996;

“Matsuoka et al., 1998). Likewise, ARAP3, which

regulates both cell-kECM adhesion and invasiveness,
may be a novel therapeutic target. Small molecules that
mimic the suppressive function of ARAP3, induce its
expression or promote tyrosine phosphorylation of ARAP3
are anticipated to be effective drugs to prevent peritoneal

" dissemination of scirrhous gastric carcinoma cells.

Materials and methods

Materials ‘

Anti-ARAP3 antibodies used for western blotting were
purchased from Abcam (Cambridge, MA, USA), whereas
those used for immunohistochemistry were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
phosphotyrosine (4G10) antibody was obtained from Upstate
Biotechnology (Lake Placid, NY, USA). Sheep antimouse

" antibodies and sheep antirabbit antibodies were bought from

GE Healthcare (Buckinghamshire, UK). Rabbit antigoat
antibodies were purchased from Zymed (Carlsbad, CA,
USA). Alexa 594-conjugated phalloidin was obtained from
Molecular Probes (Carlsbad, CA, USA).

Immunohistochemical staining .

Paraffin-embedded tissue samples of human scirrthous or non-
scirrhous gastric carcinoma were obtained from the National
Cancer Center Hospital (Tokyo, Japan). Sections on glass
slides were rehydrated and autoclaved at 120 °C for 10min to
reactivate : the antigen. Thereafter, the specimens were im-
munostained using the indirect polymér method with Envision
reagent (Dako, Carlsbad, CA, USA) and ARAP3 antibodies
(1:500 dilution). Finally, the stained sections were examined
with an Olympus BX51 microscope (Tokyo, Japan).

Cell culture : :
Gastric cancer cell lines (HSC-39, HSC-43, HSC-44PE, 44As3,
HSC-58, 58Asl, 58As9, HSC-59, HSC-60, HSC-64, KATO3,

NKPS, TMK1 and MKN28) were maintained in RPMI 1640

medium (Sigma, St Louis, MO, USA) supplemented with 10%

fetal bovine serum (Equitech-Bio, Kerrville, TX, USA) at

37°C in a humidified atmosphere containing 5% CO.. G418
(600 ng/ml; Sigma) or Blasticidin (10 ng/ml; Sigma) were also
included in the growth medium to select for ARAP3-over-
expressing or-knockdown cells, respectively.

Construction of ARAP3 Stealth RNAi, miR RNAi and
pDONAI-ARAP3 retroviral vectors.

The ARAP3 gene was subcloned from a pEGFP-ARAP3
plasmid into a pDON-A1 retrovirus vector, and then mutant
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ARAP3 plasmids were constructed using the QuickChange
Site-Directed Mutagenesis Kit (Stratagene, Cedar Creek, TX,
USA). -

The miR RNAI design was based on the sequence of Stealth
RNAIi, which was designed using the BLOCK-T RNAi
designer tool (https://rnaidesigner.invitrogen.com/rnaiexpress/,

~ Invitrogen, Carlsbad, CA, USA).

Phalloidin staining :

Gastric cancer cells cultured on coverslips were fixed with 4%
paraformaldehyde for 10min at room temperature. The
samples were incubated with 3% bovine serum albumin for
1h in Tween-Tris buffered saline (TTBS), followed by

‘incubation with Alexa-594-conjugated phalloidin in TTBS

for 45min at room temperature, and coverslips were mounted
on glass slides. The samples were examined using an Olympus
IX-70 confocal laser-scanning microscope or an Olympus
BX51 microscope for fluorescence mlcroscopy Phalloidin was
used at 1:500 dllunons

Immunoprecipitation and western blotting

" Whole-cell lysates of gastric cancer cells were harvested by

PLC lysis buffer (50mm 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid (pH 7.5), 150 mm NaCl, 1.5mm MgCl,, 1 mMm
ethylene glycol tetraacetic acid, 10% glycerol, 100mmM NaF,
1% Triton X-100, 1mM sodium orthovanadate, 10 pg/ml
leupeptin, 10pg/ml aprotinin and 1M phenylmethylsulfonyl
ﬂuorlde) and used for i 1mmunopremp1tatlon and immunoblot-
ting. Equal amounts of total protein were separated by
SDS-polyacrylamide gel electrophoresis and transferred to
polyvinylidene fluoride membranes. The membranes were
incubated with primary antibodies overnight at 4°C, and then
incubated with Horseradish peroxide (HRP)-conjugated sec-
ondary antibodies for 45 min at room temperature. Bands were
detected on an X-ray film using an enhanced chemilumines-
cence system (Perkin elmer, Waltham, MA, USA)). Primary
antibodies were used at dilutions of 1:1000 for ARAP3, 1:2000
for a-Tubulin and 1:5000 for phosphotyrosine.

Adhesion test

Cultured gastric cancer cell lines were dissociated with Hank’s
Balanced Salt Solution containing 0.25mm EDTA. Cell
suspensions (5 x 10* cells/well) were seeded into 24-well plates
coated with collagen (Nitta gelatin, Osaka, Japan), fibronectin
(Sigma) or vitronectin (TaKaRa, Shiga, Japan) according to
the manufacturer’s procedure. After incubating the plates for
30min at 37°C in a humidified atmosphere containing 5%
CO,, unattached cells were removed by washing with PBS, and
then attached cells were trypsinized and counted with a
Z1Coulter counter (Beckman Coulter, Brea, CA, USA).
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Cell migration and invasion assays

Gastric cancer cells were dissociated with Hank’s Balanced
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assay, cell culture inserts (8.0 um pore) were coated on the top
and bottom surfaces with matrigel (10 pg/well) and fibronectin,
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surface was coated with fibronectin. Cells (2 x 10%) suspended
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CO, for 8 h (migration assay) or 12h (invasion assay), the cells
were fixed with 4% paraformaldehyde and stained with
Giemsa staining solution. Assays were performed in triplicate.

Ex vivo cell adhesion assay

Ten-millimeter square pieces of the peritoneal wall, including
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Inoculation of gastric tumor cells into nude mice

Gastric cancer cell lines were trypsinized, and aliquots of
4 x 10¢ cells were injected intraperitoneally into BALB/c nude
mice purchased from CLEA Japan (Tokyo, Japan). After 3
weeks, the mice were killed and dissected. These experiments
were approved by the Committee for Ethics of Animal
Experimentation and conducted in accordance with the
Guidelines for Animal Experiments in the National Cancer
Center. .
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The common polymorphism of p53 at codon 72, either encod-
ing proline or arginine, has drawn attention as a genetic factor
associated with clinical outcome or cancer risk for the last 2
decades. We now show that these two polymorphlc variants dif-
fer in protein structure, especmlly within the N-terminal reglon
and, as'a consequence, differ in post—translatlonal modification
at the N terminus. The arginine form (p53-72R) shows signifi-
cantly enhanced phosphorylation at Ser-6 and Ser-20 compared
with the proline form (p53-72P). We also show diminished

“Mdm2-mediated degradation of p53-72R compared with p53-
72P, which is at least partly brought about by, higher levels of
phosphorylation at Ser-20 in p53-72R. Furthermore, enhanced
p21 expression in p53-72R-expressing cells, which is dependent
on phosphorylation at Ser-6, was demonstrated. Differential
p21 expression between the variants was also observed upon
activation of TGF-B signaling. Collectively, we demonstrate a
novel molecular difference and simultaneously suggest a differ-
ence in the tumor-suppressing function of the variants.

The p53 gene is a tumor suppressor gene, and loss of func-
tional p53 is the most common anomaly found in human can-
cers (1). Signals activated upon various cellular stresses stabilize
and activate p53, which exerts its tumor-suppressive function
mainly by acting as a transcriptional activator. Target genes of
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p53 regulate a variety of processes, such as the induction of cell
cycle arrest, cell death, DNA repair and senescence, and func-
tion downstream of p53 to prevent tumorigenesis (2). Depend-
ing on the stress signal, p53 selectively activates its target genes
to mplement various p53-mediated responses. Post-transla-
tional modification.of p53 isa candidate mechanism that causes
P53 to respond to different stress signals, and phosphorylation
of p53 is the most major post-translational modification of p53
(3, 4). Kinases activated upon cellular stress, such as ataxia tel-
angiectasia-mutated (ATM), ataxia telangiectasia and Rad3-re-
lated (ATR), and p38, phosphorylate serine and threonine res-
idues, and phosphorylation results in the activation of p53
protein (5).

The structure of p53 protein is commonly divided into three
functional domains as follows: the N-terminal domain, central
core DNA-binding domain, and C-terminal domain. The
N-terminal domain is required for the transcriptional activity
of p53 protein and consists of two transactivation domains and
a proline-rich domain. The transactivation domains are exten-
sively phosphorylated upon p53 activation. Seven serines,

Ser-6, -9, -15, -20, -33, -37, and -46, within the transactivation
domain undergo phosphorylation (6). Phosphorylation of each
residue has been reported to have specific physiological signif-
icance; for example, phosphorylation of Ser-15 or -46 modifies
the transactivation ability of p53 (7-9), whereas Ser-20 is
required for p53 protein stability (10). When not phosphory—
lated, p53 is actively degraded by the 26 S proteasome pathway
by interacting with a ring finger ubiquitin E3 ligase, Mdm2.
Upon activation, p53 is phosphorylated at Thr-18 and Ser-20,
both of which reside within the Mdm2 binding domain, leading
to reduced affinity with Mdm2 and escape from ubiquitination
and subsequent degradation (11).

The proline-rich domain functions as a protexn-protem
interaction domain, and several proteins that bind to this
region have been reported (12, 13). In particular, five PXXP
motifs appearing in this domain are known to be critical for the
interaction with Src homology 3 domain-containing proteins.

In addition, within the proline-rich domain, a common poly-

morphism of p53 at codon 72, encoding either proline or argi-
nine (p53-72P or p53-72R), has been reported (14-16). Nota-
bly, the proline at residue 72 of p53 is part of a PXXP motif, and
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therefore it can be assumed that the polymorph.tsm will affect
protein-binding partners. Extensive studies have been carried
out to investigate the link between the expression of p53 poly-
morphic variants at codon 72 and cancer susceptibility (17). It
has been reported that in a number of cancers, including lung
and breast, patients with the p53-72P allele are more suscepti-
ble to cancer development and a poor clinical outcome (18—
21); however, the mechanistic basis for this bias is still an open
question.

To determine the functional difference of the two variant
proteins p53-72R and p53-72P, we first analyzed the protease
accessibility of p53-72R and p53-72P, and we found that the
higher order structures are different between therh. We have
also found that the phosphorylation modifications of both vari-
ants are different, leading to differential protein stability and
transactivation ability of the two variants.

EXPERIMENTAL PROCEDURES

Plasmids—For p53 constructs, each p53 was cloned in
pcDNA3 or pMX vector as described (22). When cloned in
pMX vector, each p53 is under the control of a weak retroviral
LTR promoter. Constitutively active TGF-S receptor I was con-
structed by introducing a point mutation at codon 204 (T204D)
and cloned in pcDNA3. FLAG-tagged human wild-type Mdm2
(pSG-F-Hdm?2), N-terminally c-Myc tagged Mdm2 (pCMV-
Myc-Mdm?2), and histidine-tagged ubiquitin expression plas-
mids were described previously (23).

Expression and Purification of Glutathione S-Transferase
(GST) Fusion Proteins—GST fusion constructs of p53-72P and
-72R were prepared by PCR tagging of p53 cDNA with BamHI
and Xhol sites at the 5’ and 3 ends, respectively, and subcloned
into pGEX-6P-1 vector (Amersham Biosciences). Constructs
were expressed in Escherichia coli (BL21-Gold (DE3) Compe-
tent Cell; Stratagene, CA) and purified from cell lysates using
glutathione-Sepharose 4B beads (Amersham Biosciences).
Purified proteins were further digested with PreScission prote-
ase (Amersham Biosciences) to cleave p53 from GST.

Cell Culture, Transfection, and Establishment of Stable Cell
Lines—Cell culture was performed as described (22). Transient
transfection assays were performed using Lipofectamine Plus
or Lipofectamine 2000 reagent (Invitrogen), as indicated in the
figure legends. Stable HCT116 p53(—/—) cell lines expressing
p53-72P or -72R were obtained by infecting cells with recom-
binant retroviruses. In each case, as the control cell line, cells
were also infected with empty retroviruses expressing only the
drug resistance gene. Infection was performed in the presence
of Polybrene (at 4 ug/ml; Sigma), and subsequently, cells
were selected in puromycin (at 0.5 ug/ml; Sigma). To avoid
possible disadvantages from utilizing clonal cell lines, i.e. clonal
differences, cell lines were maintained as mass cultures.

Western Blotting Analysis and Immunoprecipitation—Cells
were lysed in lysis buffer containing 50 mm Tris-HCI (pH 8.0),
1% Nonidet P-40, 250 mm NaCl, 50 mMm NaF, 1 mm NagVO,, 1
mM protease inhibitor (PMSF, aprotinin, and leupeptin), and 1

, mm DDT. Whole cell lysates were subjected to protein quanti-
fication and subjected to immunoprecipitation or analyzed by
Western blotting. The antibodies used in this study were as
follows: anti-p53 goat polyclonal antibody (FL393); anti-p21

18252 JOURNAL OF BIOLOGICAL CHEMISTRY

rabbit polyclonal antibody (C-19); anti-PIG3 (N-20) and PIG3
(C-20) goat polyclonal antibody; anti-Bax (N-20) mouse mono-
clonal antibody; anti-c-Myc mouse monoclonal antibody
(9E10) and anti-pB-actin mouse monoclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, CA); penta-His antibody
(Qiagen, Valencia, CA); anti-p53 mouse monoclonal antibodies
PAb1801 and PAb421 and anti-Mdm2 mouse monoclonal anti-
body (clone IF-2) (Calbiochem); anti-p53 mouse monoclonal
antibody (PAb122) (Monosan, Uden, Netherlands); anti-phos-
pho-p53 (Ser-6, -9, -15,-20, -37, and -46) rabbit polyclonal anti-
bodies and anti-phospho-Smad2 (138D4) Ser-465/467 anti-
body (Cell Signaling, Beverly, MA); anti-CRP1 antibody (BD
Transduction Laboratories); and anti-FLAG mouse monoclo-
nal antibody (M2); and anti-tubulin antibody (clone B-5-1-2)
(Sigma). To detect total p53, anti-p53 goat polyclonal antlbody
(FL393) was used in all cases.

Northern Blotting Analysis—RNA was prepared using an
RNeasy Midi kit (Qiagen). Northern blotting was performed as
described (22). Probes were prepared using a BcaBEST labeling
kit (TaKaRa, Kyoto, Japan) and purified by serial purification
using a Probe Quant G-50 MicroColumn (Amersham Biosci-
ences) and NICK column (Amersham Biosciences). The full
open reading frame of p53 was uséd for probe preparation.

Detection of Ubiquitinated p53—To detect efficiently the
ubiquitinated p53, Mdm2 expression vector pSG-FLAG-
Mdm2 was used, in which Mdm2 was expressed from an
SV40 promoter (much weaker than CMV promoter).
PcDNA3-p53-72P or -72R (0.35 ug), together with Hiss-tagged
ubiquitin (2.2 pg) and N-terminally FLAG-tagged Mdm?2
(pSG-FLAG-Mdm?2, 1.42 ug) or control empty vector (1.42 pg),
were introduced into H1299 cells (6 X 10° cells/10-cm dish).
Cells were harvested 27 h post-transfection. Cell lysates were
prepared in the presence of 1 mg/ml N-methylmaleimide
(Sigma) to avoid degradation of ubiquitinated p53. Ubiquiti-
nated and nonubiquitinated p53 were immunoprecipitated
with anti-p53 polyclonal antibody. (FL393) and analyzed by
Western blotting.

558 Pulse-Chase—H1299 cells (4 X 10° cells/10-cm dish)
were transfected with 4 ug of plasmids with a 1:9 ratio of
pcDNA-p53-72P or 72R/pCMV-Myc-Mdm?2. At 19.5 h after
transfection, cells were starved for 30 min in methionine- and
cysteine-free DMEM with dialyzed serum and then labeled
with 4.1 MBg/ml EXPRE®**S**S 3%S.protein labeling mix
(PerkinElmer Life Sciences) for 30 min. Cells were then cul-
tured for 1.5 h in chase medium containing 500 ng/ml methio-
nine and 500 ug/ml cysteine. Following incubation, cells were
collected at the indicated times. Whole cell lysates were pre-
pared from the collected cells, and immunoprecipitation was
performed using anti-p53 mouse monoclonal antibodies
PAb1801 and PAb421, run on SDS-PAGE, and detected by
autoradiography.

Analysis of p53 Single Nucleotide Polymorphism and the Copy
Number of the mdm2 Gene by Array-based Comparative
Genomic Hybridization—To analyze p53 single nucleotide
polymorphisms, a 10- or 20-ml whole blood sample was
obtained from each individual. Genomic DNA was isolated and
subjected to genotyping for p53 single nucleotide polymor-
phism by pyrosequencing, as described previously (19). For
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array-based comparative genomic hybridization, 62 surgical
specimens of lung cancer patients who had been diagnosed and
had undergone surgery at the National Cancer Center Hospital
were analyzed by MCG cancer array-800 comparative genomic
hybridization, as described previously (24). MCG Cancer array-
800 is a custom-made array consisting of ~800 BACs harboring
800 known cancer-related genes, intended for diagnosis of can-
cer-specific copy number aberrations. When the signal ratio
(test signal/reference signal) for the copy number of the mdm2
. gene was more than 1.25, it was defined as chromosomal gain.
The threshold for chromosomal gain (ratio >1.25) was deter-
mined previously by “normal versus normal experiments” (24).

RESULTS

N-terminal Structures of p53-72P and -72R Protein Are
Different—The polymorphism of p53 at codon 72 was first
reported over 2 decades ago as a non-tumor-derived amino acid
change that altered the mobility of p53 on SDS-polyacrylamide
gels (14-16). As shown in supplemental Fig, S1, A and B,
altered mobilities of ectopically expressed, endogenously
expressed, and purified p53-72P and -72R were similarly
detected by Western blotting. Because purified p53 proteins
prepared from E. coli do not undergo post-translational modi-
fications (data not shown), the altered mobility is not due to
such modifications but to the intrinsic nature of the proteins. It
hasbeen suggested that this altered mobility reflects the altered
structure of the protein by amino acid change; however,
because structural information about this domain is lacking,
this hypothesis has not been tested. We therefore tried to test
this hypothesis by partial proteolytic digestion of purified p53-
72P and -72R protein. When a protein is partially digested by
proteases, a difference in the protein structure is detected as
sensitivity to protease digestion at each cleavage site. To
observe intrinsic differences between p53-72P and -72R pro-
teins, we used purified proteins prepared from E. coli. As shown
in Fig. 14, the products of partial proteolysis by subtilisin were
analyzed by Western blotting using anti-p53 antibodies, detect-
ing different positions within the p53 protein. We first recog-
nized that fragments showing altered mobility between p53-
72P and -72R were detected even after proteolytic digestion
(Fig. 1A, open circles). Such fragments were frequently detected
by the antibody detecting N-terminal p53 (Pab1801), and this
demonstrates that N-terminal fragments contain a region caus-
ing electrophoretic mobility differences. However, when the
antibody detecting C-términal p53 was used (Pab122), most
fragments showed the same migration, showing that the C-ter-
minal portion of p53-72P and -72R is indistinguishable by SDS-
PAGE. In'addition to these fragments, the analysis revealed two
bands detected only in p53-72R (Fig. 14, 22- and 34-kDa bands,
shown with-arrows). As shown in Fig. 1B, most of the estimated
digestion sites for these bands lie within the N-terminal half of
p53, demonstrating that a difference in protease accessibility is
frequently observed in the N-terminal p53. We also performed
the same experiment using Pab240 (which detects 211-220
amino acids of p53 protein), and we found that the 22-kDa band
is not detected by Pab240, suggesting the N-terminal origin of
. the fragment (data not shown). Unfortunately, several bands
appeared around 34 kDa, and we could not verify whether a
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A antbody  Pab1801 Pabl122
(46-55 2.a.) (370-378 a.a)

72P  72R 72P  72R

Ypamm (2.2, 46-55)

Y Pab122 (a.a. 370-378)

p53 protein |

R 34 kDa Y

FIGURE 1. Partial proteolytic digestion of purified p53-72P and -72R. 4, 35
ng of purified p53:72P-or -72R Were digested with subtilisin at 0.5 ug/ml
(lanes 2 and 5) and at 1 [ig/ml (lariés 3 and 6) for 30 min on ice. Products were
resolved by 15-25% SDS-PAGE and ahalyzed by Western blotting using the
indicated antibodies. Bands with a different proteolytic pattern (specifically
observed for p53-72R) are shown by arrows. Note that when using antibody
against N-terminal positions of p53 (Pab1801), fragments showing altered
mobility on the gel between p53-72P and -72R are frequently detected (open
circles). B, estimated digestion sites for p53-72R-specific bands. Schematic
représentation of p53 proteln (grdy) together with recognition sites for
Pab1801 (gréen) and Pab122 ‘(vellow) is shown. Polymorphic codon 72 is
shown in red. The upper two green bars (22-kDa band in panel Pab1801) and
lower two yellow bars (34-kDa band in panel Pab122) are the estimated align-
ments of p53-72R-specific fragments. The estimated amino acid numbers of
the fragments were calculated according to the molecular weight of the frag-
ments. The fragments were detected by antibodies and therefore should be
derived from somewhere between the two bars. It can be assumed that p53-
72R-specific digestion occurred between the arrowheads.

34-kDa p53-72R-specific band is detected by Pab240 (data not
shown). These results collectively indicate that differences in
protein structure are mainly detected in the N-terminal portion
OfP‘S,&' 03 g . 1 “ o
Phosphorylation in N-terminal p53 Is Enhanced in pS3-72R
Conipared with -72P~W'e next speculated that the difference
in the protein structure between the variants might affect the
association with the kinases that phosphorylate p53. Because
the structural differences of p53-72P and -72R are mainly
detected in the N-termirial region, we analyzed the phosphory-
on'levéls of p53-72P and -72R within the N-terminal
'We réasoned that subtle differences between the vari-
ants become evident only when they are expressed within cells
having the samie genetic background; therefore, we analyzed
the phosphorylation levels of p53-72P and -72R by transfecting
them into a cell line with no p53 (Saos2 cells). In addition, to
exclude the possibility that p53 expressed in the cells is unnat-
urally high, each p53 was expressed from a weak retroviral LTR
promoter. As shown in Fig. 2, phosphorylation levels of p53-
72P and -72R were similar on Ser-9, -15, -37, and -46. However,
significantly enhanced phosphorylation of 72R compared with
72P at Ser-6 and -20 was detected. Phosphorylation in the
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28 h 52 h

72P 72R 72P 72R

o-p53
wCL
a-P-Ser15
a-p53
o-P-Ser6
a-P-Ser9
IP:0-p53 4

o-P-Ser20

o-P-Ser37

a-P-Ser46

1.0, 10 10 09
FIGURE 2. Phosphorylation of p53-72P and -72R within the N-terminal
transactivation domain. Saos2 cells (4.4 X 10° cells/10-cm dish) were trans-
fected with pMX-p53-72P or -72R (1.78 j.g), and harvested 28 and 52 h post-
transfection. To detect the phosphorylation of p53 efficiently (except Ser-
15), p53 proteins were immunoprecipitated (IP) using anti-p53 antibodies
(anti-p53 mouse monoclonal antibody pAb1801 and pAb421 were mixed).
Total p53 and phosphorylated p53 were analyzed by Western blotting. The
experiment was repeated three times, and representative images are shown.
The phosphorylation levels of p53-72P and -72R were quantified using Image
J software.. Relative phosphorylation levels (normalized by total p53) are
shown below the panels. Asterisk denotes a nonspecific band. WCL, whole cell
lysate, .
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N-terminal region-of p53 is closely related with p53 activity. We
therefore analyzed whether enhanced phosphorylation at Ser-6
and -20 in p53-72R results in enhanced tumor-suppressing
function of the protein, as shown below.

Stability of p53-72R Is Increased Compared with p53-72P—
Phosphorylation at Ser-20 mediates the stabilization of the p53
protein by inhibiting p53-Mdm?2 interaction (11). Because we
detected enhanced phosphorylation at Ser-20 in p53-72R com-
pared with p53-72P, we focused on the stability of p53 proteins
expressed within the cell. We first expressed the variants at
different expression levels (200-1200 ng of p53 expression vec-
tors transfected per 10-cm dish). We speculated that if the dif-
ferences in protein levels were due to differences in degradation
levels by endogenous Mdm2, increased expression of p53
would override degradation by Mdm2. As shown in Fig. 34,
when both p53s were expressed at relatively high levels (800 or
1200 ng of p53 expression vectors transfected per 10-cm dish),
no difference in total p53 levels was detected, whereas when the
expression levels were decreased (200-or 400 ng transfected),
p53-72R was expressed at a significantly higher level than p53-
72P. The mRNA expression levels of both variants were similar
even when p53-72R protein was expressed at a-significantly
higher level than p53-72P protein in H1299 and Saos2 cells (Fig.
3B); therefore, the difference in the p53 protein amount is reg-
ulated at the post-transcriptional level. We further tested
whether this difference could be detected in cells lacking
Mdm2. We utilized p53 and mdm2 double-deficient mouse
embryonic fibroblasts (»53/mdm2 DKO)? for this purpose. As
shown in Fig. 3C, no difference in p53 protein levels was
detected in p53/mdm2 DKO (under the conditions utilized,
expression levels of p53 variants were similar or lower than in
H1299 cells, data not shown). :

We next tested whether the difference in protein expression
levels was affected by phosphorylation at.Ser-20, which was
converted to alanine in p53-72P and -72R to obtain nonphos-
phorylatable p53 at Ser-20 (therefore is degradable by Mdm?2),
and expressed in H1299 and p53/mdm2 DKO. As shown in Fig.
3D, significant decreases in protein levels were detected for
S20A mutants compared with wild-type p53s in H1299 cells.
However, no such decreases were detected in p53/mdm2 DKO,
indicating that diminished expression levels of S20A mutants in
H1299 is a result of enhanced degradation of the mutants by
Mdm?2. The level of S20A mutant for p53-72P was still slightly
lower than p53-72R in H1299 cells, demonstrating that, in addi-
tion to phosphorylation at Ser-20, other factors may affect the
difference in protein expression levels. Collectively, these
results suggest that the difference in p53 protein expression
levels is the result of a difference in the degradation levels of
p53-72R and -72P by Mdm2, and this difference has been
brought about at least partly from differences in phosphoryla-
tion levels at Ser-20.

Mdm2 Degrades p53-72P More: Efficiently than p53-72R—
We further tested whether there is a difference in protein deg-
radation by Mdm2 between polymorphic variants. We first co-

transfected Mdm2 with p53-72R or -72P in H1299 cells. As’

3 The abbreviations used are: DKO, double KO; ca., constitutively active.
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FIGURE 3. Expression level of p53-72R frotein is higher than p53-72P protein. A, indicated amounts of pMX-p53-72P or -72R expression plasmids
were introduced into H1299 cells (4.4 X 10 cells/10-cm dish). Cells were harvested 27 h post-transfection and analyzed by Western blotting. Experiments were
performed in triplicate, and representative images are shown. The levels of p53 and B-actin wefe quantified using Image J software, and p53 levels were
normalized by p-actin lévels. The mean + S.D, of rélative p53-72R/p53-72P levels was calculated and is shown in the bottomn column. vec, vector. B, p53 protein
and mRNA levels were analyzed by Western and Northern blotting. The levels of p53 protéin (normalized by B-actin levels) and mRNA (normalized by 28 S
levels) were quantified using Image J software. Panel a, pMX:p53-72P of -72R (0.2 ug) was'introduced into H1299.(4.4 X10° cells/10-cm dish). Cells were
harvested 27 h post-tranisfection. Panél b, pMX-p53-72P or -72R (0.9 jug) was introduced into Saos2 cells (4.4 X 106 cells/10-cm dish). Cells were harvested 24 h
post-transfection. G, indicated amounts of pMX-p53<72P or -72R expression plasmids were introduced into p53/mdm2 DKO (4.4 X-10° cells/10-cm dish) and
analyzed asin A.D, expression plasmids (cloned in pMX véttor) of wild-type ormutant (S20A) p53-72P or :72R were introduced into H1299 (in panela, 4.4 X 10°
cells/10-em dish, 500 hg transfected) o p53/mdm2 DKO (it paniel b; 4.4 X 10° cells/10:¢m dish, 200 ng transfected) cells. Cells were harvested 21 h(panel a) or
27 h (panel b) post-transfection. Experiments were performed in duplicate, and the mean values of relative p53-72P and -72R levels are presented.

shown in Fig. 44, although p53-72P was efficiently degraded
under the conditions tested, p53-72R was resistarit to degrada-
tion. We further analyzed the ubiquitination of both variants by
Mdm2. His-tagged ubiquitin was co-expressed with p53 and
Mdm?2 in H1299 cells. Cell lysates were prepared, and p53 was
immunoprecipitated by anti-p53 antibody. Immunoprecipi-
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tates were analyzed by Western blotting using anti-His tag anti-
body. As shown in Fig. 4B, it was shown that His-tagged ubig-
uitinated p53 was more prominent in p53-72P than p53-72R.
We also performed a nickel pulldown assay under denaturing
conditions to purify His-tagged ubiquitinated proteins. The
samples were then analyzed by Western blotting using anti-p53
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FIGURE 4. Degradation of p53-72P by Mdm2 is accelerated compared with p53-72R. A, pcDNA3-p53-72P or-72R together with N-terminally c-Myc-tagged
Mdm2 (pCMV-Myc-Mdm2; Mdm2 expressed from a CMV promoter) or control empty vector were introduced into H1299 cells (4.4 X 10° cells/10-cm dish) and
analyzed by Western blotting. 0.44 ug of p53 and 4 pg of Mdm2 were transfected. Cells were harvested 21 h post-transfection. Levels of p53 (normalized by
B-actin) were quantified and are shown below the panels. B, pcDNA3-p53-72P or -72R (0.35 p.g) together with His,-tagged ubiquitin (2.2 g) and N-terminally
FLAG-tagged Mdm2 (pSG-FLAG-Hdm2, 1.42 ug) or control empty vector (vec) (1.42 1g) were introduced into H1299 cells (6 X 10° cells/10-cm dish), and cells

°

“72P T 72R

were harvested 27 h post-transfection. To detect ubiquitinated p53 efficiently, Mdm2 was expressed at a low level using expression plasmid pSG-F-Hdm2 -

(Hdm2 is under the control of SV40 promoter, which is much weaker than CMV promoter). p53 was immunoprecipitated (IP) with anti-p53 polyclonal antibody
(FL393), andimmunoprecipitated samples and whole cell lysates (WCL) were analyzed by Western blotting. Western blot analyses of immunoprecipitates were
performed with the anti-His antibody to detect ubiquitinated p53 (upper panel) or with FL393 antibody to detect nonubiquitinated p53 (lower panel). Levels of
ubiquitinated p53 (normalized by nonubiquitinated p53) were quantified and are shown below the panels. C, pMX-p53-72P or -72R (0.5 pg) together with
pCMV-Myc-Mdm2 (4.5 pg) or control empty vector (4.5 ug) were introduced into H1299 cells (4.4 X-10° cells/10-cm dish). Where indicated, cells were treated
with LLnL (50 um) 16 h post-transfection. Cells were harvested 21 h post-transfection and analyzed by Western blotting. Experiments were performed in
triplicate, and representative images are shown. Levels of p53 were quantified (normalized by B-actin) and the relative p53-72P and -72R levels are shown
belowthe panel. D, pcDNA3-p53-72P or -72R (0.4 ug) together with pCMV-Myc-Mdm2 (3.6 p1.g) were introduced into H1299 cells (4 X 10° cells/10-cm dish). Cells
were pulse-labeled 20 h post-transfection for 30 min and then cultured in chase medium for 1.5 h. Following incubation, cells were harvested at the indicated
time points. p53 was immunoprecipitated, and the levels of labeled p53 were detected by autoradiography. Total p53 protein levels were analyzed by Western
blotting. Experiments were performed in triplicate, and representative.images are shown. Levels of p53 were quantified: (normalized by total p53) and the
relative p53-72P and -72R levels are shown below the panel. £, immortalized peripheral lymphocytes from healthy donors were subjected to, LLnL treatment.
Cells derived from 10 homozygotes each for p53-72P and -72R were subjected to analysis. Each sample was run in triplicate and analyzed by Western blotting
(supplemental Fig. $3). Quantification was performed using Image J software. Fold accumulation of p53 protein after LLnL treatment was calculated for each

sample and shown as a box plot. '

antibody to detect the amount of His-tagged ubiquitinated some inhibitor. As shown in Fig: 4C, the p53-72P level was
p53s. Again, ubigitination was more prominent in p53-72P significantly increased by LLnL treatment compared with p53-
than p53-72R (supplemental Fig. S2). 72R, showing that p53-72P is more susceptible to degradation

To further test whether the variants differ in degradation by the proteasome pathway. In addition, both variants were
levels mediated by the proteasome pathway, we treated cells ~expressed at similar levels after LLnL treatment, supporting the
co-expressing Mdm2 and p53-72R or -72P with LLnL, a protea-  idea that differences in the expression levels of both variant
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TABLE 1

Over-representation of p53-72P homozygotes in lung cancer cases
with gains of the mdm2 gene in their tumors

No. of cases
MDM2 MDM2 . Odd ratio (95% p value by
p53 genotype normal gain® confidence interval) Fxsher's exact test
% %
R/R + R/P 48(94) 19(79) Reference
P/P 3(6) 5(21), 4.21(0.94-22.2) 0.101

“ Copy number ratio >1.25 in tumors by array comparative genomic hybridiza-
tion analysis using MCG Cancer array-800.

proteins were the result of proteasomal degradation. We also
performed [**S)methionine pulse-chase experiments to deter-
mine the half-lives of p53 variant proteins. Cells co-expressing
Mdm2 and p53-72R or -72P were pulse-labeled, and p53 pro-
tein levels were monitored for 4.5 h. As shown in Fig. 4D, the
half-life of p53-72R was significantly longer than p53-72P,
demonstrating that p53-72R is more resistant to Mdm2-medi-
ated degradation.

We next utilized peripheral lymphocytes immortalized using
Epstein-Barr virus to analyze the degradation of endogenously
expressed p53 proteins. We selected: 10 cells each that were
homozygous for p53-72P or -72R "To minimize the difference
between cell lines, they were aldo selécted based on the criteria
that they were derived from healthy donors who were Japanese,
male, nonsmoking, and aged 3050 years old. As shown in sup-
plemental Fig. S3 and Fig. 4, when cells were treated with
LLnL, accumulation of p53 protein was more pronounced in
cells with p53-72P, confirming the result obtained for exoge-
nously expressed p53 proteins. Collectively, it was shown that
ubiquitination by Mdm2 and subsequent degradation is more
enhanced in p53-72P than -72R.

Cancer Patients Carrying p53-72P Are Over-represented in
Patients with Gain in the mdm2 Gene—The nature of p53-72P
being more sensitive to degradation by Mdm2 than p53-72R
raises the possibility that homozygotes for the p53-72P allele
are more susceptible to developing cancer by up-regulation of
Mdm2 expression. We therefore analyzed the copy number of

" the mdm2 gene in tumors in combination with genotypes for
the p53 polymorphism at codon 72-in the germ line. Seventy
five lung cancer cases, consisting of 39 adenocarcmomas, 2
bronchioalveolar carcinomas, 25 squamous cell carcinomas, 2
small cell lung carcinomas, 7 large cell neuroendocrine carci-
noma cases, that were available for information both on p53
genotypes in their peripheral blood cells and the mdm2 gene
copy numbers in their tumor cells were subjected to analysis
(Table 1): These cases were selected from aJapanese population
of lung cancer cases that showed a frequency of the p53-72P
allele higher than control individuals in a previous case-control
study based on the criterion that information on the mdm2
gene copy numbers in their timor wasavailable (19). In fact, the
frequency of the p53-72P allele in these 75 cases(i.e. 0.41) was
higher than that of controls (i.e. 0.33), although the différence
did not reach statistical significance (» = 0.070 by Fisher’s exact
test). Among the 75 cases, 24 (32%) showed gain of the mdm2
gene (ratio of test signal/reference signal >1.25) in their
tumors. The fraction of p53-72P homozygotes was notably
higher in patients with mdm2 gains in their tumors than with-
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out (21 versus 6%, p = 0.101 by Fisher’s exact test). Although
further study is required with more test cases, these data sug-
gest that p53-72P individuals develop lung cancer at a higher
frequericy upon increase of the mdm2 gene copy number and
support our results shoting that p53-72P is more susceptxble to
Mdm2-mediated degradation.

'Phosphorylation of Ser-6 Is More Enhanced in p53- 72R than
-72P under Basal and Damaged Conditions—Ser-6, Ser-15. and
Thr-18 are the phosphorylation sites within the N-terminal
transactivation domain that are conserved among vertebrates.
Phosphorylation of Ser-15 and Thr-18 plays important roles in
the regulation of p53 activity; however, although it has been
reported that Ser-6 is phosphorylated under damaged or basal
conditions, the biological significance of Ser-6 phosphorylation
remains elusive (6). Because we found that Ser-6 is strongly
phosphorylated in p53-72R compared with p53-72P in Saos2
cells (Fig. 2), we further analyzed under which conditions Ser-6
is phosphorylated. As shown in Fig. 54, upon y-ray irradiation,
the Ser-6 phosphorylation level is increased, and p53-72R is
phosphorylatéd at a higher level than p53-72P in Saos2 cells. In
this experiment; the difference in Ser-6 phosphorylation with-
out DNA damage was also confirmed. Under the same condi-
tions, phosphotylation of Ser-15 was induced upon y-ray irra-
diation, but n¢ différence was detected between variants with
or without +y-ray irradiation. To further analyze p53 phosphor-
ylation under damaged conditions, we obtained cell lines stably
expressing both p53s in HCT116 p53(—/-) cells. As shown in
supplemental Fig. S44, both cell lines expressed p53-72R or
-72P at similar levels and induced p21 upon DNA damage,
showing & normal P53 response in these cell lines. Using these

cell lines, phosphorylatxon of Ser-6 under basal conditions and
upon DNA damage was analyzed. As shown in Fig. 5B and sup-
plemental Fig. 4, B and C upon 7y-ray or UV irradiation, adria-
mycin or 5-fluorouracil treatment resulted in increased Ser-6
phosphorylation, ‘and ‘under all conditions, p53-72R showed
elevated phosphorylatxon levels compared with p53-72P.
Again, phosphorylation of Ser-15 was induced upon y-ray irra-
dxatlon, but no difference was detected between variants (Fig.
5B).::
. Phosphorylatzon of Ser-6 Is Requzred  for p53 Transactwatwn

_under Basal.Conditions and. upon Activation of TGF-B Sig-

nalmg—To analyze the biological function of Ser-6 phosphor-
ylatlon, we constructed p53 mutants carrying Ser to Ala con-
versions at codon: 6. Wild-type as well as mutant p53s were
expressed in H1299 cells; and the induction of representative
p53 target gene products’ (p21, Bax, PIG-3, and Mdm2) were
analyzed by Western blottmg ‘As:shown in Flg 5C, all four p53
farget gene products were induced by wxld-type p53 as
expected: Interestingly, w11d-type p53 induced p21 more effec-
tively than S6A mutant, demonstrating the involvement of

Ser-6 phosphorylation in p21 induction. In addition, as shown

in Fig. 5D, p53-72R induced p21 more strongly than p53-72P,
likely reflecting the difference in Ser-6 phosphorylation levels
between proteins. The elevated expression of p21 in p53-72R-
expressing cells was also demonstrated in HCT116 p53(—/—)
cells stably expressing p53-72P or -72R and in immortalized
human peripheral lymphocytes (supplemental Figs. S44 and
S54).
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FIGURE 5. Phosphorylation of p53 at Ser-6 was enhanced in p53-72R compared with -72P, and p53-dependent p21 expression was enhanced in cells
ex?ressing p53-72R. A, phosphorylation of p53 at Ser-6-and Ser-15 in Saos2 cells expressing p53:72P or -72R was analyzed by Western blotting. Cells (2.2 X
10° cells/10-cm dish) were transfected with pMX-p53-72P or -72R, treated with y-ray (20 gray) 24 h post-transfection, and harvested 50 h post-transfection. As
in Fig. 2, p53 proteins wereimmunoprecipitated and analyzed using anti-phospho-Ser-6 p53 antibody (upper panel) and anti-p53 antibody (lower panel). Levels
of phospho-Ser-15 are shown for comparison. To detect phospho-Ser-15 and total pS3 in right panels, whole cell lysates were analyzed by Western blotting.
Relative phosphorylation levels (normalized by total p53 levels) are shown below the panels. B, HCT116 p53(—/—) cells stably expressing p53-72P or-72R (6.7 X
10° cells/10-cm dish) were treated with y-ray (20 gray), and cells were harvested 2 h post-irradiation. Levels of phospho-Ser-6 and -15 were analyzedasinA.C,
H1299 cells (4 X 10° cells/10-cm dish) were transfected with pMX-p53-72R or 72R-S6A mutant (0.3 pg) together with pcDNA3 (2.7 ug). Cells were harvested
26 h post-transfection, and analyzed by Western blotting. D, wild-type or mutant (S6A) pMX-p53-72P or -72R (1.63 u.g) was introduced into H1299 cells (2.4 X

10° cells/10-cm dish), and cells were harvested 29 h post-transfection. Expression of p53, p21, and cytoskeletal CRP1 (as a loading control) was analyzed by

Western blotting. The experiment was performed with p53-72P and -72R expressed at similar levels. The levels of p21 and 23-kDa CRP1 were quantified using
Image J software, and p21 levels were normalized by CRP1 levels. £, H1299 cells (2.4 X 106 cells/10-cm dish) were transfected with pMX-p53-72P or 72R (1.63
ug) and ca. TGF-BR (6.54 ug). Cells were harvested 29 h post-transfection. Expression of ca. TGF-BR was detected by anti-FLAG antibody. Experiments were
performed in triplicate, and representative images are shown. The levels of p21 (normalized by B-actin) were quantified using Image J software. The mean *
S.D. of p21 levels was calculated and is shown in the bottom column. i ' '

It has been reported that the activation of MAPK promotes
the phosphorylation of p53 at Ser-6 and Ser-9 (25). Phosphor-
ylation at these sites facilitates the interaction of p53 with acti-
vated Smad2 or Smad3 and the subsequent recruitment of p53-
Smad2/3 complexes to TGF-B-responsive target promoters
(25). As shown in supplemental Fig. S4D, we also have con-
firmed MAPK-dependent phosphorylation of p53 at Ser-6. It
has also been shown using H1299 cells that the expression of
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p53 with amino acid conversions from Ser to Ala at codon 6 or
9 impaired the ability of p53 to enhance TGF-B-mediated
expression of the p21 gene (25). Because we detected a signifi-
cant difference in Ser-6 phosphorylation between the variants,
we analyzed whether TGF-B-mediated expression of the p21
gene differs between them. We analyzed TGF-B-dependent up-
regulation of p21 by introducing constitutively active TGF-3
receptor I (ca. TGF-BR) with p53 variants. It was confirmed
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that introduction of ca. TGF-BR results in activation of the
TGF-B pathway in H1299 cells, as judged from Smad2 phos-
phorylation (supplemental Fig. S5B). As shown in supplemental
Fig. S5B and Fig. 5E, without TGF-B signaling, p53-72R
induced p21 more efficiently than p53-72P, confirming the
results shown in Fig. 5D. When ca. TGF- R was co-transfected
with p53s, TGF-B-dependent up-regulation of p21 was
observed, and this induction was significantly stronger in cells
expressing p53-72R. Enhanced induction efficiency of p21 in
p53-72R-expressing cells with or without ca. TGF-BR was also
confirmed by quantitative real time PCR (supplemental Fig.
$5C). The difference between variants was abolished when Ser
to Ala conversions were introduced at Ser-6, showing that the
difference in p21 induction was brought about from differences
in Ser-6 phosphorylation levels (Fig. 5E). Collectively, these
results indicate that Ser-6 phosphorylation is important for p53
transactivation activity under basal conditions and upon acti-
vation of TGF-B signaling, and enhanced Ser-6 phosphoryla-
tion in p53-72R results in stronger induction of p21.

DISCUSSION

The polymorphism of p53 at codon 72 is unique to humans
and is very common. For example, 44% of Japanese are homozy-
gous for p53-72R and 11% are homozygous for p53-72P (19).
Cancer susceptibility and clinical outcome differ among indi-
viduals having the two variants; therefore, the impact of under-
standing the molecular basis for the difference between p53-
72P and -72R is huge. Recently, using chimeric p53 protein
containing N-terminal mouse p53 (amino acids 1-34) and
human p53 (amino acids 32-393), it was shown that codon 72
polymorphism-specific effects of human p53 require N-termi-
nal 31 amino acids of human p53 (26). In addition, we found
that p53-72R and -72P proteins differ in structure, especially in
the N-terminal region, by partial proteolytic digestion of the
proteins. We speculated that differences in the protein struc-
ture may change the affinity of p53 variants with kinases that
modify p53, especially in the N-terminal region, and we found
that the variants differ in phosphorylation levels at Ser-6 and
-20. We actually found that strength of association with Chk2
kinase differs between p53-72P and p53-72R (supplemental Fig.
S$6). We do not know the precise mechanism of the differential
association of the variants with Chk2, and it is an interesting
issue to clarify in future research.

It has been reported that p53 phosphorylated at Ser-20
escapes from degradation by Mdm2, leading to stabilization of
the protein (6), whereas phosphorylation of Ser-6 is required
for TGF-B-dependent induction of p21 and p15INK4b (25). We
found that phosphorylation of these sites is enhanced in p53-
72R, and consequently, the two p53 polymorphic variants differ
in the stabilization of proteins and TGF-B-dependent and -in-
dependent induction of p21, both of which are important for
the tumor-suppressive function of p53 (Fig. 6).

In this study, we have shown for the first time that the mdm2
gene gain in tumors is more frequent in lung cancer cases
homozygous for the p53-72P allele than with other genotypes.
Although this association should be further validated in other
sets of lung cancer cases, the present result demonstrates the
possibility that p53-72P homozygotes develop lung cancer at a
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degradation

transactivation of p21

FIGURE 6. Common polymorphism of p53 affects phosphorylation and
degradation of p53 protein. Phosphorylation of Ser-6 and -20is enhanced
in p53-72R compared with p53-72P. Difference in protein structure and phos-
phorylation of Ser-20 affects Mdm2-mediated degradation of p53 protein,
whereas phosphorylation of Ser-6 affects transactivation ability of p53
protein.

higher frequency upon gain of the mdm2 gene and supports our
data showing that p53-72P is more susceptible to Mdm2-me-
diated degradation. It will be interesting to determine whether
such an association is also observed in patients with other types
of cancer.

Previously, it was shown that the expression of p21 mRNA
was altered by p53 codon 72 polymorphism, and the Pro allele
variant was associated with decreased p21 mRNA levels com-
pared with Arg allele (27). In this study, we have also shown that
P21 expression was decreased in p53-72P compared with -72R
and was dependent on p53 Ser-6 phosphorylation. The physio-
logical relevance of Ser-6 phosphorylation remains unknown;
however, it was shown recently to be required for TGF- sig-
naling. TGF-B is a potent growth inhibitor with tumor sup-
pressing activity, and TGF-B-mediated growth suppression is
mediated by p53 (28). TGF-8 cooperates with P53 to induce
p21, and this induction requires p53 to be phosphorylated at
N-terminal Ser residues, including Ser-6 (25). We have shown
that p53-72P was less phosphorylated at Ser-6 compared with
P53-72R under all conditions studied, and TGF-B-dependent
and -independent induction of p21 was attenuated in p53-72P-
expressing cells. Previously, we have shown that phosphoryla-
tion of Ser-6 does not affect binding of p53 to p21 promoter (8).
Therefore, Ser-6 may affect other aspects of p21 promoter acti-
vation, such as cofactor recruitment to the promoters.

The results shown in this study collectively reveal a novel
difference in p53 polymorphic variants at codon 72, Although
several molecular mechanisms to explain the difference in
tumor suppression function of the variants have been reported,
our results also reveal a novel difference in the variants through
differences in protein structure and phosphorylation levels at
Ser-6 and -20. Understanding the molecular mechanism lead-
ing to differences in the tumor suppression potential of the two
variants is very important for cancer prevention and therapy.
Our results may provide basic knowledge to develop novel can-
cer therapy or prevention strategies on the basis of the genotype
of p53.
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Aﬁstract

Invadopodia ére extracellular matrix-degrading protrusions formed by invasive
cancer cells and are thought to function in cancer invasion. Although many
invadopodia components have been identified, signaling pathways that link
extracellular stimuli to invadopodia formation remain largely unknown. We
investigated the role of phdsphoinositidc 3-kinase (PI3K) signaling during
i‘nvadopodie; formation. We found that in human breast cancer cells, both iinvadopodia
formation and degradation of a gelatin matrix were biécked by treatment with PI3K
inhibitors or sequestration of D-3 phosphoinositides. Functional analyses reveal¢d that
among the PI3K family proteins, the'class I PI3K catalytic subunit p110a, a
frequently mutated géne product in human cancers, is selectively involved in
invadopodia formation. The expression of p110a with cancerous mutations promoted
invadopodia-mediated invasive activity. Furthermore, inhibition of PDK1 and Akt, the
downstream effectors of PI3K signaling, suppressed invadopodia formation induced

by the p110o. mutants. These data suggest that the PI3K signaling pafhway via p110a

- regulates invadopodia-mediated invasion of breast cancer cells.



Introduction
Degradation of extracellular matrix (ECM) that is present in the basement
membrane and tumof stroma is essential for local invasion and formation of
metastatic sites by malignant cancer cells (Kessenbrock et al., 2010). Invadoﬁodia,
which were first described by Chen et al. (Chen, i989), are ECM—degl'ading
membrane protrusiohs formed on the ventral surface of invasive cancer cells and are
thought to play a role in cancer cell invasion (Buccione et al., 2009; Madsen and
Sahai, 2010; Weaver, 2006; Yamaguchi et al., 2005b). Invadopodia have been
observed in a variety of invasive cancer cell lines, including mammary
adenocarcinoma, colon carcinoma; melandma, and glioma, as well as in primary
invasive tumor cells derived from glioblastoma and head and neck cancers (Clark et
al., 2007; Stylli et al., 2008). In the case of breast cancer cell lines, the ability to form

" invadopodia is closely related to their invasive and metastatic properties in vivo
(Coopman et al., 1998; Yamaguchi et al., 200‘5a; Yamaguchi et al., 2009).

. Additionally, invadopodia-like protrusions in breast cancer cells have been observed
during intravasation by intravital imaging (Condeelis and Segall, 2003; Yamaguchi et
al.., 2005b). A recent report showed that invasive cancer cells use invadopodia to
breach the basement membrane and penetrate into the stroma (Schoumachcr etal.).
Morebver, Eckert et al. recently yeported that Twist, an inducer of epithelial-
mesenchymal transition, induces invadopodia formation to ﬁromote tumor metastasis
and provided evidence of }inv_adopod‘ia formation in vivo in sections of invasive .
primary tum0r§ (Eckert et al., 2011).

Many components of invadOpodia, such as various proteins involved in actin
polymerization, cell signaling, membrane trafficking, cell-ECM adhesion, aﬁd ECM

degradation, have been reported to date (Caldieri and Buccione, 2010; Gimona et al.,



2008; Linder, 2007). We and other researchers previously reported that invadopodia
formation is induced by stimulation with serum and gr’thh factors (Tague et al.,
2004; Yamaguchi et al., 2005a; Mandal et al., 2008; Eckert et al., 2011). However, the
signaling pathways that link these extracellular stimuli to invadopodia formation
remain largély unknown.

The phosphoinositide 3-kinases (PI3Ks) are a family of lipid kinases that
phosphorylate phosphoinositides at the D-3 position c;f the inositol headgroup and
thus produce D-3 phosphoinositides (Cantley, 2002). PIéKs mediate the signal
transduction of extracellular stimuli and regulate diverse cellular events, such as
mitogenesis, survival, membrane transport, and cell migration (Cain and Ridlgy, 2009;
Engelman et al., 2006). PI3Ks are subdivided into three general' classes (I-1II) ~in‘ :
mammals on the basis of their enzyme domain structures and substrate specificities
- (Fruman et al., 1998). Specifically, the class I subfamily consists of four catalytic
subuﬁits, including three class 1A subunit; (p110c., p110B, and p1108) and a single

class IB subunit (p110y), However, the class I PI3K group consists of three isoforms, -

PI3K-C2a, PI3K-C2B, and PI3K-C2y. Finally, mammals have a single class III
isoform, namely, Vps34, which is a homolog of the sole PI3K present in yeast.
Uncontrolled activation of the PI3K signaling pathway leads to several
pathological phenomena, including tumorigenesis and tumor malignancy (Cantley,
2002). This is evidenced by the finding that the expression and activity of several
members of the P13K'signaling pathway are frequently altered in a variety of human -
cancers (Yuan and Cantley, 2008). For insténce, the PIK3CA gene, which encodes the
class IA PI3K é’atalyﬁc subunit p110a, is one of the most frequently amplified and
mﬁta’ted’genes identified in human cancers (Yuan and Cantley, 2008; Zhao and Vogt,

2008). Clinical studies irivolving human breast cancer patients revealed that mutations



leading to the activation of PIK3CA are associated with the development of invasive
and metastatic phenotypes and poor patient prognosis (Li et al., 2006; Méruyama et
al., 2007; Saal et al.; 2005). Moreover, a previous study has shown that introdﬁction
of the mutant PIK3CA gene into a breast cancer cell line enhanced lung metastasis in
mice (Pang et al.; 2009). However, the detailed mechanisms by which the PIK3CA
gene product p110a contributes to cancer invasion and metastasis are yet to be
determined.

It is established that 3-phosphoinositide-dependent protein kinase-1 (PDK1) is a
serine/thréonine kinase that mediates PI3Kvsignaling during various cellular responses
(Toker and Newton, 2000). PDK1 is récmifed to cell membranes upon PI3K
activation, wheré it phosphorylates and activates Akt,vthe major mediator of the PI3K
signaling pathway (Stephens et al., 1998): Both PDK1 and Akt are overexpressed in
human breast cancers and are thought to be critical components of the oncogenic '
PI3K sjgnaling pathway (Dillon et al.; 2007; Maurer et al;, 2009; Sheng et al., 2009).
Furthermore, ,previousb studies have ‘demonstréted that PDK1 and Akt are involved in
the invasive and metastatic phenotypes of human cancer cells (Dillon et al., 2007; Liu
et al., 2009; Sheng et al., 2009; Xie et al., 2006): However, the roles of PDK1 and Akt
in invadopodia formétion rcm.ain unclear. In the present study, we investigated the -
role of PI3K signaling ‘during» invadopodia formation in invasive human breast cancer

cells.



Results
PI3K activity is required for invadopodia formation in humqn breast cancer cells
The formation of invadopodia in human cancer cells and podosomes, which are
structures functionally similar to invadopodia, in Src-transformed fibroblasts requires
the activity of PI3K (Mandal et al., 2008; Nakahara et al., 2003; Oikawa et al., 2008).
In the present study, the role of PI3K in invadopodia formation was investigated in
detail in the highly invasive human breast cancer cell line MDA-MB-231 (Neve et‘»al.,_
2006). MDA-MB-231 cells form invadopodia in vitro and have therefore been widely
used in studies investigating various aspects of these invasive structures. MDA-MB-
231 cells were seeded onto fluorescent gelatin-coated coverslips in the presence or
absence of each of two PI3K inhibitors, L'Y294002 and wortmannin, and stained for

two invadopodia markers, cortactin and F-actin. Invadopodia were observed as dot- /

like clusters of cortactin and F-actin on the ventral membrane of cells, which
corresponded with the degradation sites on the gelatin matrix (Supplementary Figure
S1A). To quantify the invadopodia-mediated degradation of the gelatin matrix for
each treatment, we calculated the area of the degradatidn sites, Both LY294002 and
wortmannin significantly inhibited the formation of invadopodia and gelatin .
degradatioﬁ in a dose-dependent manner, with ICsy values of 3.7 uM and 3.5 nM for
LY294002 and wortmannin, respectively (Supplementary Figure S1B-D). R
Furthermore, the percentage of cells with invadopodia and the number of invadopodia
per cell were also reduced m cells treated with either PI3K inhibitor (Supplementary
Figure S1E and F).

We also examined the effect of PI3K inhibition on the stability of preformed
invadopodia. MDA-MB-231 cells expressing GFP-actin were seeded onto p]étes

coated with a gelatin matrix, and cells were observed using time-lapse microscopy



upon treatment with LY294002. LY294002 treatment of cells exhibiting GFP-actin-
positive invadopodia resulted in the degradation of invadopodia within I min of
treatmeﬁt (Supp]ementary Figure S1G; Supplementary Video 1). A similar result was .
obtained when cells expressing Venus-cortactin were analyzed in the same manner
(Supplementary Video 2). Quantification of the inteﬁsity'of GFP-actin signals at the

.
invadopodia revealed that the actin core structures of invadopodia disassembled |
immediately after the addition of L'Y294002, whereas the invadopodia of cells treated
with dimethylsulfoxide (DMSO) did not disassemble (Supplementary Figure S1H).

Collectively, these results indicate that PI3K activation is required for both the

formation and stability of invadopodia in human breast cancer cells.

D-3 phosphoinositides are required for invadopodia formation

We next investigated the role of D-3 phosphbinositidcs synthesized by PI3Ks in
invadopodia formation. The pleckstrin-homology (PH) domain of Akt interacts with
PI(3,4,5)P3 and PI(3,4)P,, which are two major products of PI3K, and its
overexpression results in the sequestration and inhibition of the function of these.
phosphoinositides (Varnai et al., 2005). In the pre'sént study, the PH domain of Akt
was overexpressed in MDA-MB-231 cells as a GFP-fusion protein (GFP-Akt-PH).
This construct, which Jocalized to the plasma membrane, inhibited the formation of
invadopodia, as measured by both the percentage of cells with invadopodia and the
number gf inyadopodia per cell, and gelatin de:.g!rgdation(F igure 1A-D). In contrast, a
: ﬁmtant form of the Akt PH domain (R25C), in which an essential amino acid 'for
phosphoinosjtide binding i§ mutated (Varnai et ql., ZQOS), did not Ioc.allize‘to the
plasma membmne or inhibit gelatin degradation (Figure 1A and B). Furthermore, to

examine the localization of D-3 pllosplloinositide;s at invadopodia sites, a cell line



