522

Cancer Chemother Pharmacol (2007) 60:515-522

10.

11.

12.

13.

4.

15.

16.

17.

18.

UDP-glucuronosyluransferases encoded at the UGT1 locus. Bio-
chem Biophys Res Commun 260:199-202

. Gagne JF, Montminy V, Belanger P, Joumnault K, Gaucher G,

Guillemette C (2002) Common human UGT1A polymorphisms
and the altered metabolism of irinotecan active metaboljte 7-ethyl-
10-hydroxycamptothecin (SN-38). Mol Pharmacol 62:608-617

. Hanioka N, Ozawa S, Jinno H, Ando M, Saito Y, Sawada J (2001)

Human liver UDP-glucuronosyltransferase isoforms involved in
the glucuronidation of 7-ethyl-10-hydroxycamptothecin. Xeno-
biotica 31:687-699

. Ritter JX, Chen F, Sheen YY, Tran HM, Kimura S, Yeatman MT,

Owens IS (1992) A novel complex locus UGT/ encodes human
bilirubin, phenol, and other UDP-glucuronosyltransferase
isozymes with identical carboxy! termini. J Biol Chem 267:3257-
3261

. Zheng Z, Park JY, Guillemette C, Schantz SP, Lazarus P (2001)

Tobacco carcinogen-detoxifying enzyme UGT1A7 and its associ-
ation with orolaryngeal cancer risk. J Natl Cancer Inst 93:1411—
1418

Strassburg CP, Strassburg A, Nguyen N, Li Q, Manns MP, Tukey
RH (1999) Regulation and function of family 1 and family 2 UDP-
glucuronosyltransferase genes (UGTI1A, UGT2B) in human
oesophagus. Biochem J 338:489-498

Strassburg CP, Nguyen N, Manns MP, Tukey RH (1998) Poly-
morphic expression of the UDP-glucuronosyltransferase UGTIA
gene locus in human gastric epithelium. Mol Pharmacol 54:647-
654

OckengaJ, Vogel A, Teich N, Keim V, Manns MP, Strassburg CP
(2003) UDP glucuronosyltransferase (UGT1A7) gene polymor-
phisms increase the risk of chronic pancreatitis and pancreatic can-
cer. Gastroenterology 124:1802-1808

Strassburg CP, Manns MP, Tukey RH (1998) Expression of the
UDP-glucuronosyltransferase 1A locus in human colon. Identifi-
cation and characterization of the novel extrahepatic UGT1AS8. J
Biol Chem 273:8719-8726

Villeneuve L, Girard H, Fortier LC, Gagne JF, Guillemette C
(2003) Novet functional polymorphisms in the UGT1A7 and
UGT1A9 glucuronidating enzymes in Caucasian and African-
American subjects and their impact on the metabolism of 7-ethyl-
10-hydroxycamptothecin and flavopiridol anticancer drugs. J
Pharmacol Exp Ther 307:117-128

Jinno H, Saeki M, Saito Y, Tanaka-Kagawa T, Hanioka N, Sai K,
Kaniwa N, Ando M, Shirao K, Minami H, Ohtsu A, Yoshida T,
Saijo N, Ozawa S, Sawada J (2003) Functional characterization of
human UDP-glucuronosyliransferase 1A9 variant, D256N, found
in Japanese cancer patients. J Pharmacol Exp Ther 306:688-693
Lankisch TO, Vogel A, Eilermana S, Fiebeler A, Krone B, Barut
A, Manns MP, Strassburg CP (2005) Identification and character-
ization of a functional TATA box polymorphism of the UDP glu-
curonosyltransferase 1A7 gene. Mol Pharmacol 67:1732-1739
Yamanaka H, Nakajima M, Katoh M, Hara Y, Tachibana O,
Yamashita J, McLeod HL, Yokoi T (2004) A novel polymorphism
in the promoter region of human UGT1A9 gene (UGT1A9*22)
and its effects on the transcriptional activity. Pharmacogenetics
14:329-332

Carlini LE, Meropol NJ, Bever J, Andria ML, Hill T, Gold P,
Rogatko A, Wang H, Blanchard RL (2005) UGTiA7 and
UGT1A9 polymorphisms predict response and toxicity in colorec-
tal cancer patients treated with capecitabinefirinotecan. Clin
Cancer Res 11:1226-1236

@ Springer

199

19.

21.

22.

23.

24.

25,
26.

27.

29.

30.

Araki K, Fyjita K, Ando Y, Nagashima F, Yamamoto W, Endo H,
Miya T, Kodama K, Narabayashi Y, Sasaki Y (2006) Pharmaco-
genetic impact of polymorphisms in the coding region of the
UGTIA1 gene on SN-38 glucuronidation in Japanese patients with
cancer. Cancer Sci 97:1255-1259

. Saeki M, Saito Y, Jinno H, Sai X, Ozawa S, Kurose K, Kaniwa N,

Komamura K, Kotake T, Morishita H, Kamakura S, Kitakaze M,
Tomoike H, Shirao K, Tamura T, Yamamoto N, Kunitoh H,
Hamaguchi T, Yoshida T, Kubota K, Ohtsu A, Muto M, Minami
H, Saijo N, Kamatani N, Sawada J1 (2006) Haplotype structures of
the UGT{A gene complex in a Japanese population. Pharmacoge-
nomics J 6:63-75

Ando M, Ando Y, Sekido Y, Ando M, Shimokata K, Hasegawa Y
(2002) Genetic polymorphisms of the UDP-glucuronosyliransfer-
ase 1A7 gene and irinotecan toxicity in Japanese cancer patients.
Ipn J Cancer Res 93:591-597

Sai K, Saeki M, Saito Y, Ozawa S, Katori N, Jinno H, Hasegawa
R, Kaniwa N, Sawada J, Komamura K, Ueno K, Kamakura S,
Kilakaze M, Kitamura Y, Kamatani N, Minami H, Ohtsu A, Shirao
K, Yoshida T, Saijo N (2004) UGT1 A | haplotypes associated with
reduced glucuronidation and increased serum bilirubin in irinotec-
an-administered Japanese patients with cancer. Clin Pharmacol
Ther 75:501-515

Huang MJ, Yang SS, Lin MS, Huang CS (2005) Polymorphisms
of uridine-diphosphoglucuronosyltransferase 1A7 gene in Taiwan
Chinese. World J Gastroenterol 11:797-802

Girard H, Court MH, Bernard O, Fortier LC, Vitleneuve L, Hao Q,
Greenblatt DJ, von Moltke LL, Perussed L, Guillemette C (2004)
Identification of common polymorphisms in the promoter of the
UGT1A9 gene: evidence that UGT1A9 protein and activity levels
are strongly genetically controlied in the liver. Pharmacogenetics
14:501-515

Innocenti F, Liu W, Chen P, Desai AA, Das S, Ratain MJ (2005)
Haplotypes of variants in the UDP-glucuronosyltransferasel A9
and 1A1 genes. Pharmacogenet Genomies 15:295-301

Paoluzzi L, Singh AS, Price DK, Danesi R, Mathijssen RH,
Verweij J, Figg WD, Sparreboom A (2004) Influence of genetic
variants in UGT1A1 and UGT!A9 on the in vivo glucuronidation
of SN-38. J Clin Pharmacol 44:854-860

Akaba K, Kimura T, Sasaki A, Tanabe S, Ikegami T, Hashinoto
M, Umeda H, Yoshida H, Umetsu K, Chiba H, Yuasa I, Hayasaka
K (1998) Neonatal hyperbilirubinemia and mutation of the biliru-
bin uridine diphosphate-glucuronosyltransferase gene: a common
missense mutation among Japanese, Koreans and Chinese.
Biochem Mol Biol Int 46:21-26

. Bosma PJ, Chowdhury IR, Bakker C, Gantia S, de Boer A, Oostra

BA, Lindhout D, Tytgat GN, Jansen PL, Oude Elferink RP (1995}
The genetic basis of the reduced expression of bilirubin UDP-
glucuronosyitransferase 1 in Gilbert’s syndrome. N Engl J Med
333:1171-1175

Girard H, Villeneuve L, Court MH, Fortier LC, Caron P, Hao Q,
von Moltke LL, Greenblatt DJ, Guillemette C (2006) The novel
UGTI1AS9 intronic 1399 polymorphism appears as a predictor of
SN-38 glucuronidation levels in the liver. Drug Metab Dispos
34:1220-1228

Han JY, Lim HS, Shin ES, Yoo YK, Park YH, Lee JE, Jang IJ, Lee
DH, Lee JS (2006) Comprehensive analysis of UGTIA polymor-
phisms predictive for pharmacokinetics and treatment cutcome in
patients with non-small-cell lung cancer treated with irinotecan
and cisplatin. J Clin Oncol 24:2237-2244



Growth Stimulation of Non—S-mall Cell Lung Cancer
Cell Lines by Antibody against Epidermal Growth
Factor Receptor Promoting Formation of

ErbB2/ErbB3 Heterodimers

Mari Maegawa,! Kenji Takeuchi,! Eishi Funakoshi,! Katsumi Kawasaki,! Kazuto Nishio,?

Nobuyoshi Shimizu,3 and Fumiaki ito?

! Department of Biochemistry, Setsunan University; *Department of Genome Biology, Kinki University School of
Medicine, Osaka, Japan; and *Department of Molecular Biology. Keio University School of Medicine, Tokyo, Japan

Abhstract

Antibodies are the most rapidly expanding class of
human therapeutics, including thelr use in cancer
therapy. Monoclonal antibodies (mAb) against epidermal
growth factor (EGF) receptor (EGFR) generated for
cancer therapy block the binding of tigand to varlous
EGFR-expressing human cancer cell lines and abolish
{igand-dependent cell proliferation. In this study, we
show that our mAb agalnst EGFRs, designated as
B4G7, exhibited a growth-stimulatory effect on

varlous human cancer cell lines including PC-14, a
non-small cell lung cancer cell line; aithough EGF
exerted no growth-stimulatory activity toward these
cell lines, Tyrosine phosphorylation of EGFRs occurred
after treatment of PC-14 celis with B4G7 mAb, and it was
completely inhibited by AG1478, a specific inhibitor of
EGFR tyrosine kinase. However, this inhibltor did not
affect the B4G7-stimulated cell growth, indicating that
the growth stimulation by B4G7 mAb seems to be
independent of the activation of EGFR tyrosine kinase,
Immunoprecipitation with anti-ErbB83 antibody revealed
that B4G7, but not EGF, stimulated helerodimerization
between ErbB2 and ErbB3. ErbB3 was tyrosine
phosphorylated in the presence of BAG7 but not in the
presence of EGF. Further, the phosphorylation and
B4G7-induced Increase in cell growth were inhibited
by AGB25, a speciflc inhibitor of ErbB2. These results
show that the ErbB2/ErbB3 dimer functions 1o promote
cell growth in B4G7-treated cells. Changes In
receptor-receptor Interactions between Erb8 family
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members after inhibition of one of its members are
of potential importance In optimizing current EGFR
family~directed therapies for cancer.

{Mol Cancer Res 2007;5{4):393-401)

Introduction

The epidermal growth factor (EGF) receptor (EGFRY is a
member of the structurally related EbB family of receptor
tyrosine kinasc. The ErbB3 family includes four members [ic.,
EGFR (Erb31), Lrh132, EibB3, and Erbi34], all of which can
dimerize with each other: in addition to homodimerization,
specific ligands also induce helerodimerization of differem
pairs of the ErbB family members (1, 2). Although structural
similatity cxists between the family members, important
diffcrences arc also present. Unlike the rest of the FrbB family,
ErbB3 lacks tyrosine kinasc activity {3, 4) and ErbB32 has no
known ligand (5). EGF and transforming growth factor o bind
dircctly only to EGFR, whereas neurcgulins (also known as
hereguling) are specific for ErbB3 and FErbB4 (6-8). Because
expression levels of the family members and their ligands vary
considerably in various cells, signaling pathways via activation
of EGFR family members are complex.

Ligand-induced dimerization of LGER is required 1o clevate
its tyrosine kinase activity. The activated EGFR autophosphor-
ylates tyrosine residuces in its own COOH terminus, after which
the receplor recruits and phosphorylales several signaling
molecnles such as growth factor reeepior binding protein 2
{Cirb-2), phospholipase Cy, Stc homology and collagen protcin
(She), and Grb2-associated binding protein 1 (Gabl: refs. 9,
10). Thus, ligands for EGIFR arc able to activaic 2 varicty of
signaling pathways through their association with these
signaling molecules. The mitogen-activated  protein Kinase
(MAPK) pathway leading to phosphorylation of cexiraccHular
signal - regulated kinase (ERK)-1/2 plays an cssential role in
cell grawth {9), and 1he phosphatidylinositof 3 kinase pathway
is also important for cell grawth and cell suevival (11, 12).
Another important signaling pathway ix one for down-
regulation of activated receptors. EGE binding is believed 1o
resutt in localization of EGER 1o clathrin-coated pits, {rom
where EGER is endacytosed. Recruitment of the Grb2/Casitas
B-lincage lymphoma (Cbl) complex to the EGEFR and
aibseguent activation of (bl dependent ubiquitimation are
essential for the delivery of EGFRs into these clathrin-coated
pits {13).
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Alierasions resulting in cnhanced EGEFR  cxpression or
function have bheen documenied in a varicly of tumors,
including non - small cell lung cancer. breast cancer, and
gliomas (14-17). These changes can occur due to inereased
production of ligands such as EGF and transforming growih
factor a, increased gene trnscription or amplification of EGFR,
and receplar mutations resulting in constitutive activation ol the
receplor tyrosine kinase (18, 19). A variety of approaches to
hlock the EGFR mediated signaling pathway are cwrrently
undergoing clinical evaluation, including the use of anti-EGFR
monoclonal antibadics (mAD), low molccular weight tyrosine
kinase inhibitors, and immunoconjugates (20, 21). A serics of
anti-EGEFR mADs produeed showed inhibitory activity toward
the hinding of EGF to A431 cells (22). As a result of the
inhibition of receptor kinase, these anti-EGFR mAbs prevented
ligand-induced stimulation of growth in a varicly of eclis that
expressed both EGFR and ligand (20). 1 was also reported thid
anti-EGFR mAbs have the capacity to form receptor-containing
complexes that result in receplor interalization, an important
mechanism for attenuating receptor signaling (23).

It is impartant to Murther explore the primary mechanism by
which various antihodies against EGFR affect growth of a
varicty of cclls. In this present smdy, we decided to examine the
growth-inhibilory effect of a mouse anli-human EGFR mAb,
B4G7, which had previously been prepared against hwanan
A431 cells (24). Contrary to ouf expectations, B4G7 aciually
cxhibited a growih-stimulatory effect in a varety of cells
including gefitinib-sensitive and gebitinib-resistant non-- smalbl
cell Jung cancer cell dines, PC-9 and PC-14, respectively.
Beeanse EGE shawed ne stimulatory cilect on the growth of
these cel} lines, we siudied the molecular effects of 13407 mAb
and EGF in more detail. Our results indicatc that mAb against
EGFR increased growth of several cancer cell lines by
stimulating the formation of ErbB2/ErbB3  helerodimers.

Thercfore. it is of impartance to copsider the status of all ErbB
family mcmbers in cancer cells, not just the EGER. for
optimizing FGEFR-directed cancer therapics.

Results
Growih-Stirmnulatory Activily of mAb against EGFR

We previously produced a mouse anti-human EGER mAb
against A431 cells and referred to it as B4G7 (24). In tivis sindy,
we first examined the effeet of the BAG7 wmAb on the growth of
various human cancer ccll lines. The mAb exhibited a growth-
stimulatory cffect on human non -small ccll lung cancer ccll
lincs (PC-9. PC-14, and A349) as well as on A431 human
cpidermoid carcinoma cells, as determined from the results of a
colorimetric assay (Fig. 1). The growth-stinmdatory action of
B4G7 was confirmed by counting the number of PC-14 cells in
the presence or absence of B4G7 (data not shown). We alse
cxamined the mitogenic activity of purificd mouse immuno-
globulin G (IgG) toward PC-14 cells and found that therr
growth was nol affected by this control JgG (data not shown),
These weie nnexpected resihs becanse many rescarch groups
have previously reporied that anti-EGFR mAbs block the
binding of ligand to various EGFR-expressing human cancer
ccll lines and thereby abolish ligand-dependent cell prolifcra-
tion (20). Because EGF showed no stimulatory cffect on the
growth of these cell lines, we next studied the molecalar efleets
of B4G7 mAb and EGF on EGIR.

B4G7 mAb Alffects Neither the Internalization nor the
Down-Requlation of EGFR in PC-14 Cells

As shown in Fig. 2A. the majority of EGFRs were localized
at the cell surface in the control cells, Aller, EGE stimulation,
the distribution of EGFRs was quite distinet: the cell-surface
receplors disappeared; and EGEFR-containing vesicles appearcd
in their place, thus indicating the internalization of EGFR on
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140 * ' 140 .
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8 o 3 80
s B
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.40 40
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140 A549 . — 140 A3 e g 5
——] . 1 FIGURE 1. Growth:
120 120 stimutatory eflect of anti-£EGFIR
S el I3 mAb. Cels wete treated or
:'? 160 ¢ 100 nol with 100 ng/inl. EGF or 10
3 w0 S s pg/mL B4G7 for 2 d and Iner
K] S growth was estimated by
o B0 o 60 means of WST-t assay as
< 40 ¢ 4 described in Matesials and
0 Methods. Columns, mean
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{) EGF B4G?7 {) EGF BAG7 ments.
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FIGURE 2. B4G7 affects neither the internal-
ization nor the down-reguiation of EGFR in PC-14
cells. A, PC-14 cells were Ireated with 100 ng/mL
EGF or 10 pg/mL BAG7 mAb for 15 min. EGFRR
localization ol these cells was determined by
immunostaining as described in Malerials and
Methods. Bar, 10 ym. B PC-14 celis wers treated
or not with EGF or B4G7 for the Indicated limes.
Cell lysales were propared and used lor the

B4G7

deteclion of EGFR as described in Materials and B 1 3 6 12 h

Methods. The blot was reprobed with a {-actin

anlibody to show equal loading. Similar resulls - - . -

were oblained lrom lour independeat experiments, E 8 E B E B E B EEGF
Immunoblot analyses of tolal ceflular lysates, .~y L N ] - o o = = .
which were prepared by using (he .aemmli SDS EGIR ’ ’ - - B8:B4G7

buffer contrining 5% meicaptocthanol, gave sim:
ilar results.

Agtin
EGE stimulation. In contrast, most of EGERs st} remained
on the cell surface alter B4G7 reatment. We nexy did Westem
blot analysis to asscss the down-regulation of EGFRs after
stimulation of PC-14 cells with EGF or B4G7 mAb (IFig. 2B).
The down-regulation increased as the incubation time with EGF
was lengthened, whereas EGFRg were still defected even 12
h afler B4G7 weatment. Thus, B4G7 mAb aflected neither the
internalization nor the down-regulation of EGIFRs.

Activation of EGFR. ERKI1/2, and Akt after B4G7
Treatment

Next, we assessed EGFR phosphorylation on Tyr''™ and
phosphorylation of ERK 172 and Aki, downstream malecules of

EGF - 3 5 10
D-EGFR "R zoe.
EGFR @ wa w; o
p-MAPK o <
MAPK —_— e e g
- e e
FIGURE 3. AG1478 inhib- p-Akt e o
its tyrosing phosphiorylation of
EGFR but not phosphosylation i
of AKXl and ERK1/2. PC-14 Akt Ll
cells were pretreated with 200
nmolifl, AG1478 lor 2 h and
then incubated with EGF or
BAG7 for \he indicated limes, BAG7 - 3 ‘ 10
Total cell extracts were then A
prepared and electiophoresed _ . 5w
on 75% SDSPAGE lor the p-LGFR
detection of EGFR phosphor- - g .8 [
ylation orf on 12.5% 8DS. EGFR el
PAGE for the detection of
phosphoryiated ERK1/2 and MA| —— I
phosphorylated Akl. EGFR, p-MAPK
ERK1Y/2, and AKl and phos- MAPK
phoryiation of these moiccules
were detected by using cach
corresponding antihody. Simi- p-Akt p—
lar resulis were oblained tiom
Ihree independent expori- AKL

ments,
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EGER, after stimulation of PC.14 cells with EGF or B4G7
mAb (Fig. 3). Following the addition of EGF or B4G7, tyrosine
phosphorylation of EGFR was obscrved with a peak at 10 to
15 min. ERK1/2 and Akl were phosphorylated cven in the
ahsence of EGF or B4G7, and this phoesphorylation was lurther
augmented in boih EGE- and B4G7-treated cells. 1 thus scems
that the growth-stimulatory activity of B4G7 mAD is not simply
explained by its activity to stimulate tyrosine phosphorylation
of EGFR and subscquent phosphorylation of ERK1/2 and Akt
molecules. Figure 3 also shows the effect of AGI478, a specific
whihitor of EGER tyrosine kinase, on tyrosine phosphorylation
of BGFR. This inhibitor suppressed the tyrosine phosphoryla-
tion of EGER in both EGE- and B4G7-treated cells, althongh a
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FIGURE 4. AG1478 shows no inhibitory aclivily against B4G7-

stimilated cefl growth, PC-14 cells were prelreated with 200 nmol/l
AG1478 fur 2 h and then incubated with 100 ng'mL EGF or 10 pg/ml
BAG?. After 2 d of incubation, their growth was ostimated by means of the
WST-1 assay as described in Malerials and Methods., Colurnns, mean
(n = 6); bars, SD. *, P < 0.01. Similar rosuits were oblained trom three
independent experiments.

faint band of phosphorylated EGFR band was siill visible in
EGE-treated cells alter AG1478 treatment. On the olher hand,
the inhibitory activity of the inhibitor against the phasphory-
lation of ERK1/2 and Akt was not remarkable. This resnlt
suggests that activation of the twa signaling proteins ERK1/2

and Akt in 34G7-ireated cells eccurred via a pathway
independent of the tyrosine phosphorylation of EGFR.

Next, we determined the cilect of AGI478 on the B4G7-
stimulated ccll growth (Fig. 4). This inhibitor showed no
inhihitory activity against the stimulation of PC-14 ccll growth,
indicating that the growth stimulation by B4G7 mAb scems to
have heen independent of the activation of EGFR 1yrosine
kinase.

Stimulated Formation of HERZ/HER3 Heterodimer by B4G7

LEGFR, Erb32, ErbB3, and LEihi34 arc members of the ErbB
family of receptors. ErbB receptors signil thromgh a network
involving receplor homodimerization and heterodimerization.
Thus, we examined whether B4G7 mAb waould cause the
down-regulation of other members of the ErbI3 family although
it did not down-rcgulate EGFR. As shown in Fig. SA,
incubation of PC-14 cells with EGF, but not with 134G7
mAD, caused down-regulation of EthB2. On the other hand,
neither EGE nor B4G7 mAb down-regulated FrbB3. Many
studics have shown that ligand-activated EGFRs preferentially
recruit FrbB2 fnto a heterodimeric complex in cells that
coexpress BrbB32 (25). Thus, it is most likely that EGF down-
repwlated ErbB2 through the increased formation of EGER/
ErbB2 heteradimer. n fact, when lysates from EGF-treated PC-
14 cells were incubated with anti-EGFR  antibady, ErbB2
hecame detectable in the immunocomplex (Fig. 5B). In
confrast, it was not detected in lysates [rom B4G7-treated PC-
14 cclls.

ErbB3 has been obscrved to preferentially heterodimenize
with ErbB2 in several cancers, leading fo a stiong oncogenic
signal thought to promote tumeor cell proliferation (26). We thus
studied whether treatment of PC-14 cells with EGF or B4G7
would affect complex formation hetween ErbB2 and Erbi33.
Immunoprecipitation with anti-E1bB3 antibody revealed that

A 1 3 6 12 h
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EbB2 = e cm om e oo on o o o
Actin i~ - w— v ——— watr mpr o e oo e woew £ EGF
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B R FIGURE 5. B4G7 stimulates FibB2/EbB3
B4G7 EGF heteradimer tormation. A. PC-14 cells were
- 5 10 15 30 60 ~ 5 10 15 30 60 min tieated or not with EGF or B4G7 for the indicaled

ErbB2

c

£rh82

ip.anti-ErbB3 Ab

WU SR

ErbB3

times, Lysates were prepared from these cells and
used for lhe detection of ErbB2 and ErbBJ3 as
described in Materials and Methods. The blot was
reprobad with a p-actin antibody to show equal
loading. B, FGFA was immunopiecipilated from
the lysates by using anli-EGFR antibody, and the
Immunopsecipitates were exarmined lor EGFR and
ErbB2 as dosaribed in Materials and Mothods. C.
PC- 14 celis were lreated or not with EGF or BAG?
for 15 min. The supernatart fractions of cell
lysates wearte immunoprecipitated with anli-c.
erbB3 antibody, and proteins chded from the
immunocomplexes were subjected 1o SDS-PAGE
and used for immunoblat analysis of EibB2 and
EcbB3. Similar results were oblained {rom three
intiependent experiments.
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ErbB2 and its phosphorylation by using anti--c- E1bB2 antihody and anti~ phospho-erb82 (T yr*%“" antibody, respectivaly. C. PC-14 cells were incubated with
EGF or BAG7 lor 2 dinthe prosence of 0.5 pmot/l. AG82S. Their growth was estimatod by means of the WST-1 assay as doscribed in Matarials and Methods.
Columns, mean (n = 6); bars, SD. . 2 < 0.01. Similar resulls were obtained from three independent experiments.

B34G7 but not EGF stimwlated hetarodimeriztion hetween
ErbB2 and ErbB3 (Fig. SC).

The EGER extracclular domain (amino acids 1-621) shares
45% amino acid idemity with that of EdbB3. Duc to this
homology, specific B4(G7 antibody against EGFR may show
some cross-reactivily against ErbB3. We thus detennined
whether B4G7 binds to ErbB3 as well as to FGER. Impuno-
complexes were prepared from lysates of PC-14 cells using
B4G7 and assayed for the presence of ErbB3 by inmunoblot
analysis. Because Ebi33 was not deected at all in these
complexces (data not shown), B4G7 seems to promoic [ormation
of ErbB2/ErbB3 heterodimers by its binding to EGFR but not
to Erbi33.

B4G7-Stimulated Cell Growth Requires ErbB2/ErbB3
Heterodirner and ErbB3 Tyiosine Phosphotylation

If £rbB2/ErbB3 heterodimers are formed in the presence of
BAGT, EbB3 of B4GT-treated cells could be phosphorylated
by ErbB2 tyrosine kinase. Indeed. E/bB3 was tyrosine
phosphorylated s the presence of B4G7 but not in the presence
of EGF (Fig. 6A). Further, this phosphorylation was inhibited
by AG82S. a specific imhibitor of ErbB2. On the contvary, EGF-
induced phosphorylation of firbB2 at Tyr' ™™, passibly through
heterodimersization of LEGFR/EbB2, was not imhibited by
AGB2S (Fig. 613), indicating a sclective inhibitory action of
this inhibitor against Erb32 tyrogine kinase. Further analysis
of immunocomplexes formed in the presence of anti-
EGER antibody confinned that EybB2  phosphorylation by
EGFR aymosine kinase was not inhibited by this inhibitor:
tyrosine-phosphorylated  1irbB2 was  detected only in the
immunoacomplexes rom EGEareated cells but aot in those
from B4G7 reated cells, and this phosphorylation was ant
inhibited by AGE2S (data not shown}.

To cxamine assaciation of LrbB2 (yrosine kinase with
B4G7-induced cell growih, we treated PC-14 celis with AGR2S
before heiv stimulation with EGE or B4G7  As shown in
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Fig. 6C, cell growth increased by B4G7 was suppressed to the
control level by this pretreatment. These results show that
ErbB2 tyrosine kinase and the ErbB2/ErbBY dimer funciion to
promote cell growth in B4AG7-treated cells.

Discussion

We previously produced a mAb against EGFRs by
immunizing BALB/c mice with human epidermeid carcinoma
Ad31 cells (24). This mAb, which we named B4G7, inhibited
ihe binding of "’ I-EGF to A431 cells and human (ibroblasts
and specifically precipitated EGEFR of A431 cells. Sato ¢ al.
(22) also produced mAbs against Ad31 cells and found that
these antibadics were capable of inhibiting both the binding of
EGF 1o its receptor and figand-induced cell prodiferation. In this
study, we made the unexpected finding that B4G7 mAb cexcrted
growth-stimulatory activity toward various cancer ccll lines. We
initially thought that B4G7 stimnlated cell growih via signaling
pathways originating from FEGER tyrosine phosphorylation
becanse BAG7 stimulated EGER lyrogine phosphorylation and
also phesphorylation of MAPK and Aki, two downstream
signaling molccules of EGIFR. However, the growth stimulation
by B4G7 was independent of EGFR activation itsclf because
the stimulation was not affecied by the presence of AG 1478, an
LGIER tyrosine kinase - specific inltibitor.

LEGER forms homodimers as well as heterodimers with the
other ErbB family members, and cooperation between Erbl3
family members plays pivoetal roles in a variety of critical
Tunctions. 11 is thus rcasonable lo speculate that binding of
B4Gi7 mAb to EGFR alfects cross-talk among the Erb3 family
and the cellular effcets mediated by these yeceprors. In B4G7-
treated PC-14 cells, the EGER/IGD3Z complex was net
detected, although its formation was increased in response to
EGFE (Fig. $B). Therefore, B4G7 may have blocked the ability
of EGFR o heterodimerize with ErbB2 or FrbBY and thus
fucilitated enhancad dimerization botween 1rb32 and ErbB3. In
fact, EtbB2/ErbB3 heterodimers were formed in the presence of
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B4G7 bui not in the presence of EGF (Fig. 5C). In EGF-reated
PC-14 cells, major combinations of Erbl3 family memhers were
EGFR homodimer and EGFR/ErbB2 heierodimer. AG1478
inhibited, but not completely, EGEFR phosphorylation, whereas
it inhibited phosphorylation of ERKV/2 :nd Akt to a lesser
extent. The limited efficacy of AG1478 could have arisen from
unblocked FrhB2 signaling in the form of EGFR/EDB2.

At least six diflerent tigands are known (o bind to EGER.
These ligands include EGF, transforming growth factor c,
amphircgulin, heparin-binding EGF, betacellulin, and epircgu-
lin {1, 20, 27). A sccond class of ligands, collectively temmed
neurcgulin, bind directly to ErbB3 and/or ErtB4 (6-8). I is
known that EibB2 and 1ibB3 dimerize 1o produce a high-
alfinity receptor for neuregulin-1. Beeause production and
seeretion of neurcgulin-1 have been reported in many human
ling cancer cell lines (28), it is very likely that neurcgulin-1 or
ncurcgulin isoform is scereted from PC-14 cclls and thereafier
activates the ErbB2/EbB3 heterodimer in an antocrine fashion.
This likelihood is supported by the finding that ErbB3
phasphorylation was increased on 134Gi7 addition and abrogat-
ed in the presence of AGY¥25, which scleclively inhibits the
EsbB2 kinase activity.

The physiologic rolc of ErbB2, in the contoxt of ErbB ligand
signaling, is to serve as a coreceptor (29, 30). ErbB32 scems to
be the preferred partner of the other ligand-bound FErbBs (25,
a1). FrhB3 functions as an indispensable ErbB2 dimerization
pariner and is required for proliferation of ErbB2-overexpress-
ing tumor cells, and neither EtbB1 nor ErbB4 could replace
ErhB3 as pariner of ErbB2 to drive pralileration. Thercforc, it
scems that the ErbB2/Erb133 formed in the presence of B4G7
but not in the presence of EGF wansmits cflective proliferation
signals in PC-14 cells. This netion is supponed by our finding
that AGB2S, a specilic inhibitor of FrbB2, suppressed B4G7-
stimulated cell growth (Fig. 6C). Taken together, these findings
indicate that B4G7 transmilted signals for growth stimulation
by increasing the formation of LErbB2/ErbB3 (see Fig. 7).

The signals generated by activated growth factor receptors
are generally attenuated by the process of teceptor internal-
ization. which leads 1o recepror degradation (32, 33).
Neuregulin has been teported 1o undergo slow endocytosis
followed by receptor recycling to the plasma membrane (34).
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In contrast, most of the EGEP-stimulated EGFR maolecules arc
destined to lysosomal degradation. Duc to the consequent
clearance of EGFR but not ErbB3 mulecules from the cell
surface, the mitogenic signal evoked by EGFEF is less potent
than the neurcgulin signal (29). o PC-14 cells, EGIFR and
£ErbB2 were down-regulated in the presence of EGFE, but their
levels were unchanged afler B4G7 reament. Therefore, slow
cndocylosis and receptor reeycling of EchB2 and ErbB3 may
explain the capacily of B4G7 1o deliver more sustained
mitogenic signals than EGE. Another mechanism for the
different mitogenic capacity probably involves the recrnitment
of distinct sets of downstream cffcctors to cach of the
activaled FrbB family members, Onc of the downsiresm
effectors is phosphatidylinositel 3-kinase. the activation ol
which results in the phosphorylation of the 3 position of
phosphatidylinositol 4,5-bis-phosphate to yicld phosphatidyli-
nositol  3,4,5-tris-phosphate.  Phosphatidylinosito] 3,4, 5-tris-
phosphate. in tun, activates several <downstscam signaling
molccules including Akl ErbB3 clfectively couples 1o the
phosphatidylinositol 3-kinasc/Akt pathway hecause it has six
tyrosine phosphorylation sites wilth YXXMs molifs, which
serve as execllent binding sites for phosphatidylinositol 3-
kinase {35, 36). Because the phosphatidylinositol 3-kinase/Akt
pathway originating from Lrb33 is suggested to play an
mportant role in the stimulation of cell growth (37, 38), it is
reasonable 1o speculate that this pathway is linked to (he
mitogenic superiority of ErbB3. In this study, we determined
the phospharylation time course ol Akl in B4G7- and LEGF-
treated cells, but there was no significant difference between
their phospharylation kinelics,

Neurcgulin activates ERK MAPK, a signaling pathway that
is critical in the mitogenic clfect of neurcgulin (39, 40). 1t has
been indicated that sustained, bui not transient, aclivation of
ERK induces phosphorylation of immediate carly gene
products, which leads to their stabilization and activation,
resulting in appropriate gene expression, such as that of cyclin
D (41, 42). Further, only sustained ERK activation induces and
maintains decreased expression levels of antiproliferative genes
{43). Thus, the duration and magnitude of ERK activity is a key
determinant for the mitogenic response of various cells to EGF
(44, 45). The differential mitogenie response af PC-14 cells to

FIGURE 7. Schematic iepresentation of how
mADb B4G7 shmulates call growth. Homodimers
and hetetodimers of EGFR are toimed on EGF
addiion, On the other hand, the E/bB2/EbB3
heterodimer is tormed in the presence ol B4G?7
mAD because binding ol B4AG7 mAb to EGFR
inhibits the abslily of EGFR to torm heterodimers
with E1bB2 and ErbB3. ErbB2/EB3, unlike
EGFR dimers, continues 1o exist on the cell
stiface and transmits signals for growth stimuta-
tion. E1bB2/E1bB3 nay be aclivaled in an ato-

stimulation ciine tashion.
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EGE and B4G7 may he relaied to the differential kinetics of
I:RK activation in B4G7- and EGF-trcaled cclis. However, hoth
LEGF and B4G7 mAb stimulated phosphorylation of ERK in a
similar time-dependent manner (sce Fig. 3). We studied
phosphorylation of ERK and Akt in PC-14 cells treated with
EGEF or B4G7 for a longer poriod of time, but obscrved no
significant difference in the phosphorylation time course
between BAG7- and EGT-treated cells.” The duration of Akt
and MAPK aclivilics may be cssential, bt not sullicient. for
ensuring G, phase progression of PC-14 cclls. A more detailed
side-by-side comparison of PC-14 cells treated with EGF or
34G7 should provide a hint fos clucidating the signaling
pathway for B4G7-induced cell growth.

A variety of approaches to block the EGFR-mediated
signaling pathway are undergoing clinical cvaluation, inchuding
the use af mAbs against EGFR and FrbB2 (46). The sudy
prescnted here might have impottant clinical implications
because it indicates that mAb against EGFR stimulated the
growth of scveral cancer cell lines by affecting dimerization of
EGFR family members othier than EGER. Similarly, ZD183%9, a
specific EGFR tyrosine kinasc inhibitor, has been reported to
inhibit the growth of ErbB2-overexpressing breast cancer cells,
possibly by sequestration of ErbB2 and ErbB3 receptors in an
inactive heterodimer configuration with EGFR (47). Another
group also reported that climination of Eib32 signaling resulied
in an increasc in EGFR expression and activation and that jis
increased activation contributed to sustained cell survival (48).
Changes in receptor-receptor interaciions between LErbB family
members and compensatory changes in the TirbB family after
inhibition of one of its members are of potential importance in
optimizing current BEGER family  dirccted therapics for cancer.

Materials and Methods
Materials

EGF (ultmpure) from mouse submaxillasy glands was
purchased from Toyobe Co. Lid. (Osaka, Japan). FCS,
phenylmethylsulfonyl flnaride, pepstating A, p-tolucnesnl-
fonyl-L-arginine methyl ester, leupeptin, and aprotinin came
from Sigma (St. Louis, MO). AG1478 {4-(3-chloroaniline)-6,7-
dimcthoxyquinazoline] and AG825 [4-hydroxy-3-mcthoxy-5-
(benzothiazolylthiomethyDbenzylidenceyanoacetamide| were
purchased from Calbtochem (San Diego. CA). RPMI 1640
and DMIEM were from Nissui Pharmacentical Co. Lid. (Tokyo,
Japan). Antibodies used and their sources were as follows: anti-
phosphotyrosine (PY20: BD Transduction Laboratories, San
lose, CA); anti- phospho-EGER (Tye''™) and anti phospho-
erbB2 (Tyr'™™) (Upstate Biotechnalogy, Lake Placid, NY);
anti-EGER (1005) and anti-1irbB3 (C-17; Sunta Craz Biotech-
nology, Inc., Santa Cuz. CA) anti-Akt (Cell Signaling
Technology, hic, Beverly, MA): anti-MAPK (Sigma): anti
phospho-Akt (Tyr*™) and anti-ACTIVE MAPK  (Promega,
Madison, WI); anti ¢-FrbB2/c-Neu (Ab-3: Calbiachem);
horseradish peroxidase  conjugated swine anti-rabbit immune-
globalin (DAKQ, Glostrup, Denmark): and horscradish perox-
idasc linked sheep anti-monse IgGoand biotinylaled sheep
anti-mouse immunoglobulin (GE Healihcare, Piscataway, NI,

* Kenpi Takenchs and Vomaada Hio, appabbisked data.
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A mouse anti-human EGFR mAb (B4G7) was parified from
mouse ascites by ammonium sulfate precipitation and protein G
column chromatography. All other chemicals were commercial
products ol reagent grade.

Cell Culture

Human non--small cell lung cancer cell lines PC-9 and PC-
14 were obtained from Tokyo Medical University (Tokyo,
Japan). Both lincs were cultured in RPMI 1640 supplemented
with 5% FCS in $% CO, at 37°C in a fully humidificd
atmosphere. Human adcnocarcinoma AS49 and cpidermoid
carcinoma A431 were cultured in DMEM supplemented with
5% FCS. Txponentially growing cclls were used in all
experiments,

Growth Stimulation Assay

Cells were seeded at a density of 2 x 10* per well into a
96-well microtiter plate and cultured for 2 days in the presence
of 5% FCS. They were then treated with 100 ng/mb EGI or
10 pg/mL B4GT7 mAb. Afier incubation for 48 h, growth
stimulation was quantified by a colorimetric assay with the
WST-1 reagent according to the manufacturer’s instruction
(Dojindo Laboratories, Kumamolo, Japan).

Preparation of Cellular Lysates and Immunobiotting

PC-14 cells were sceded at a density of 1.2 x 10° per
35-mm-diameter dish and coltured for 2 days. They were then
treated or not with 100 ng/mL EGF or 10 pg/ml. B4GT mAb
for indicated times at 37°C. When the cifects of AG1478 or
AG825 weie assayed, these inhibitors were added 2 h before
the addition of FGF ar R4G7. The cells were then washed with
ice-cald PBS and subsequemly lysed by incubaling in
hypatonic buffer [10 mmolAd. Tris-HC) (pH 7.8), containing
10 mmoll. NaCl, 1.5 mmol/l. MgCly, 0.5 wmol/L. DTT,
0.5 mmol/L. phenylmethylsulfonyl Quoride, 2 pgfnl lcupepting
2 pgiml aprotinin, and 0.3% NP40]. The Jysales were
incnbated on ice for 10 min and clarified by centrifugation at
1,500 % g for 5 min at 4°C. Total proteing (10 pg/ml) from
the supematant fractions were resolved by SDS-PAGE and
transferred 10 Immobilon-P membrane (Millipore, Bedford,
MA). The membrancs were sequentially incubated, first with
primary antibody for 2 h and then with horseradish peroxidase -
conjugated anti-rabbit 1gG antibody (1:1,000) or anti-mousc
189G antibody (1:1.000) Tor 1 h. Finally, the profeins were
visualized by usc of an cnhanced chemiluminescence Wesiem
Blotting Detection Systemy (GE Healtheare) and exposed 1o
auleiadiography Glm (Fuji Medical Xoray film RX-U, Fuji
Photo Film Co., 1ad., Tokyo. Japan).

Immunastaining of Cells for Confocal Laser Scanning
Microscopic Observation

tmmunostaining of celis was done as previously described
(49). Bricfly, PC-14 cells were grown on coverslips Tor 2 days
and then stimmlated with 100 ng/mb EGE or 10 pg/ml. 13407
mADb for 15 min. The cells were fixed with methanol for 5 min
at ~20°C. alter which they were washed thrice with 20 mmol/l
TBS (pH 7.4} containing 1 mowl/L. CaCly (THS-Ca) and incu-
bated with ani-EGFR anlibudy for 2 hal oom temperadine,
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Afler heing washed with TRS-Ca, the cells were incuhated with
biotinylated shcep anti-mouse immunogiobulin antibody
(1:100) for 1 h at room temperature and then with Texas
red labeled sireptavidin (GE Healtheare). The stained cells
were observed under 2 confocal laser scanning microscope
(MRC 1024, Bio-Rad, Hercules, CA).

Immunoprecipitation

PC-14 cells were seeded a1 1.2 % 10% per 150-mm dish and
incubated in RPMI 1640/5% FCS for 2 days. The culwires were
then incubated for 2 b in the presence or absence of 0.5 pnmol/.
AGE25 and treated with cither EGE or B4GT for the indicated
times at 37°C. They were lysed in hypotonic buffer and
centrifuged at 1,500 % g for 5 min as described above. The
supematant [ractions were incubated overnight at 47C with
anti--c-erbB3 (clonce 2I°12) antibody (LabVision Co.. Fremonl,
CA) or anti-FGER antibody (B4(7). Immunocomplexes were
collected on protein G-sepharose (G Healihcare). Bound
proteins were washed thrice with 10 mmol/L Tris-HCI bufter
(pH 7.4) containing 135 mmol/l. NaCl, 0.1% NP40, 0.1%
Triton X-100, a cacktail of protcase inhibitors (0.1 mg/ml.
phenylmethylsulfonyl luoride, 2 pg/mi Jeupepting 1 pgfinl.
pepstatin A, 0.1 pg/ml. p-toluencsulfonyl-L-arginine methyl
ester), 1 mmol/L sodium orthovanadaic, 2 mmold. EGTA,
5 mmol/l. EDTA, 50 mmokL. sodiam [Iuoride, and 30 mmoll.
Na,P,0; and once with TBS and eluted in Lacmmli sample
bulfer containing 2-meresptocthanol. Eluted proteins were
subjccted 1o SDS-PAGIE and immunobloticd as dexeribed
ihove,

Protein Assay

Protein content was assayed by using a Coomassic Plus
Protein Assay reagent (Pierce Chemical Co., Rockford, 1L)
according (© the manufacturer’s instructions.
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~ The tumor suppressor gene TP53 is frequently mutated in human cancers. More than 75% of all mutations are
missense substitutions that have been extensively analyzed in various yeast and human cell assays. The
International Agency for Research on Cancer {(IARC) TP53 database (www-p53.iarc.fr) compiles all genetic
variations that have been reported in TPS3. Here, we present recent database developments that include new
annotations on the functional properties of mutant proteins, and we perform a systematic analysis of the
database to determine the functional properties that contribute to the occurrence of mutational “hotspots” in
different cancer types and to the phenotype of tumors. This analysis showed that loss of transactivation capacity
is a key factor for the selection of missense mutations, and that difference in mutation frequencies is closely
related to nucleotide substitution rates along TP53 coding sequence. An interesting new finding is that
in patients with an inherited missense mutation, the age at onset of tumors was related to the functiopal severity
of the mutation, mutations with total loss of transactivation activity being associated with earlier cancer onset
compared to mutations that retain partial transactivation capacity. Furthermore, 80% of the most common
mutants show a capacity to exert dominant-negative effect (DNE) over wild-type p53, compared
to only 45% of the less frequent mutants studied, suggesting that DNE may play a role in shaping
mutation patterns. These results provide new insights into the factors that shape mutation patterns and
influence mutation phenotype, which may have clinical interest. Hum Mutat 28(6), 622-629, 2007.  Published
2007 Wiley-Liss, Inc.!

key worDS: TP53; p53; missense mutation; transactivation; functional assay

INTRODUCTION

The tumor suppressor gene TP53 (OMIM #191117) encodes a
transcription factor that responds to several forms of cellular stress
and exerts multiple, antiproliferative functions [Vogelstein et al.,
2000]. Somatic TP53 gene alterations are frequent in most human
cancers {Hainaut and Holistein, 2000], ranging from 5 to 80%
depending on the type, stage, and etiology of tumors. Inherited

induce cell-cycle arrest or apoptosis; 3) ability to exert dominant-
negative effect (DNE) over the wild-type protein; 4) temperature
sensitivity (TS) of mwutant; and 5) activities of mutant proteins
that are independent and unrelated to the wild-type protein (gain
of function [GOF]). TA is the most studicd functional property
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Over the last 10 years, a great amount of systematic data has
been generated on the functional impact of TP53 missense
mutations (single amino-acid substitutions), which are the most
alterations observed in cancers (75%). Experimental assays have
been performed in yeast and human cells to measure various
properties including: 1) transactivation activities (TAs) of mutant

proteins on reporter genes placed under the control of various p53
response-elements (p33-RE); 2) capacity of mutant proteins to
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and a single study has performed a systematic analysis of the
activity of all possible missense mutations produced by single-
nucleotide substitution in the entire sequence of TP53 (2,314
mutations). on eight different p53-RE in yeast cells {Kato et al.,
2003]. The study demonstrated chat a great proportion of missense
mutations retain partial TA on at least one promoter and that
there is an overall good correlation between complete loss of TA
and frequent occutrence in cancer.

Somatic and germline TP53 mutations that are reported in the
scientific literature are compiled in the IARC TP53 Database
(www-p53.arc.fr). This database provides structured data and
analysis tools to study mutation patterns in human cancers and
cell-lines and to investigate the clinical impact of murations. It
contains annotations related to the clinical and pathological
characteristics of tumors, as well as the demographics and
carcinogen exposure of patients {Olivier et al, 2002]. Recently,
new annotations and experimental data on the functional
properties of mutant p53 proteins have been integrated in this
database and new tools have been implemented to visualize these
data and analyze mutation frequencies in relation to their
functional impact and intrinsic nucleotide substitution rates. Here
we present these developments and perform a systematic analysis
of the database to identify the factors that shape the patterns and
influence the phenotype of missense mutations in human cancers.

MATERIALS AND METHODS
Database Contents and Website

The information compiled in the IARC TP53 database, and
previously described in Olivier et al. {2002}, has been reorganized
in a single database maintained in an SQL server. Recent
developments and database functionalities are described in decails
in the supplementary material (Supplementary Appendix
§1, which includes Supplementary Figs. S1-S4; available online
at herp:/fwww.interscience.wiley.com/fjpages/1059-7794/suppmat).
Among these developments, a new dataset that compiles data on
functional “activities and properties of p53 mutants has been
integrated, and a web-based tool has been implemented to search
and retrieve these data. Functional classifications have been
derived from these data (see below).

Mutation Data

Data from the RI10 release (July 2005) of the IARC TPS3
Database, with updated information for the germline and function
datascts (extracted from papers published in 2005), were used. For
somatic mutations, only missense mutations detected by DNA
sequencing in tumor samples (data from cell-lines or noncancerous
tissues were excluded), and mutations located within exons 5 to 8
(most studies have screened only these exons) were included. For
germline mutations, only tumors in individuals that have been
screened for TP53 mutation and identified as a mutation carrier
were included.

Mutation Rates

Nucleotide substitution rates for each possible single-nucleotide
substitution in the coding sequence of p53 have been calculated
using a TP53 c¢DNA sequence (Homo sapiens|gi:35213) and
dinucleotide substitution rates derived from human-mouse aligned
sequence of chromosomes 21 and 10 [Lunter and Hein, 2004].
Mutation rates for single-nucleotide substitutions were calculated
by averaging the dinucleotide substitution rates at that position for
the forward and reverse strands. Amino-acid substitution rates
were then calculated by summing up the rates of all possible
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nucleotide substitutions that lead to the desired amino-acid
substitution. These rates are for germline murations and we can
not be sure that they apply to somatic mutations. However, they
provide a reference rate that takes intec account the sequence
context.

Functional Classifications of Mutations

TA. TA were measured on eight p53-RE in yeast assays by Kato
ct al. [2003]. These measurements, expressed as percent- of the
wild-type protein, were used to classify mutants as “supertrans”
(median TA on eight p53-RE above 140%), “functional” (median
TA above 75% and below or equal to 140% of wild-type), “partially
functional” (median TA above 20% and below or equal to 75%),
and “nonfunctional” (median TA below or equal to 20%).

Conservation. All possible missense mutations were also
systematically classified as “deleterious” or “neutral” by two
different methods (SIET [heep:/blocks.there.orgfsift/SIFThiml)
and Align-GVGD [heep:f/agved.iarc.fr]) based on interspecies
sequence conservation [Mathe et al., 2006].

DNE overwild-typep53. A list of 117 mutants was selected
from the “Function” dataset based on the following criteria:
1) mutants located within exons 5-8 and with available DNE
status on both WAFI and RGC promoters (these promoters were
the most frequently used in different studies to assess DNE status);
2) mutants from a large systematic study by Dearth et al. [2007)]
that included 76 mutants. Mutants were classified as “DNE” if
they were DN on both WAF! and RGC promaters, or on all
promoters in the large study, “moderate-DNE” if they were DN on
some promoters and not on others, and “non-DNE” if they were
not DN on both WAF] and RGC promoters, or note of the
promoters in the large study. Of 117 mutants, 39 were classified
“non-DNE,"” 18 “moderate-DNE,” and 60 “DNE.”

.

RESULTS AND DISCUSSION
Transcriptional Activities, Mutation Rates,
and Frequency of Mutations in Sporadic Cancers

The majority (75%) of mutations reported in the database are
missense substitutions that show a great variability in their type
and position, with over 260 distinct mutations frequently reported
in human sporadic cancers. All possible missense mutations
obtained by single-nucleotide substitution along the full coding
sequence of TP53, named MSS hereafter, were classified as
“supertrans,” “functional,” “partially functional,” and “nonfunc-
tional” based on experimental measurements obtained by Kato
et al. [2003] in yeast assays (see Materials and Methods). Of all
MSS located within exons 5-8 (1,070 mutants), 31% (334) were
"functional,” 27% (288) were “partially functional,” 4% (46} were
“supertrans,” and 38% (402) were “nonfunctional.” In contrast,
only 15% (23/156) of the corresponding mutants that have never
been reported in human cancers were nonfunctional, while 41%
(376/902) of distinct mutants and 81% (9821/12153) of all
mutants reported in cancer were nonfunctional. This indicates a
strong selection for loss of TA during cancer development.

When mutants were grouped according to their frequency
in cancer, nine nonfunctional mutants accounted for 31% of
all observed MSS, while 795 mutants, of which more than 65%
retained some transactivation activity, represented 32% of
observed MSS (Fig. 1A). Thus, mutants that are rarely reported
in cancer are more likely to retain some transactivation activity.
Many of these may represent by-stander mutations that were not
selected for their loss of function, and some may represent
sequencing errors.
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FIGURE 1. Transactivation capacity, mutation rates, and frequency in cancer. A: Distribution of the different TA classes of mutants
according to their frequency in the somatic dataset of the IARC TP53 database (R10, July 2005). Three groups have been defined:
above 200 occurrences, between 200 and 20 occurrences, and below 20 occurrences. The number of mutants and the corresponding
number of entries in the database are indicated. Only mutations detected by DNA sequencing and located within the DNA-binding
domain were included. B: Median mutation rates of corresponding mutants in the three different frequency groups.

The proportion of functional and nonfunctional mutants varied
from one cancer to the other. Table 1 shows the proportions of
nonfunctional mutants in various types of cancers compared to
CRC. Colorectal cancer was chosen as a reference because it
presented the highest frequency of hotspot mutants. The highest
proportion of nonfunctional mutants was observed in ovarian
carcinomas (92.0% vs. 84.9% for CRC,; p<0.005), suggesting a
strong selection for loss of transactivation in this type of cancer. In
contrast, in cervical cancer, there were significantly fewer
nonfunctional mutants than in CRC (62.1% vs. 85% for CRC;
p<0.0001). The main etiology of cervical cancer is human
papilloma virus (HPV), which produces the E6 protein that
inactivates p53 by protein—protein interaction. Thus, HPV
infection decreases the selection pressure for loss of p53 function
by gene mutation. Indeed, TP53 gene mutations are infrequent
(about 5%) in cervical cancers. Among cases carrying a TP53
mutation, 2 subset of 46 cervical cancers had documented HPV
status. In HPV-positive cases, a lower proportion of nonfunctional
mutants (36.4%; 5/22) was found, compared to HPV-negative
cases (70.8%; 17/24). Thus, the presence of the virus may also
decrease the selection pressure for mutations with loss of TA. A
{ower frequency (below 75%) of nonfunctional mutations was also
found in oral squamous cell carcinomas (SCC), prostate cancers,

Human Mutation DOI 10.1002/humu

211

and nonmelanoma skin cancers (Table 1). Since HPV is also a risk
factor for oral and skin SCC, it is possible that a proportion of
these cancers with functional mutations are linked to HPV. In fact,
in a subsct of 41 oral SCC with documented HPV status in the
database, 80.6% (25/31) of HPV-negative cases had nonfunctional
mutations in contrast to 60% (6/10) of HPV-positive cases. In
prostate cancer, whose ctiology is poorly understood, 72.2% (109/
151) had nonfunctional mutants. It would be interesting to
confirm this finding in a larger daraset and investigate the reason
of a lower selection pressure for loss of TA.

The median nucleotide substitution rates of mutants grouped
according to their frequency in the darabase are shown in Figure
1B. These rates reflect the propensity of each mutation to occur as
a neutral process from replication error or endogenous mutagenesis
(sce Materials and Methods). The group of rare mutants had the
lowest median nucleotide substitution rates while the group of
most frequent mutants had the highest rates, indicating that
underlying substitution rates play a major role in determining
mutation frequency. Transitions at CpG sites have the highest
mutation rates, thus are expected to be the most frequently
observed mutations. However, only 7 out of 34 transitions at CpG
sites within the DNA-binding domain are frequently observed in
cancers. The median TA of the seven frcquent mutants is below
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TABLE 1. Transactivation Activities by Cancer Type for Mutations Localized in the DNA Binding Domain

Cancer type® Nonfunctional® Others Dataset size® RR (95%CI)*
CRC 1568 (84.9%) 279 (151%) 1847 1 (reference)
Oral SSC 327 (70.5%) 137 (29.5%) 464 0.83 (0.78-0.88)"
Larynx SCC 114 (81.4%) 26 (18.6%) 140 0.96 (0.88-1.04)
Lung NSCC 841 (81.0%) 197 (19.0%) 1038 0.95 (0.92-0.99)*
Esophagus SCC 543 (80.1%) 135 (19.9%) 678 0.94 (0.90-098)*
Esophagus ADC 143 (85.6%) 24 (14.4%) 167 1.01 (0.95-1.08)
Stomach ADC 135 (75.8%) 43 (24.2%) 178 0.89 (0.82-0.97)*
Liver HCC 394 (86.2%) 63 (13.8%) 457 1.02 (0.97-1.06)
Bladder TCC 229 (79.2%) 60 (20.8%) 289 0.93 (0.88-0.99)*
Prostate 109 (72.2%) 42 (27.8%) 151 0.85 (0.77-0.94)*
Brain gliomas 784 (86.4%) 123 (13.6%) 907 1.02 (0.99-1.05)
Breast 896 (80.0%) 224 (20.0%) 1120 0.94 (0.91-098)*
Cervix 46 (62.1%) 28 (37.9%) 74 0.73 (0.61-0.88)*
Ovary carcinomas 208 (92.0%) 18 (8.0%) 226 1.08 (1.04-1.13)
Lymphoid leukemias 141 (81.0%) 33 (19.0%) 174 0.95 (0.89-1.03)
Myeloid leukemias 73 (85.9%) 12 (14.1%) 85 1.01 (0.93-1.11)
Mature B-cell lymphomas 204 (79.4%) 53 (20.6%) 257 0.94 (0.88-1.00)
Skin BCC 123 (69.1%) 55 (30.9%) 178 0.81 (0.74-0.90)"
Skin SCC 80 (66.7 %) 40 {(33.3%) 120 0.79 (0.69-0.89)"

°No significant difference was observed between colorectal cancer and larynx SCC, lung SmCC, esophagus ADC, pancreas ADC, liver HCC, leukemias

and osteosarcomas.

bCategories of mutants based on their transactivation activities as defined in Materials and Methods. Only mutations located in the DNA binding do-
main were included to avoid the bias due to the fact that most studies have analyzed only this region.
“Tumor samples with the indicated topography and morphology were selected where mutation was detected in DNA and exons 5-8 were screened.

Cell-fines were excluded.

YUnivariate analysis of RR with CRC as reference. CRC was used as a reference aroup because it recapitulates the overall spectrum of missense

mutations.
*Statistically significant difference with reference.

ADC, adenocarcinoma; BCC, basal cell carcinoma; CRC, colorectal cancer; HCC, hepatocellular carcinoma; NSCC, non-small-cell carcinoma; SCC,
squamous cell carcinoma; TCC, transitional cell carcinoma; RR, relative risk; CI, confidence interval.

10% (median TA of seven mutants is 0), whereas it is between 15%
and 140% for 24 out of the 27 rare mutants (median TA of mutants
is 55.6) (Supplemencary Table S1). Thus, residual TA is likely to be
responsible for the counter-selection of these 24 mutants. Three
mutants with a median TA< 10% (R213Q, R267W, and R283H)
were among the rare mutants, R267W retain significant activity on
two promoters (40% for Gadd45 and 85% for PS3R2), R213Q has
been shown to retain TA on MDM2 and growth suppressive activity
in human cells {Hsizo et al., 1994; Pan and Haines, 2000], and
RZ83H 1o retain apoptotic activity in Saos-2 cells and TA on WAF1
in yeast assays {Maurici ec al., 2001; Smith et al., 1999]. Thus, these
mutants may tetain some activities that would be sufficient for their
counter-sclection in cancer.

Transcriptional Activity and Phenotype
of Germline Mutations

TP53 genmline mutations are associated with LFS and LFL
syndromes [Olivier et al., 2003}. The clinical definition of LFS
includes a proband with early-onset sarcoma and a first-degree
relative with cancer at <45 vyears of age plus another first- or
second-degree relative with cancer at <45 years of age or sarcoma
at any age. Different definitions are used for LFL, which
correspond to extended definitions of LFS (including sarcomas
at any age, or other childhood cancers in probands). TP53
getriline mutations have also been reported in individuals with no
family history (noFH) or with a family history {FH) not fulfilling
LES of LFL definitions." LFS corresponds to the more severe
phenotype since it includes three tumors at <45 years, whereas
LFL definitions include one or two tumors at any age, and FH
usually corresponds to familial clustering of tumors with [ater onset
cancers [Olivier et al., 2003]. In cancer families carrying a TP53
germline mutation, of the 238 missense mutations reported in the
database, 73% were nonfunctional, 7% functional, and 20%

retained various degrees of TA. The most frequent cancers
associated with TP53 mutations are breast cancer {BC), bone and
soft tissue sarcomas (BoneS and STS), brain tumors (BT), and
adrenocortical carcinomas (ADR) [Olivier et al,, 2003; Wong
et al,, 2006]. Other less frequent cancers include leukemias,
stomach cancer, colorectal cancer [Birch et al., 2001}, Of the 78
missense mutations reported in LFS families, 92% were nonfunc-
tional, compared to 70% for LFL {42/60), 65% for FH (26/40), and
51% (25/49) for noFH. Thus, thece was a striking relation between
the proportion of nonfunctional mutants and family history,
suggesting that che severity of a mutation phenotype is related to
its functional activity. To further investigate this hypothesis, the
mean age at onset of tumors in confirmed carriers of missense
mutations was compared between functional and nonfuncrional
missense mutations for cancess where at least four tumors wich age
data was available. The mean age at onset in catriers of a
functional mutation was higher than the one for carriers of a
nonfunctional mutation for several cancers. For example, breast
and colorectal cancers show a difference of more than 10 years
(Table 2). Thus, the penetrance of a mutation may be related to its
degree of loss of TA. The fact that transcription-competent
mutations were found in cancer families was surprising. Among
these families, 7 out of 20 carried a mutation that were predicted
deleterious based on sequence conservation [Mathe et al., 2006].
[t is thus possible that loss of an activity independent of TA, or not
captured by the assay measuring TA, contributes to the observed
phenotypes. In one family, the TP53 mutation (N210Y) was
concomitant with a truncating mutation in APC (Zajac et al.,
2000]. The phenotype in this family was classical familial
adenomatous polyposis syndrome (FAP; associated with APC
mutation) but with a more severe phenotype than expected from
the associated APC muration. This example shows how a
combination of mutations with intcrmediate penctrance in two
tumor suppressor genes may result in atypical phenotypes.
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Gain of Function and Occurrence in Cancer

In addition to loss of transactivation, the acquisition of new
properties by p53 mutants resulting in oncogenic activities (gain of
function {GOF]), has also been proposed to play a major role in
the selection of murtations. Various GOF properties have been
described, including the activation of genes normally unaffected or
repressed by wild-type p33, interference with other transcription
factors, and resistance to specific drugs. Analysis of this
information showed that most data on these properties were
obtained on hotspot mutants (Supplementary Table S2) and that
no large systematic study has been performed that would allow a
systematic analysis of cancer-related mutants toward their GOF
properties. Despite these limitations, three categories of GOF have
been selected, where data were available for more than 50 distinct
mutants and for more than 70 experiments measuring: 1)
interference with p73 activity; 2) transactivation of genes
repressed by wild-type p53; and 3) cooperation with oncogene
for transformation of rat embryonic fibroblast (REF) or mouse
embryonic fibroblast (MEF) cells (Supplementary Table S2). Using
these three categories, we were unable to establish any link
between GOF and the frequency of p53 mutants reported in

TABLE 2. Mean Age at Onset of Cancers in Relation to
Transactivation Property of Germline TP53 Mutations*

Functional/partially
Tumor site/type Nonfunctional functional
Breast carcinoma 336 43.2
Soft tissue sarcoma 174 225
Brain tumor 239 299
Bone sarcoma 169 177
Adrenocortical carcinoma 3.2 6.6
Lung carcinoma 46.1 48.8
Colorectal carcinoma 36.3 52.0

*Tumors in confirmed-carriers of a germline TP53 mutation reported in
the IARC TP53 Database (R10, July 2005).

sporadic cancers. For example, R175H, which is the most
frequently reported mutant (reported 944 times), has GOF
properties in all categories. However, two rare (reported less than
20 times) mutants, V143A and D281G, have also been shown to
have GOF properties in the three categories. In fact, the more
frequently a mutant is reported in cancer, the more it was studied
for functional properties and the more likely it is to exhibit a GOF
(Supplementary Table S2).

Studies in mouse models of LFS have reported evidence of GOF
for R175H and R273H mutants {Lang et al., 2004; Olive et al,,
2004). Tumors in these knock-in mice were more metastatic or were
arising in different tissues compared to knock-out mice. Interference
with p63/73 and increased cell proliferation was suggested to be the
underlying molecular mechanism. In the database, 30 mutants that
have been reported in the germline could be classified according to
the three GOF categories defined above. Only one mutant was
negative for p73 interference, while all other mutants were positive
for GOF in at least one category. Thus, we could not determine if
there was any difference in tumor spectrum or age at onset between
mutants with and without GOF activities.

DNE and Occurrence in Cancer

P53 transcriptional activity relies on the formation of tetramers
(dimers of dimers). Mutant proteins may interfere with wild-type
p53 by forming heterooligomers less competent for specific DNA-
binding. The capacity of mutant proteins to interfere with the
wild-type form has been studied in yeast and human cell assays in
various settings. The first systematic study was performed in yeast,
and measured the ability of 35 mutants to inhibit the TA of wild-
type p53 on its consensus response-element [Brachmann et al.,
1996]. It showed that DNE property correlated with occurrence in
cancer. Since then, data has been produced on more than 200
mutants and it appears that DNE is promoter- and cell-type-
dependent [Dearth et al., 2007).

A group of 117 mutants that were tested for DNE with
comparable methods (see Materials and Methods) was selected for
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FIGURE 2. Dominant-negative property and frequency of missense mutants in cancer. Distribution of the different DNE classes of
mutants according to their frequency in the somatic dataset of the IARC TP53 database (R10, July 2005). The number of mutants
with available DNE data and the corresponding number of entries in the database are indicated. Only cancer mutants detected by
DNA sequencing and located within the DNA-binding domain were included.
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database analysis. As shown in Figure 2, the proportion of DNE
mutants was correlated with frequency of occurrence of sporadic
cancers, 80% of the nine hotspot mutants being DNE. Moreover, the
proportion of DNE mutants among the nonfunctional mutants was
lower in the category of less frequent mutants (67.6% in the “ < 20"
category compared to 80% in the frequency categories “20-200"
and “>200"). Thus, DNE may also contribute to the selection of
mutants in sporadic cancers. However, to thoroughly assess the role
of DNE in cancer development, one would need to know the status
of loss of heterozygosity (LOH) in the tumor, a question that is rarely
addressed in original studies and therefore poorly documented in the
database.

In a subgroup of 121 nonfunctional germline mutations
classified for dominant-negative activities, 82.6% were DNE or
moderate-DNE. While the age at onset of tumors associated with
DNE and non-DNE mutants was similar, the type of tumors
showed some differences. Bone sarcomas were half as frequent
in carriers of DNE mutants compared to carriers of non-DNE
mutants (odds ratio [OR] =0.45; 95% confidence interval
[95%CI) = 0.21-0.96; p=0.023) and breast cancers were twice
more frequent in carriers of DNE mutants compared to carriers of
non-DNE mutants (OR = 2.21; 95%CI = 0.84-6.09; p = 0.079).
In tumors from carriers of DNE mutants, LOH would be expected
to be very low. However, in LFS families, LOH has been shown to
occur in about half of the tumors [Varley et al., 1997]. As in
sporadic cancers, it would be necessary to perform systematic
assessment of LOH in tumor samples from catriers of mutations
with different DNE properties to clearly established whether and
how DNE may influence tumor development.
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Hotspots and CancerType

Figure 3 shows a scatterplot graph that display mutants
according to their frequencies, nucleotide substitution rates and
functional impact (based on TA). Missense mutations with TA
similar to wild-type p33 (functional) are close to the y-axes,
indicating a very low frequency, even for mucations with high
substitution rates. In contrast, the frequency of missense
mutations with complete loss of TA (nonfunctional) increased
with substitution rates. This type of graph was used to identify the
most frequent mutants in specific cancer types (Table 3). R175H,
R248Q), R248W, and R273H are the most frequent mutants in
many cancers, except lung, larynx, bladder, liver, and skin
carcinomas. In these latter cancers, hotspots have been linked to
the exposure to environmental factors: tobacco smoke for lung
cancer, tobacco smoke and alcohol for head and neck cancers,
aromatic-amines for bladder cancer, aflatoxine-B1 and hepatitis B
virus (HBV) in liver cancer, and ultraviolet (UV) rays in skin
cancer [reviewed in Olivier et al., 2004]. In lung cancers, VI57F,
R158L, R248L, and R273L hotspots are due to G>T transver-
sions that have been shown to be caused by the presence of
benzo(a)-pyrene dicl epoxide (BPDE) adducts on guanines at
these codons (Denissenko et al, 1996]. BPDE is the main
metabolite of benzo(a)-pyrene, one of the most potent carcinogens
present in high quantity in tobacco smoke. In lung tissue from
smokers, the actual nucleotide substitution rate for these mutants
is thus expected to be higher than the one estimated from
endogenous processes. These hotspots are all defective for TA with
less than 20% of wild-type activity on all p53-RE (colored in red
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FIGURE 3. Interactive scatter plot graph. This graph depicts the frequency (x-axis) of single amino-acid substitutions in relation to
their observed functional impacts (TA) and nucleotide substitution rates (y-axis in log). Each point represents a single amino-acid
substitution that is shaped and colored according to the TA capacity of the mutation (green, functional; blue, partially functional;
red, nonfunctional). On the website, the points can be clicked to obtain all information available in the database for the selected

mutation.
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TABLE 3. Most Frequent Missense Mutants Observed in Specific Cancer Types
Cancer type Dataset size® Hotspots®
CRC 1847 R175H >R248W-R282W-R248Q-R273H-G24558-R273C
Oral SSC 464 R248Q-R175H-R273C-R282W
Larynx SCC 140 V157F>R175H-R273C-R273H-R248L-C176F-Y220C
LungNSCC 1038 R158L-V157F-R249S-R273L-R249M-R248L
Esophagus SCC 678 C176F-R175H-R282W-R273H-R248W-R248Q
Esophagus ADC 167 R175H-R248W-R273H-R282W-G245S-R248Q
Stomach ADC 178 R175H-R282W-R248Q-R248W-R273C-G245S-R273H
Liver HCC 457 R249S
BladderTCC 289 R248Q-E285K-R282W-R175H-Y220C
Prostate 151 R273C
Brain gliomas 907 R273C >R175H-R248Q-R273H-R248W-R282W
Breast 1120 R175H-R248Q-R273H-R248W
Cervix 74 R248Q-R273C-R175H
Ovary carcinomas 226 R273H-R175H-R248W-H179R-R248Q-R273C-G245S
Lymphoid leukemias 174 R175H-R248Q-R273H
Myeloid leukemias 85 R248Q-R273C-R175H
Mature B-cell lymphomas 257 R248Q-R175H-R248W-R273H-R273C
Skin BCC 178 H179Y-R248W-R272W-P1771L-S241F
Skin SCC 120 R248W-R282W-H179Y

aNumber of entries for missense mutations in the selected cancers in the IARC TP53 Database (R10, July 2005).
"Most frequent mutants in each cancer. Mutants that are cancer-specific hotspots are indicated in bold.
ADC, adenocarcinoma; BCC, basal cell carcinoma; HCC, hepatocellular carcinoma; NSCC, non-small-cell carcinoma; SCC, squamous cell carcinoma;

TCC, transitional cell carcinoma.

on the graph). Another site of adduct formation by BPDE is the
third base of codon 267, but the resulting mutation would not
produce an amino-acid change. This mutation has been reported
only once in a breast tumor sample. These results show that bath
mutagenesis and selection of loss of trans-activation is shaping the
patterns of mutation observed in lung cancer. In other tissues
where nonclassical hotspots are observed (in bold in Table 3),
similar mechanisms involving other carcinogens or specific
mutagenic conditions are suspected to be involved.

In brain and prostate cancers, the R273C mutant is more
frequent than any other mutants (13% vs. 8% for R175H in brain,
and 9% vs. 2.6% for R175H in prostate). Because the R273C
mutant results from a transition at CpG site (high mutation rate)
and is inactive for transactivation on all p53-RE, it would be
expected o be more frequently observed in other cancer types. The
teason why this mutant is preferentially selected in brain and
prostate cancers while the R175H, R248Q/W, and R273H mutants
are preferentially selected in other cancers is unclear. In one large
systematic study in yeast, R273C has been shown to have moderate
DNE while Ri75H, R248Q/W, and R273H had strong DNE
[Dearth et al., 2007]. A less potent DNE may thus explain why this
mutant is observed less frequently than expected, but the exception
of brain and prostate cancers remains to be investigated.

CONCLUSION

The integration of standardized annotations on the functional
impact of missense mutations in the [ARC TP53 database provides
a powerful framework for the analysis of “functional” patterns of
mutations in cancers and the detection of genotype/phenotype
associations. Analyses of mutation patterns and phenotypes with
these annotations showed that p53 missense mutation patterns are
shaped by both undetlying nucleotide substitution rates and
functional selection, where selection is based mainly on loss of TA
with possibly an additive role of DNE. Experimental data currently
available on mutant GOF are still scarce and heterogeneous, and it
thus remains unclear whether the acquisition of novel functional
properties contributes to the selection of particular mutant or has
an impact on tumor development. Nontranscriptional functions of

Human Mutation DO! 10.1002/humu

wild-type p53, such as protein—protein interactions involved in
apoptosis or DNA repair, that may be lost by mutant p53 could not
be addressed because data were not available.

The central role of TA is undertlined by the observation that this
activity was related to the penetrance of germline TP53 mutations,
influencing in particular the age at diagnosis of several of tumors.
Thus, this knowledge may have an impact on the management of
germline mutation carriers. It is tempting to speculate that the
same effect may also apply to the prognosis of tumors with somatic
mutations. However, in a recent study on a large series of patients
with breast cancer, we found that TP53 mutations were an
independent factor of poor prognosis [Olivier et al., 2006], but
that TA did not accurately predict differences in survival among
patients with TP53 mutations. In contrast, we showed that
mutations occurring at the DNA-binding surface and mucations
precluding protein assembly (nonsense, frameshifts, and mutations
at splice junctions) had a similar poor prognosis, while mutations
occurring in loops and beta-strands chat support the DNA-binding
surface had a better prognosis. Thus, clinical obhservations indicate
that somatic mutations are not all functionally equivalent, at least
in breast cancer. However, it remains to be assessed whether
the milder prognosis associated to several missense mutants may
be ascribed to specific functional properties.
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and chemotherapy on survival after first-line therapy
in patients with advanced non-small cell lung cancer
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The usual primary endpoint in clinical trials for first-line chemo-  the treatment of NSCLC in Japan. Two international cooperative
therapy in advanced non-small cell lung cancer is overall survival.  Phase II studies (IRESSA Dose Evaluation in Advanced Lung
Second-fine chemotherapy can also profong overall survival. Non-  Cancer Trial: IDEAL1 and 2) demonstrated efficacy (response
smoking history has been associated with a treatment effect for  rates, 12.0~18.9%) and favorable tolerability of gefitinib in the
epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-  treatment of NSCLC after failure of platinum-based chemo-
TKI) versus placebo for overall survival. We performed a retrospective  therapy.“” Furthermore, the results of subset analyses of IDEAL]
analysis to identify prognostic factors for progression-free survival  indicated that the patient characteristics of Japanese nationality,
and overall survival in patients with advanced non-small cell lung  female gender and adenocarcinoma histology were associated
cancer treated with first-line carboplatin/paclitaxel, and to examine  with longer overall survival (OS).“
the effect of second-line therapy on progression-free survival and In a placebo-controlled Phase III study (BR21) erlotinib
overall survival. Ninety-eight patients {median age 61years, 35female,  significantly prolonged OS compared with placebo in patients
74 adenocarcinoma, 68 smokers, 56 performance status 0) fulfilled  with previously treated NSCLC.®® A similar Phase I study
our criteria, of which 75 patients (78%) received more than second-  (IRESSA Survival Evaluation in Lung Cancer [ISEL]) of gefitinib
line therapy (docetaxel [54%] gefitinib [48%] erlotinib [4%]). For  in refractory, advanced NSCLC showed an improvement in
overall survival, smoking history and histology were significant  survival compared with placebo in the overall study population,
prognostic factors. The 2-year overall survival rates were as follaws:  which did not reach statistical significance.” However, in a
smokers, 17%; non-smokers, 52%, P < 0.0001; adenocarcinoma,  subset analysis, statistically significantly longer survival was
40%; other 15%, P=0.0017. Multivariate analysis in patients who  demonstrated in patients of Asian origin and in patients who had
received second-line therapy showed treatment with EGFR-TKIwas  never smoked.™ With the availability of new second-line anti-
an independent predictor of overall survival. Smoking history and  cancer agents such as gefitinib and erlotinib, it is necessary to
adenocarcinoma histology were prognostic factors for an improved consider more fully the influence of second-line treatment on
outcome with carboplatin/paciitaxel in patients with non-small  evaluation of OS following standard first-line treatment. Since
cell lung cancer. Our study results suggest that the use of EGFR-TKI  the opening of our department in Qctober 2002, carboplatin/
after first-line treatment may be associated with an improvement in paclitaxel has been used as the standard first-line therapy for
overall survival. (Cancer Sci 2007; 98: 226-230) NSCLC, while the use of gefitinib as second-line therapy is
increasing each year. In this study we performed retrospective
analyses of data from patients who had received carboplatin/
Lung cancer is the malignant tamor with the highest mortality ~ paclitaxel, in order to identify prognostic variables affecting
rates in the world.(? Approximately 80% of all lung cancer OS and progession-free survival (PFS), and also to determine
cases are non-small cell lung cancer (NSCLC) and patients with  the contribution of second-line and subsequent treatment to
postoperative recurrence or advanced NSCLC may be treated  prolongation of OS.
with systemic chemotherapy. Platinum-based chemotherapy is
widely used as first-line treatment. Various combination regimens  patients and Methods
are available — the Four-Arm Cooperative Study (FACS) con-

———ducted-inJapanbetween October 2000 and-June-2002 didnot - - -Patients: This retrospective-stady recruited-patients-with NSCEC- - - -

demonstrate any superiority of three experimental platinum- who had received chemotherapy at the Thoracic Oncology
based regimens (cisplatin/gemcitabine, cisplatin/vinorelbine  Division, Shizuoka Cancer Center, Japan, between October 2002
and carboplatin/paclitaxel) compared with the reference arm of  and September 2005. Patients met all of the following criteria:™”
cisplatin/irinotecan.®® However, due to its good tolerability, ease  clinical stage IIIB or IV;® patients were administered carboplatin
of use and experience in Westem countries, carboplatin/paclitaxel ~ area under the curve (AUC) 6 + paclitaxel 200 mg/m? as first-line

is currently the standard first-line chemotherapy for NSCLC  chemotherapy; and® performance status (PS) O or 1.
in Japan. Target patients were identified in our electronically controlled

Docetaxel has been widely used as second-line therapy for  clinical database and the following information extracted from
NSCLC in Japan. However, since its approval in July 2002, the their data:™ patient demographics at the start of first-line chem-
use of gefitinib IRESSA), an epidermal growth factor receptor  otherapy (age, gender, smoking history, histology, stage);®
tyrosine kinase inhibitor (EGFR-TKI), has been increasing  objective tumor response;® time to disease progression; OS;
each year. Erlotinib, another EGFR-TKI, which is approved
in a number of Western markets has also been used in clinical
registration trials in some Japanese medical institutions.

Gefitinib was the first molecular targeted agent to be approved for  *To whom correspondence should be addressed. E-mait: n.yamamoto@scchr.jp
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and second-line and subsequent chemotherapy regimens.”® The
tumor response was evaluated according to Response Evaluation
Criteria in Solid Tumors (RECIST) using existing images and
graded as complete response, partial response, stable disease,
progressive disease or not evaluable.

Treatment. Patients received carboplatin and paclitaxel as
first-line chemotherapy. Patients received paclitaxel 200 mg/m?
as a 3-h intravenous infusion, followed by carboplatin AUC 6
(Calvert’s setting) as a 1-h infusion on Day 1. Courses of treat-
ment were repeated every 3 or 4 weeks for 4-6 cycles, until
disease progression or severe toxicity. When a patient developed
National Cancer Institute Common Toxicity Criteria NCI-CTC}
grade 3 non-hematological toxicity (except nausea and anorexia)
after the start of treatment, the dose was reduced to carboplatin
AUC 5 + paclitaxel 150 mg/m>

Statistical analysis. Kaplan-Meier plots were prepared for OS
and PES and median values were calculated. OS was measured
from the first day of first-line treatment to the day of death
or the day last seen alive (cut-off). PFS was measured from
the first day of first-line treatment to the earliest observation of
documented progressive disease, or the day of death if the patient
died before observation of progressive disease. Univariate and
multivariate analyses were performed for OS and PFS stratified
by baseline factors. To identify factors influencing PFS and OS,
multivariate analysis was performed with covariates including
disease stage (IIB versus IV), histology (adenocarcinoma versus
other), smoking history (non-smoker versus smoker), gender
(female versus male) and PS (0 versus 1). Multivariate analysis
was performed by the stepwise regression method using a Cox
proportional hazards model. To evaluate potential interaction
between clinical variables such as smoking history or histology
and EGFR-TKI treatment, patients who received second-line

therapy were included in subsequent exploratory Cox analysis

in which non-smokers and adnocarcinoma patients were
divided by EGFR-TKI treatment, with smokers and nonadno-
carcinoma patients set as references, respectively. Statistical
analyses for this study were conducted using the Stat View software
statistical tool.

Results

Patient characteristics. In total, 98 patients met the eligibility
criteria and their demographic data are presented in Table 1. The
majority of patients were male (64%), had a smoking history
(69%), adenocarcinoma histology (76%), stage IV disease (70%)
and PS 0 (57%). The median duration of first-line carboplatin/
paclitaxel therapy was 3 cycles (range, 1-6 cycles). The median
follow-up time was 24.8 months (range: 4.2—-43.9). 57 patients
died. 41 patients were still alive.

Table 3. Efficacy among patient subgroups: Cox regression analysis

Table 1. Patient demographics (n = 98)

Gender n (%)

Male 63 (64)

Female 35 (36)

Median (range) age, years 61 (34-78)
£COG PS, n (%)

0 56 (57)

1 42 (43)
Smoking history, n (%)

Smoker 68 (69)

Non-smoker 30 (31)
Histology, n (%)

Adenocarcinoma 74 (76)

Other 24 (24)
Stage, n (%)

B 29 (30)

Y 69 (70}

ECOG, European Cooperative Oncology Group; PS, performance status.

Table 2. Best overall objective response, n (%)

By histology

Total popuiation

Adenocarcinoma Other

(n = 98)
(n=74) (n = 24)
Partial response 20 (20) 15 (20) 5 (21)
Stable disease 53 (54) 42 (57) 11 (46)
Progressive disease 25 (26) 17 (23) 8 (33)

Efficacy. The overall response rate to first-line carboplatin/
paclitaxel therapy was 20% (20/98), with outcomes similar in
patients with adenocarcinoma and other histological subtypes
(20% versus 21%, respectively) (Table 2). In the overall popul-
ation, median PES was 4.8 months and median OS 16.5 months,
with a 1-year survival rate of 64%. ’

For PFS, only disease stage was a significant prognaostic
factor (Table 3). For OS, histology, smoking history and PS were
significant prognostic factors (Table 3).

Multivaniate analyses assessing the effects of histology and
smoking history on PFS and OS were performed. No significant
difference was observed for PFS between adenocarcinoma
versus other histology (P = 0.40; Fig. 1) or non-smokers versus
smokers (P = 0.22; Fig. 2). In contrast, OS differed significantly
between adenocarcinoma versus other histology (P =0.0017)

PES 0s
Factor Variable P-value P-value
HR {95% CI) HR (95% C1)

Histology Adenocarcinoma versus other 0.2045 0.0020

- 0.410 (0.233-0.723}
Smoking Non-smoker versus smoker 0.1351 <0.0001

- 0.222 (0.109-0.450)
Gender Female versus male 0.2206 0.2691
PS 0 versus 1 0.9575 - 0.0109

- 0.499 (0.292-0.852)
Stage {lIB versus IV 0.0074 0.2024

0.536 (0.339-0.847) -

PFS, progression-free survival; OS, overall survival; HR, hazard ratio; Ci, confidence interval; NS, not significant; PS, performance status.
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