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Summary Vinorelbineis a moderate vesicant that is well:known to cause local venous toxicity
such -as drug induced-phlebitis. We -conducted a prospective randomized trial to determine
whether .a 1-min ‘bolus injection (1:min bolus) of vinorelbine reduced the iincidence of local
venous:toxicity compared-with a ‘6-min-drip infusion (6:min infusion). Non-small cell lung cancer
.patients-who were to receive chemotherapy containing vinorelbine were randomly assigned to
receive €ither.6-min.infusion.or 1 min:belus of the drug. Allinfusions were administered through a
peripheral vein. :Local venous toxicity was evaluated at each infusion up to two cycles. Eighty-
‘three :patients were randomized into the study and 81 of them assessable for analysis. One
‘hundred thirty-eight infusions to 40 patients in 6 min infusion and 135 infusions to 41 patients
-in+1:min bolus:-were déelivered. Vinorelbine induced-local venous toxicity was observed in 33% of
patients.in 6 mininfusion and 24%in 1.min bolus. There was no statistically significant difference
between the two arms (P=0.41). The incidence of local venous toxicity per infusions was 16%
(22 of 138 infusions) in 6 min-infusion and 11% (15 of 135 infusions) in 1 min bolus (P=0.47). No
severe local venous toxicity was seen:in-either arm. In this study, the administration of in 1 min
bolus of vinorelbine did.not significantly reduce the-incidence of local venous toxicity compared
with 6 min infusion. Further studies for the control of local venous toxicity of vinorelbine are
warranted.

© 2006 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Vinorelbine is a second-generation semi-synthetic vinca

alkaloid whose antitumor activity is related to its ability to

* Corresponding author. Tel.: +81 4 7133 1111; depolymerize microtubules and disrupt the mitotic spindle
fax: +81 4 7131 4724. apparatus [1]. Vinorelbine has been shown to have clearly
E-mail address: kyoh@east.ncc.go.jp (K. Yoh). higher activity and lower neurotoxicity than the other vinca
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alkaloids, and is currently one of the most active agents for
the treatment of non-small cell lung cancer (NSCLC) or other
solid tumors [2—4].

Vinorelbine is most commonly administered through a
peripheral vein as drip infusion over a period of between 6
and 10 min [5]. However, vinorelbine is a moderate vesicant
that is well documented to cause local venous toxicity such
as drug induced-phlebitis and venous irritation, and its inci-
dence of approximately 30% has been reported in patients
who received vinoretbine via a 6—10 min drip infusion [6,7].
Although local venous toxicity is not life threatening, it
can result in discomfort or pain and can be a disincentive
of chemotherapy to the patients. Therefore local venous
-toxicity should be managed effectively to decrease patient
discomfort.

Recently, a retrospective study on drug induced-phlebitis
with bolus injection of vinorelbine -has been reported. In
the analysis of 39 patients who received the administra-
tion of bolus injection of vinorelbine, drug induced-phlebitis
occurred in only 1 of 39 patients (2.6%). The results
suggested that the administration of bolus injection of
vinorelbine might decrease the .incidence of drug induced-
_phlebitis when compared common drip infusion [8].
Furthermore, shortening the infusion time of vinorelbine has
also been reported-to reduce the:incidence of drug induced-
phlebitis [9], although a randomized trial evaluating the
bolus injection of vinorelbine has not been performed.

We conducted -a prospective randomized trial to deter-
mine whether a 1-min bolus injection (1min bolus) of
vinorelbine reduced ithe incidence of ‘local venous toxicity
compared with-a 6-min drip infusion«(6 mininfusiem). In addi-
tion, we assessed ‘the ‘incidence of .acute lower back pain,
which. has been reported to ‘occur:in shoerter time infusions
of.vinorelbine [10] as other toxicity.

2. ‘Patients and methods

2.1. Patient eligibility

Patients who -had histological or cytological evidence
of cancer, and planned ‘to receive vinorélbine-containing
chemotherapy as peripheral .infusion, were eligible for this
study. The patients were required to be 20 years of age
or older and-have an Eastern Cooperative Oncology Group
performance status (PS) of 0—2. Patients were excluded if
they had previous treatment with vinorelbine, medical con-
dition that required regular use of steroids, or were pregnant
or nursing. All patients provided written informed consent
before randomization for this study, and the study was
approved by the institutional review board at the National
Cancer Center.

2.2. Study design

This study was a randomized trial comparing 1 min bolus
of vinorelbine with 6min infusion for the control of
local venous toxicity. The study was performed in the
National Cancer Center Hospital East. Patients were ran-
domly assigned to receive either 6 min infusion or 1min
bolus by a minimization method. Before randomization,
patients were stratified by chemotherapy regimens (stra-

tum [: vinorelbine plus cisplatin, stratum il: vinorelbine plus
gemcitabine, stratum lll: vinoréelbine alone) and body mass
index (BMI) (stratum |: normal (BMi <24), stratum II: high
(BMI 24 or more)). We reported previously that high BM! was
associated with a significant increased risk of vinorelbine
irritation [6].

2.3. Treatment plan

Patients received -either 6 min infusion or 1-min bolus of
vinorelbine. Vinorelbine ‘was diluted in 50ml (6 min infu-
sion) or 20 ml (1 min bolus) normal saline, respectively. All
infusions were administered through a peripheral vein and
followed by flushing the vein with approximately 200 ml of
fluid. The administration of other drugs for the prevention
of local venous toxicity was not allowed. Vinorelbine-
containing chemotherapy regimens consisted of vinorelbine
20—25mg/m? on days 1 and 8 plus cisplatin 80 mg/m? on day
1.every 3 weeks, vinorelbine 20—25mg/m? plus gemcitabine
1000'mg/m? on days 1 and 8 every 3 weeks, or vinorelbine
20—-25mg/m? alone on days 1, 8 and 15 every 4 weeks.

2.4, Qutcome assessment

The primary endpoint.of this study-was the incidence of local
venous toxicity per patient. Local venous toxicity was evalu-
ated at each infusion up to two cycles and graded according
to the National ‘Cancer ‘Institute Common Toxicity Criteria
ANCI-CTC) version 2.0 for injection site reaction by attending
physician: grade 0, none; grade 1, pain, itching or erythema;
grade 2, pain or swelling, with inflammation orphlebitis; and
.grade 3, ulceration or necrosis that is severe or prolonged
or requires surgery. After the administration of vinorelbine,
patients self-recorded in personal dairies symptoms of pain,
itching, swelling, blister, or ulceration at injection. The
patient’s dairies were also used for support of diagnosis of
local venous toxicity. Local venous toxicity was categorized
-as :positive or negative, with positive defined as experience

-of grade 1 or more local venous toxicity at least once during

‘treatment. The secondary endpoint of this study was the
incidence of ‘local venous toxicity per infusions and other
‘toxicity. The incidence of acute lower:back pain, which was
reported to-occur in shorter time:infusion of vinorelbine, and

-‘hematological toxicity were mainly assessed as ‘the other

‘toxicity, and graded according to'NCI-CTC version 2.0.

2.5, Statistical analysis

The purpose of this study was to determine whether 1 min
bolus of vinorelbine reduced the incidence of local venous
toxicity compared with 6 min infusion. The calculation of
sample size was based on the estimated incidence of local
venous toxicity per patient in the two treatment groups.
On the basis of previous reports [6,8], an incidence of local
venous toxicity per patients of 30% in 6 min infusion and of 5%
in 1 min bolus was assumed. To demonstrate this hypothesis
with an alpha of 5% and a power of 80% in a two-sided test,
‘thirty-five patients from each group were required. A total
of 80 patients were projected to be accrued. All comparisons
between proportions were performed by the Chi-square test
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or Fisher’s exact test, as appropriate. Multivariate analysis
was performed by logistic regression procedure to deter-
mine the relationship between the incidence of local venous
toxicity and the clinical variables. P values < 0.05 were con-
sidered significant. The reported P values were based on
two-sided tests. Statistical analysis software (StatView-J
Ver.5.0, Macintosh) was used for the analyses.

3. Results

3.1. Patient characteristics

Between October 2002 and April 2003, 83 patients were
enrolled and randomly assigned into the study. Baseline
patient characteristics according to treatment group are
shown in Table 1. The two treatment groups were well
balanced in regards to age, PS, chemotherapy regimens,
-and BMI. All patients had advanced NSCLC and no prior
chemotherapy. Two patients were not assessable for anal-
ysis because they refused to receive chemotherapy after
randomization.

Treatment delivery is shown:in Table 2. One hundred and
thirty-eight infusions to 40 patients in 6.min infusion and
135 infusions to 41 patients:in 1 min bolus were delivered.
There was no significant difference between the two arms
-for treatment delivery of vinorelbine.

3.2. The incidence of local venous toxicity

‘The incidence of local venous toxicity was 33% (95% confi-
dence interval (Cl), 18.6—49.1%):in 6:min-infusion (13 :of the
40 patients) and 24% -(95% Cl, 12.4—40.3%) in 1:min ‘bolus
(10 of the 41 patients) (Fig. 1a). There was :no statistically
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Table 2 . Treatment delivery™
T ‘ 6min_arﬁp ' >4 min bolus
. ) infusion _ injection
" Evaluable patients .~ 40 a1
Vinorelbine infusions, '
o ' an 3
2z 9. . 8
R e P
D T ST T
*_ Totalinfusions” - - 138 . © - . 435
Vihc;relb'ih-e_('mg‘)’/fbody o T
" 39(30-48) - " 40.(27—48)

;  Median (range) - -

significant difference between the two arms (P=0.41; rela-
tive risk, 0.67; 95% Cl, 0.25—1.77). In 6 min infusion, grade
1 local venous toxicity was observed in 12 patients, grade
2 in 1 patient; in 1 min bolus, grade 1 local venous toxicity
was observed in 8 patients, grade 2 in 2 patients. No severe
local venous toxicity was seen with both arms. The incidence
of local venous toxicity per infusions was 16% in 6 min infu-
sion (22 of 138 infusions) and 11% in 1 min bolus (15 of 135
infusions) (P=0.47) (Fig. 1b).

The incidence of ‘local venous toxicity according to
chemotherapy regimens were 29% (18/60) in the vinorelbine
plus.cisplatin group, 22% (2/9) in the vinorelbine plus gemc-
itabine group, and 25% (1/4) in the vinorelbine alone group,
respectively. The incidence of local venous toxicity in the
‘normal ‘BMI group was 30% compared with 24% in the high
BMI group (P=0.77). There was no statistically significant
difference among ithe stratified factors. We used multivari-
-ate’logistic regression analysis'to determine the relationship

Chemotherapy regimen _ - -
- Vinorelbine/cisplatin .35 -85
* Vinorelbine/gemcitabine 4 10

. Vinorelbine alone . 2 5

Body mass index

~ Median (range) o
_Normal<24 -~ 3R
High>24", Lo 10 24 -

L 217 (13.5-34.2) -

76<.>

037
010
" oas
35 83 0.95
5 " 12
2 5
_ 21.2 (14.7-29.9) 0.79

o1 .2

ECOG, Eastern Cooperative Oncology Group.
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o P=0.41 el B
4= ) ' ok

33% (13/40)
op= : 24% (10/41) 30f= . P=047 .
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y 11% (15/135)

10 p= / 10 = rr

0 7 | A

6 min 1 min 6 min 1 min
(a) drip Infusion bolus Injection (b) drip Infusion bolus injection
Fig. 1 The incidence of local venous toxicity: (a) per patient, (b),per-infusions..

between local venous toxicity and the clinical variables (sex,
age, chemotherapeutic regimen, BMI, the dose of VNR, and
treatment arm). No significant correlations between the
incidence of local venous toxicity and the clinical variables
were found.

According to the patient’s self-recorded diary, 43%
(17/40) of patients in 6 min-infusion had at least one symp-
tom at injection site and 34%:(14/41) of patients in 1-min
bolus (P=0.43).

3.3. Other toxicity

Acute lower back pain (>grade 1:) was observed in 8% of 6min
infusion, and in 7% of 1.min bolus. There was no statisti-
cally significant difference between the two arms (P>'0.99).
Grade 3/4 neutropenia and thrombocytopenia occurred with
similar frequency-in both arms.

4. Discussion

Local venous toxicity such as drug induced-phlebitis is
one of the discomforting toxicities -for -patients «in .cancer
chemotherapy. Vinorelbine is generally ‘well tolerated and
can be administered safely in an outpatient setting; how-
ever, it is a moderate vesicant with the potential to cause
local venous toxicity. In our study, the incidence of local
venous toxicity with the 6-min drip infusion of vinorelbine,
which was used as control arm, was 33%, a similar frequency
as found in past reports [6,7].

This is the first randomized study that evaluated the inci-
dence of local venous toxicity with the bolus injection of
vinorelbine. In this study, the administration of 1 min bolus
of vinorelbine did not significantly reduce the incidence of
local venous toxicity compared with 6 min infusion. The 24%
rate of local venous toxicity with 1 min bolus of vinorelbine,
which was observed in our study, was higher than antici-
pated in the study hypothesis. We speculate that our study
hypothesis overestimated the incidence of local venous tox-
icity with 1 min bolus of vinorelbine because the previous
reference reports were not prospective randomized studies
[7,8]). Indeed, our study indicated that the administration
of 1min bolus of vinorelbine resulted in a non-statistically
significant 27% reduction in rate of local venous toxicity com-
pared with the 33% rate of 6 min infusion. We think that our

study might have no under power to detect a clinically sig-
nificant difference between the two treatment groups. In

-our study, an overall incidence of local venous toxicity was

28% although no severe local venous toxicity was seen. If
a patient with only :poor peripheral venous access receives
the administration of vinorelbine, the -use of implantable
central venous access device should be considered. More-
over, the administration of 1 minbolus of vinorelbine has not

‘been associated with an increased risk of acute lower back
;pain, which was previously reported to occurin shorter time

infusions .of vinorelbine [10]. Hematologic toxicity such as

‘neutropenia and thrombocytopenia were also equivalent in
‘both.arms. In addition, we examined the clinical risk factors

related to local venous toxicity of vinorelbine, but unfortu-

nately there was no significant clinical risk factor in this

study.

Two other randomized studies have been performed for
the control of local venous toxicity ‘of vinorelbine. Lazano
et al. [9] compared the use of ‘heparin-containing solu-
‘tion as anti-thrombotic effect [11] with 10-min infusion of

vinorelbine. in their study, a population of 23 patients was
randomized to arm A, in which vinorelbine plus 5000U of
‘heparin was diluted in 500 ml of normal saline and infused

over 2h, or arm B, in which vinorelbine was diluted in 50 ml
of normal saline and infused over 10 min. Arm A with heparin
was found to be inferior to arm B in terms of pain control
at the injection site. Fasce et al evaluated the influence
of infusion time of vinorelbine on tocal venous toxicity in a

randomized cross-over trial [10]. Forty-eight patients with

solid tumors were randomized to 6-min infusion or 20-min
infusion of vinorelbine. Local venous toxicity was recorded
in 23 patients (48%) in the 6-min infusion group, and in 26
patients (56%) in the 20-min infusion group, respectively. On
the basis of their results, we used the administration of 6 min
infusion of vinorelbine as the control arm in this study. The
use of defibrotide [12,13] as another anti-thrombotic drug,
or cimetidine [14], which was reported to inhibit histamine
actions in endothelial cells by vinorelbine [15], have been
investigated in an attempt to reduce the incidence of local
venous toxicity of vinorelbine. However, there have been no
randomized controlled trials to verify the benefit of these
methods, and thus a randomized controlled study is needed
to draw definitive conclusions about their efficacy.

In conclusion, our findings indicated that the incidence
of local venous toxicity with 1 min bolus of vinorelbine was
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higher than previously reported. In our study, the admin-
istration of 1min bolus of vinorelbine did not significantly
reduce the incidence of local venous toxicity compared with
6 min infusion. Further studies for the control of local venous
toxicity of vinorelbine are warranted.

Acknowledgement

This work was supported in part by a Grant-in-Aid for Cancer
Research from the Ministry of Health, Labour and Welfare,
Japan.

References

[1] Potier P. The synthesis of Navelbine prototype of a new series
of vinblastine derivatives. Semin Oncol 1989;16:2-4.

[2] Depierre A, Lemarie E, Dabouis G, Garnier G, Jacoulet P,
Dalphin JC. A phase Il study of Navelbine (vinorelbine) in
the treatment of non-small-cell lung cancer. Am J Clin Oncol
1991;14:115-9.

[3] Fumoleau P, Delgado FM, Delozier T, Monnier A, Gil DelgadoMA,
Kerbrat P, et al. Phase |l trial of weekly.intravenous vinorelbine
in first-line advanced breast cancer chemotherapy. J Clin Oncol
1993;11:1245--52,

[4] Devizzi L, Santoro ‘A, Bonfante .V, Viviani S, Bonadonna G.
Vinorelbine: a new promising drug in Hodgkin’s disease. ‘Leuk
Lymphoma 1996;22:409—14.

[5] Brogden JM, Nevidjon B. Vinorelbinetartrate (Navelbine): drug
profile and nursing:implications.of a new vinca alkaloid. Oncol
Nurs Forum 1995;22:635—46.

[6] Yoh K, Niho S, Goto K, Ohmatsu H, ‘Kubota ‘K, 'Kakinuma R,
et .al. High body mass .index correlates -with :increased risk

of venous irritation by vinorelbine infusion. Jpn J Clin Oncol
2004;34:206—9.

[7] Rittenberg CN, Gralla RJ, Rehmeyer TA. Assessing and managing
venous irritation associated with vinorelbine tartrate (Navel-
bine). Oncol Nurs Forum 1995;22:707—-10.

[8] Nakayama S, Matsubara N, Sakai T, Aso N. The incidence of
phlebitis in the patients administrated vinorelbine by intra-
venous bolus injection—a retrospective study. Jpn J Cancer
Chemother 2002;29:633-5.

[9] Lazano M, Muro H, Triguboff E, Schmilovich A, Reale M, Gil
DE. A randomized trial for effective prevention of navel-
bine (NVB) related phlebitis. Proc Am Soc Clin Oncol 1995;14:
a1766.

[10] Fasce HM, Machiavelli MR, Tortorella AM, Dominguez ME,
Grasso S, Perez JE, et al. Influence of infusion time on the inci-
dence of vinorelbine (VNB)-induced venous irritation (Vi) and
lower back pain (LBP). Proc Am Soc Clin Oncot 2000;19:a2400.

[11] Thurlimann B, Bachmann |. Effective prevention of
chemotherapy—~induced phlebitis by low-dose heparin: a
prospective randomised trial. Ann Oncol 1992;3:311-3.

[12] Maisano R, Adamo V, Toscano G, Chiofalo G, Pergolizzi S, Sci-

-mone A. Defibrotide in the prevention of venous irritation by
vinorelbine administration. Anticancer Res 1997;17:2775-7.

'[13] Mare-M, Maisano R, Caristi N, Adamo V, Altavilla G, Carboni R,

‘et al. Venous damage prevention by defibrotide in vinorelbine-
‘treated patients. Support Care Cancer 2003;11:593—6.

[14] Vassilomanolakis M, Koumakis ‘G, .Barbounis V, Orphanos
G, Efremidis A. Prevention of vinorelbine phlebitis with
cimetidine. A two-step design study. Support Care Cancer
2001;9:108-11.

.[15] Estevez MD, Vieytes MR, Louzao ‘MC, Alfonso A, Vilarino N,

‘Botana LM. The antineoplastic drug vinorelbine activates non-
immunological ‘histamine release from rat.mast cells. Inflamm
Res 1997;46:119—-24,



Cancer Therapy: Preclinical

AZD2171 Shows Potent Antitumor Activity Against Gastric Cancer
Over-Expressing Fibroblast Growth Factor Receptor
2/Keratinocyte Growth Factor Receptor

Masayuki Takeda," Tokuzo Arao,"* Hideyuki Yokote,"* Teruo-Komatsu,® Kazuyoshi Yanagitiara,®
Hiroki Sasaki,® Yasuhide Yamada,? Tomohide Tamura,? Kazuya Fukuoka,’ Hiroshi Kimura,3

Nagahiro Saijo,? and Kazuto Nishio4

‘ Abstract '

Various anticancer therapies for gastric cancer ‘have ‘been
investigated over the .past two decades. Despite intensive
studies, the prognosis for,patients with unresectable advanced
or recurrent gastric cancer remains poor (1, 2), and new
therapeutic modalities are needed.
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'Results AZD2171 dlrectly |nh|b|ted' the growth of »two gastnc cancer ceII Ilnes (KATO III and PR
- 0CUM2M) WIth an ICso of: 015 and 0 37 umoI/L respectlvely, more potently than the epldermal.[ o

3051

‘ truncated flbroblaét growth factor receptor 2’ (FGFRZ) sphcnng varlants that were constltutlvelyt I’; .
phosphorylated and spontaneously dlmenzed AZDZ171 completely mhlblted the phosphoryla-, o

Fibroblast growth factors (FGF) and their signaling receptors
thave been found te be associated with multiple ‘biological
activities, -including pproliferation, differentiation, -motility, and
transforming activities (3-5). The K-sam gene was first
identified as an amplified gene ‘in human gastric cancer cell
line KATO-I (6, 7), and its ;product was later found to be
identical to the bacteria-expressed kinase, or keratinocyte
growth factor receptor (KGFR), and FGF receptor 2 (FGFR2).
FGFR2/KGFR/K-sam s preferentially amplified in poorly
differentiated types of gastric cancers with a malignant
phenotype, and its protein expression was detected by
immunohistochemical staining from 20 of 38 cases of the
undifferentiated type of advanced stomach cancer (8, 9). Thus,
FGFR2 signaling may be as a promising molecular target for
gastric cancer.

AZD2171 is a potent, ATP-competitive small molecule that
inhibits all vascular endothelial growth factor receptors
[VEGFR-1, VEGFR-2 (also known as KDR), and VEGFR-3].
In vitro studies have shown that recombinant VEGFR-2 tyrosine
kinase activity was potently inhibited by AZD2171 (ICs,
<1 nmol/L; ref. 10). AZD2171 also showed potent activity
versus VEGFR-1 and VEGFR-3 (ICso, 5 and <3 nmol/L,
respectively). VEGF-stimulated proliferation and VEGEFR-2
phosphorylation of human umbilical vascular endothelial cells
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was inhibited by AZD2171 (ICso, 0.4 and 0.5 nmol/L,
respectively). In in vivo studies, inhibition of VEGFR-2 signaling
by AZD2171 reduced microvessel density and dose-dependently
inhibited the growth of various human tumor xenografts
(colon, lung, prostate, breast, and ovary; ref. 10). These data
are consistent with potent inhibition of VEGF signaling
angiogenesis, neovascular survival, and tumor growth. On
the other hand, because it was known that AZD2171 also
possesses additional activity against FGFR1 (ICs,, 26 nmol/L;
ref. 10), we hypothesized that AZD2171 may exhibit the addi-
tional anticancer activity against FGFR-overexpressing gastric
cancer cells.

Our previous studies showed significant activities of the dual
VEGFR-2 and epidermal growth factor receptor inhibitor
ZD6474 against poorly differentiated gastric cancer (11) and
non-small-cell lung cancer with epidermal .growth factor
receptor mutations (12, 13), both in vitro and in vivo. Based
on these findings, we proceeded to investigate :the anticancer
activity of AZD2171 in predinical models (gastric cell lines and
xenografts).

-Materials and Methods

Anticancer agents. AZD2171 and.gefitinib (Iressa)-were:provided by
AstraZeneca. AZD2171 and gefitinib were dissolved in ‘DMSQO ‘for the
in vitro experiments, and AZD2171 was suspended in 1% :(w/v)
aqueous polysorbate 80 and administered in a dose of 0.1 mL/10 g.per
body weight in the-in vivo experiments.

Cell culture. ‘Human gastric cancer cell lines 44As3, 58Asi,
OKAJIMA, OCUM2M, KATO:II1, ' MKN-1, MKN-28, and MKN-74 were
maintained in RPMI 1640 (Sigma) supplemented with 10% heat-
inactivated .fetal ‘bovine serum -(Life Technologies) and :penicillin-
streptomycin.

: Established “highly :tumorigenic cell ‘line. Signet ring -cell gastric
carcinoma cell line KATO:III was gift from Dr.-M. ‘Sekiguchi.(University
of Tokyo, Tokyo, Japan). All of the presented in vitro experiments were
done using the :KATOIIl cell line. We conducted a jpreliminary
experiment to compare the cellular characteristics of TU-KATO-1H cells
and KATOII cells, and the results revealed that a'high expression level
of FGFR2 and high sensitivity to AZD2171 were still maintained in the
“TU-KATO-III cells (data not shown). KATO-1II did not show tumori-
genicity following repeated implamation of the ailtured cells into

"BALB/c nude mice. Following s.c. inoculation into nonobese diabetic/
severe combined immunodeficient mice, 80% to 100% of the KATO-1II
cells caused the formation of tumor. Following this result, we cultured
the cancer cells isolated from the tumor of mice that developed 2 to 3
months following the implantation of KATO-III cells and attempted s.c.
injection into nude mice, in turn, of the incubated cells. This sequence
of manipulations was repeated for seven cycles in an attempt to reliably
isolate cell lines that would have higher potential to undergo tumor
formation over short periods of time. In this way, we obtained a cell
line (TU-kato-111) from KATO-1II cells that possessed a high tumorigenic
potential.

In vitro growth inhibition assay. The 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide assay was used to evaluate the
growth-inhibitory effect of AZD2171. Cell suspensions (180 pL) were
seeded into each well of 96-well microculture plate and incubated in
10% fetal bovine serum medium for 24 h. The cells were exposed
to AZD2171 or gefitinib at concentrations ranging from 4 nmol/L to
80 pmol/L and cultured at 37°C in a humidified atmosphere for 72 h.
After the culture period, 20 plL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide reagent was added, and the plates were
incubated for 4 h. After centrifugation, the culture medium was
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'Fig. 1. A, .invitro growth-inhibitory effect of AZD2171 and gefitinib on eight gastric
cancer:cell lines. /AZD2171:had a growth-inhibitory effect on-KATO-lll cells and
OCUM2M célls (ICgp,'015 and 0.37.umol/L, respectively). Columns, mean ICg, of
each compound from three independent experiments; bars, SD. O,.ICg of gefitinib;
8,ilCy, of AZD2171. B, the mRNA expressionlevels of VEGFRs, FGFRs, and
-c-KIT.in gastric cancer cell lines were determined by reverse transcription-PCR,
Human umbilical vascular endothelial cells were-used as the positive control for the
VEGFRs.'No-mRNA expression of VEGFRs or c-KIT.was detected by reverse
transcription-PCR.in both sensitive cell lines, but FGFR2 was strongly detected;
‘however, little faint or none was detected in the other cell lines.

discarded, and wells were filled with DMSO. The absorbance of the
cultures at 562 nmol/L was measured using Delta-soft on a Macintosh
computer (Apple) interfaced to a Bio-Tek Microplate Reader EL-340
(BioMatellics). This experiment was done in triplicate.
‘Reverse-transcription PCR. Using a GeneAmp RNA-PCR kit (Ap-
plied Biosystems), 5 pg of total RNA from each cultured cell line was
converted to cDNA. The PCR amplification procedure consisted of 28 to
35 cycles (95°C for 45 s, 62°C for 45 s, and 72°C for 60 s) followed
by incubation at 72°C for 7 min, and the bands were visualized by
ethidium bromide staining. The following primers were used for the
PCR: human-specific p-actin, forward 5-GGAAATCGTGCGTGACATT-3
and reverse 5-CATCTGCTGGAAGGTGGACAG-3; VEGFR-1, forward
5-TAGCGTCACCAGCAGCGAAAGC-3 and reverse 5-CCTTTCITTTGG-
GTCTCTGTGC-3; VEGFR-2, forward 5-CAGACGGACAGTGG-
TATGGTTC-3 and reverse 5-ACCTGCTGGTGGAAAGAACAAC-3;
VEGFR-3, forward 5-AGCCATTCATCAACAAGCCT-3 and reverse
5-GGCAACAGCTGGATGTCATA-3; ¢-KIT, forward S5-GCCCACAATA-
GATTGGTATTT-3 and reverse S-AGCATCTITACAGCGACAGTC-3;
FGFR1, forward 5-GGAGGATCGAGCTCACTCGTGG-3 and reverse
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5-CGGAGAAGTAGGTGGTGTCAC-3; FGFR2, forward 5-CAGTAG-
GACTGTAGACAGTGAA-3 and reverse 5-CCGGTGAGGCGATCGCTC-
CACA-3; FGFR3, forward 5-GGTCAAGGATGGCACAGGGCTG-3 and
reverse 5-AGCAGCTTCTTGTCCATCCGCT-3; and FGFR4, forward
5-CCGCCTAGAGATTGCCAGCTTC-3 and reverse 5-AGGCCTGTC-
CATCCTTAAGCCA-3.

Real-time reverse transcription-PCR. Real-time reverse transcription-
PCR amplification was done by using a Premix Ex Taq and Smart
Cycler system (Takara Bio, Inc.) according to the manufacturer’s
instructions. The following primers were used: FGFR2 (11Ib), forward
5-GATAAATAGTTCCAATGCAGAAGTGCT-3 and reverse 5-TGCCCTA-
TATAATTGGAGACCITACA-3 (7); FGFR2 (COOH-terminal), forward
5-GAATACTTGGACCTCAGCCAA-3 and reverse 5-AACACTGCCGTT-
TATGTGTGG-3; and human-specific p-actin, forward 5-GGAAATC-
GTGCGTGACATT-3 and reverse 5-CATCTGCTGGAAGGTGGACAG-3.
The experiment was independently done in triplicate using p-actin as a
reference to normalize the data.

Western blotting. Cells were cultured overnight in 10% serum-
containing medium or serum-starved medium and exposed to 0.1 to
10 pmol/L of AZD2171 for 3 h before addition of KGF (100 ng/mL) for
15 min. Immunoblotting was done as described previously (14). In
brief, afier lysing the cells in radioimmunoprecipitation buffer, the
lysate was electrophoresed through 10% (w/v) polyacrylamide gels. The
proteins were transferred to polyvinylidene difluoride membranes and
reacted with the following antibodies: anti-FGFR2 (H-80) and anti-
FGFR2 (C-17) antibody (Santa Cruz Biotechnology, iInc.); anti-

phosphotyrosine antibody PY20 (BD Transduction Laboratories);
anti - phosphorylated FGFR (Tyr653/654), anti-mitogen-activated
protein kinase, anti - phosphorylated mitogen-activated protein kinase
antibody, anti-AKT, anti-phosphorylated AKT, and anti-rabbit
horseradish peroxidase - conjugated antibody (Cell Signaling Techno-
logy); and anti-B-actin antibody (Sigma). Visualization was achieved
with an enhanced chemiluminescent detection reagent (Amersham
‘Bioscience).

FGFR2 kinase assay. ‘FGFR2/KGFR kinase activity was quantified by
using a Universal Tyrosine ‘Kinase Assay kit (Takara) according to
‘manufacturer’s instructions. FGFR2/KGFR proteins were collected from
the KATO-1II, -OCUM2M, and OKAJIMA cell lysates by overnight
immunoprecipitation with an anti-FGFR2 antibody. The FGFR2/KGFR
immune complexes were washed thrice with radioimmunoprecipitation
assay buffer and diluted kinase reaction buffer. Immobilized tyrosine
kinase substrate (poly|Glu-Tyr]) was incubated for 30 min at 37°C with
each sample in the presence of kinase-reacting solution and ATP.
Samples were washed four times, blocked with blocking solution, and
incubated with anti-phosphotyrosine antibody (PY20) conjugated to
horseradish peroxidase. The absorbance of the phosphorylated sub-
strate was measured at 450 nm.

Chemical cross-link analysis. The chemical cross-link analysis was
carried out as described previously (15). In brief, KATO-III cells and
OKAJIMA cells were cultured under serum-starved conditions for 24 h,
and after stimulation with KGF (100 ng/mL) for 15 min, they were
collected and washed with :PBS and incubated for 30 min in PBS
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Fig. 2. A, schematic representation of FGFR2 and regions amplified by PCR. 8, mRNA expression levels of FGFR2 were quantified by detecting the extracellular domain or
COOH-terminal region by real-time reverse transcription-PCR. Expression in the cells is shown as a ratio to expression in OKAJIMA cells. FGFR2 was overexpressed in
KATO-Hl cells and OCUM2M cells by about 100-fold compared with the other cell lines. The majority of the FGFR2 in the sensitive cell lines KATO-1ll and OCUM2M had no
COOH-terminal region. C, protein expression levels of FGFR2 were determined by Western blotting with antibodies to the NHz or COOH termini. Both AZD2171-sensitive
cell lines overexpressed FGFR2, and the phosphorylation levels were markedly higher. O, chemical cross-linking analysis. Cells were cultured under serum-starved conditions
for 24 h and then stimulated with KGF (100 ng/mL) for 15 min. After collecting and washing them with PBS, they were incubated for 30 min in PBS containing cross-linker
substrate. The reaction was terminated by adding 250 mmol/L glycine for 5 min. In spite of the serum-starved conditions, high levels of expression of the dimerized form were
observed in KATO-IIl cells in the absence of ligand stimutation. This phenomenon was not observed in the control undifferentiated OKAJIMA cell line. Ligand stimulation
resulted in a mild increase in the dimerized form in KATO-UI cells. Arows indicate monomer or dimer formation.
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containing 1.5 mmol/L of the non-permeable cross-linker bis-(sulfo-
succinimidyl) substrate (Pierce). The reaction was terminated by adding
250 mmol/L glycine for 5 min, and the cells were analyzed by
immunoblotting with FGFR2 antibody (Sigma).

FGFR2/KGFR gene silencing with small interfering RNA. Pre-
designed small interfering RNA (siRNA) targeting FGFR2 was purchased
from Ambion. KATO-Ill cells were plated on a 96-well plate and
incubated in serum-containing medium for 24 h. The cells were then
transfected with the FGFR2 targeting siRNA or non-silencing siRNA
using RNAiFect Transfection Reagent (Qiagen) according to the
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Fig. 3. A. FGFR2 targeting siRNA and cellular growth-inhibitory effect. KATO-ll
cells were plated on a 96-well plate and incubated in serum-containing medium
for 24 h, After incubation, the cells were transfected with FGFR2-targeting or
non-silencing siRNA and incubated for another 72 h. Cell growth was evaluated
by 3-(4,5-dimethyithiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. For
immunoblotting, 2 x 105 cells per well were plated on a six-well plate and treated
similarly. Marked inhibition of cell growth ( ~80%) was observed by FGFR2
targeting siRNA compared with control siRNA (top). Reduction of FGFR2 protein
expression in KATO-[ll cells was confirmed by immunoblotting (bottom). Columns,
% control absorbance in three independent experiments; bars, SD. 8 Western
blotting for downstream molecules of FGFR2 signaling. Cells were cultured
overnight under serum-starved conditions and exposed to 0.1 1o 10 umol/L
AZD2171 for 3 h before adding 100 ng/mL KGF for 15 min. AZD2171 completely
inhibited KGF-induced phosphorylation of FGFR2 at 1 ymol/L in the sensitive cell
lines, compared with 10 pmol/L in the control cell line OKAJIMA.. Similar results
were observed for FRS-2, AKT, and mitogen-activated protein kinase (VIAFPK),
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manufacturer’s protocol and incubated another 72 h. Cell growth was
evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay. For immunoblotting, 2 x 10° cells per well were plated
on a six-well plate for 24 h and transfected with siRNA under the same
conditions.

In vivo experiments. Tumorigenic TU-kato-111 cells were derived
from the gastric cancer cell line KATO-III. Four-week-old female BALB/c
nude mice were purchased from CLEA Japan, Inc. and maintained
under specific-pathogen-free conditions; 5 x 10® TU-kato-111 cells or
OCUM2M cells were s.c. injected into both flanks of each mouse. When
the wmors had reached a volume of 0.1-0.3 cm?, the mice were
randomized into three groups (three per group) and given AZD2171,
1.5 or 6.0 mg/kg/d, or vehicle once daily by oral gavage for 3 weeks.
Tumor volume was calculated using the formula: (length x width) x
V/(length x width) x (n/6), where length is the longest diameter across
the tumor, and width is the corresponding perpendicular. All mice were
sacrificed on day 21, and the tumors were collected. The protocol of the
experiment was approved by the Committee for Ethics in Animal
Experimentation and conducted in accordance with the Guidelines for
Animal Experiments of National Cancer Center.

Results’

AZDP2171 showed growth-inhibitory activity in vitro. To

-evaluate the growth-inhibitory activity of AZD2171 in vitro,

we did 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assays on eight gastric cancer cell lines. The epidermal
growth factor receptor-specific tyrosine kinase inhibitor
gefitinib was used as a reference. The 1Cs, of gefitinib for all
cell lines was between 7 and 20 pmol/L. AZD2171 inhibited the
growth of KATO-HI cells and OCUM2M cells (ICso, 0.15 and
0.37 pumol/L, respectively) more potently than the other cell
lines (Fig. 1A).

Expression levels of tyrosine kinase receptors. To elucidate the
‘mechanism of action of AZD2171 in the two sensitive cell
lines, we measured mRNA expression levels of VEGFRs, FGFRs,
and cKIT, whose kinase activity have been reported to be
inhibited by AZD2171 (10). No mRNA expression of VEGFRs
or c-KIT was detected by reverse transcription-PCR in either
sensitive cell lines. FGFR2 transcripts, however, were strongly

-expressed in both sensitive cell lines but not strongly in the

other cell lines -(Fig. 1B). Since we previously found that
FGFR2/KGFR/K-sam with a deletion of COOH-terminal exons
‘was amplified in both sensitive cell lines (9), we speculated
that amplified FGFR2/KGFR might be associated with sensi-
1ivity to AZD2171.

Sensitive cells expressed constitutively active and spontaneously
dimerized FGFR2/KGFR. We quantified mRNA expression
levels of FGFR2 by real-time reverse transcription-PCR with
primers that detect the extracellular domain (IlIb region, see
Fig. 2A) and COOH-terminal region. The results show that
KATO-III cells and OCUM2M cells expressed FGFR2 100-fold
higher than the other cells tested. The COOH-terminal region
of FGFR2 was deleted in the KATO-III cells and OCUM2M cells
(Fig. 2B). Overexpression and markedly increased phosphory-
lation of FGFR2 was observed in the AZD2171-sensitive cell
lines (Fig. 2C).

Immunoblotting with antibodies for the COOH and NH,
termini revealed that almost all the FGFR2 expressed by
OCUM2M cells, and about half of FGFR2 expressed by
KATO-III cells, were truncated (Fig. 2C). Although the KATO-
HI cells expressed wild-type receptor to some extent, the
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“‘Table 1 In wtro klnase assay of AZDZl71 agalnst |
FGFR2

Ko K1 (umol/L)

Cell fine

KATO-111 8.3+ 3.3 0.067 + 0.017
OCUM2M 71+1.4 0.072 + 0.022
OKAJIMA 11.0+ 5.0 0.049 + 0.041

COOH-terminal truncated type was dominantly expressed in
AZD2171-sensitive cell lines.

A chemical cross-linking analysis was done to evaluate the
dimerization of FGFR2. High dimerization of FGFR2 was
observed in the KATO-1II cells even in the absence of ligand
stimulation (Fig. 2D), but no such phenomenon was observed
in the control undifferentiated OKAJIMA cell line. Ligand
stimulation increased the level of the dimerized-form in KATO-
I cells. Taken together, these findings show that the sensitive
cell lines expressed high levels of FGFR2 that was highly
phosphorylated and spontaneously dimerized without ligand
stimulation, suggesting that FGFR2 signaling is constitutively
activated in these cells. This evidence is consistent with the
widely recognized findings that cancer cells sensitive to other
tyrosine kinase inhibitors, such as gefitinib and .imatinib,
overexpress the highly phosphorylated target receptor with an
-increased level of dimerization in a'ligand-independent manner
(12, 16,17).

FGFR2 targeting siRNA showed .a potent growth-inhibitory
effect on KATO-1II cells. To investigate the dependency of cell

growth through activated FGFR2 signaling in the AZD2171-
sensitive KATO-III cell line, we evaluated the growth-inhibitory
effect of siRNA targeted to FGFR2 in KATO-III cells. Targeted
siRNA (5-100 nmol/L) decreased FGFR2 and inhibited cell
growth (>80%) in a dose-dependent manner (Fig. 3A). The
results show that most of the growth of KATO-I cells is
dependent on activated FGFR2 signaling, suggesting that the
FGFR signaling dependency may be responsible for the higher
growth-inhibitory effect of AZD2171 on KATO-III cells.

AZD2171 inhibited FGFR2 signaling. Next, we examined the
effect of AZD2171 on FGFR2 downstream phosphorylation
signals (i.e., FRS-2, AKT, and mitogen-activated protein kinase).
AZD2171 completely inhibited KGF-induced phosphorylation
of FGFR2, FRS-2, AKT, and mitogen-activated protein kinase at
1 umol/L in KATO-UI cells, compared with 10 pmol/L in
OKAJIMA cells. These results dearly show that AZD2171
possesses inhibitory activity against FGFR2 in cell-based studies
and significantly inhibits the phosphorylation of FGFR2 at
1 pmol/L in sensitive cells.

'FGFR2 kinase inhibition of AZD2171. To quantify the
inhibitory activity of AZD2171 on FGFR2 kinase under cell-
free conditions, we calculated the K; values for immuno-
precipitated FGFR2 derived from KATO-1II, OCUM2M, and
‘OKAJIMA cells. The K; values of AZD2171 for FGFR2 in each
of these cell lines were 0.067 = 0.017, 0.072 = 0.022, and
0.049 * 0.041 pmol/L, respectively (Table 1). In contrast,
the K; value of AZD2171 for recombinant VEGFR-2 was
0:0009 umol/L (data not shown) and was consistent with
previous reports (10). At the cellular level, phosphorylation of
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FGFR2 was inhibited at 10-fold lower concentrations of
AZD2171 in the sensitive cell lines (Fig. 3B), but there were
no marked differences between the kinase-inhibitory effects
among the proteins derived from the cell linies in this cell-free
assay. This discrepancy is discussed in the Discussion.

In vivo antitumor activity of AZD2171 against FGFR2-
overexpressing gastric cancer. To elucidate the in vivo antitumor
activity of AZD2171 in mice bearing gastric cancer tumor
xenografts, we used the newly established tumorigenic subline
TU-kato-1I1 (derived from KATO-III) and OCCUM2M. We
atternpted to perform control experiments using OKAJIMA cells
in vivo as suggested by the reviewer. Unfortunately, however,
the cell lines grew slowly in the mice, and we could not
precisely evaluate the antitumor activity of AZD2171 in the
model. However, the results of preliminarily experiments
showed that AZD2171 seemed to be less effective against
OKAJIMA cells than against Katolll and OCUM2M cell in vivo.
Mice implanted the TU-kato-1Il and OCUM2M tumors were
given a low or high dose of AZD2171 (i.e., 1.5 or 6.0 mg/kg/d),
or vehicle, orally for 3 weeks. AZD2171 (1.5 mg/kg/d)
significantly inhibited tumor growth in the mice bearing TU-
kato-11II and OCUM2M tumors, and the higher dose (6.0 mg/
kg/d) completely inhibited the growth of both tumor models
(Fig. 4A). H&E staining showed broad dose-dependent necrosis
of core tumor tissue.in mice treated with AZD2171 (Fig. 4B).
Thus, AZD2171 showed marked antitumor activity in vive
against both'human gastric tumor xenografts.

‘Discussion - ©

Recent studies have shown that FGFRs and ‘their ligands are
promising therapeutic -target ‘molecules for various ‘malignant
diseases, such as prostate cancer (18), breast cancer (5, 19),
endometrial . carcinoma (20), synovial sarcomas (21), thyroid
carcinoma (22, 23), and hematopoietic malignancies:(24 -27).
These findings are based on the biological properties ‘of
malignant cells expressing activated FGFR, like FGFR fusion
-tyrosine kinase, involved-in chromosomal translocations, gene
amplification of FGFRs, or overexpression of FGFs (5, 18-27).
In the case of gastric cancer, the results of immunohistochem-
ical analysis of clinical samples revealed that 20 of 38 cases
of advanced undifferentiated type of gastric cancer were FGFR2/
K-sam positive, whereas none of the 11 cases with the differ-
entiated or intestinal type of cancer showed positive staining for
K-sam (8). The results suggest that FGFR2/K-sam overexpres-
sion is associated with the undifferentiated type of stomach
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cancers. The results of fluorescence in situ ‘hybridization
analysis of the gastric cancer specimens showed gene amplifi-
cation of FGFR2/K-sam in 2.9% (28). The clinical implication
of FGFR2 overexpression/amplification in gastric cancers
remains to be fully clarified, and further investigation is
needed.

AZD2171 has the most potent kinase-inhibitory activity
against VEGFR-2 (ICsp < 1 nmol/L); it also possesses additional
activity against VEGFR-1, VEGFR-3, and c-Kit (ICsq, 5, <3, and
2 nmol/L, respectively; ref..10). AZD2171 showed antiangio-
genic activity and broad antitumor activity consistent with
potent inhibition of VEGF-induced angiogenesis. We showed
kinase-inhibitory activity of AZD2171 against FGFR2 in the
present study. When cancer cells are dependent on FGFR2
signaling, AZD2171 can be expected to give additional thera-
peutic benefit in addition to its antiangiogenic effects.

A cell-based Western blotting analysis showed that phos-
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undefined intrinsic intracellular factors may influence kinase
activity: (a) differences in baseline intracellular FGFR2 phos-
phatase activity in each cell line, (b) differences in intracellular
concentration of {[transporters, such as ATP-binding cassette
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(VEGFR-1, VEGFR-2, and VEGFR-3), was found to have
antitumor effect against gastric cancer xenografts in line with
previous findings in colon, lung, prostate, breast, and ovarian
tumor xenografts {10). The results of this study suggest that
activation of the FGFR2 pathway may be a promising target for
gastric cancer therapy. AZD2171 may provide a clinical benefit
to gastric cancer patients.
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In order to review gene alterations associated with drug responses in vitro to identify candi-
date genes for predictive chemosensitivity testing, we selected from literature genes fulfilling
at least one of the following criteria for the definition of *in vitro chemosensitivity associated
gene’: (i) alterations of the gene can be identified in human solid tumor cell lines exhibiting
drug-induced resistance; (ii) transfection of the gene induces drug resistance; (iii) down-
regulation of the gene increases the drug sensitivity. We then performed Medline searches
for papers on the association between gene alterations of the selected genes and chemosen-
sitivity of cancer cell lines, using the name of the gene as a keyword. A total of 80 genes
were identified, which were categorized according to the protein encoded by them as follows:
transporters (n = 15), drug targets (n = 8), target-associated proteins (n = 7), intracellular
detoxifiers (n = 7), DNA repair proteins (n = 10), DNA damage recognition proteins (n = 2),
cell cycle regulators (n = 6), mitogenic and survival signal regulators (n = 7), transcription
factors (n = 4), cell adhesion-mediated drug resistance protein (n = 1), and apoptosis regula-
tors {(n = 13). The association between the gene alterations and chemosensitivity of cancer
cell lines was evaluated in 50 studies for 35 genes. The genes for which the association
above was shown in two or more studies were those encoding the major vault protein, thymi-
dylate synthetase, glutathione S-transferase pi, metallothionein, tumor suppressor p53, and
bcl-2. We conclude that a total of 80 in vitro chemosensitivity associated genes identified in
the literature are potential candidates for clinical predictive chemosensitivity testing.

Key words: chemotherapy — sensitivity — drug resistance — solid tumor

INTRODUCTION

surgery for the primary tumor. Systemic chemotherapy

Malignant neoplastic diseases remain one of the leading
causes of death around the world despite extensive basic
research and clinical trials. Advanced solid tumors, which
account for most malignant tumors, still remain essentially
incurable. For example, 80% of patients with non-small cell
lung cancer have distant metastases either at the time of the
initial diagnosis itself or at the time of recurrence after

For reprints and all correspondence: Ikuo Sekine, Division of Internal
Medicine and Thoracic Oncology, National Cancer Center Hospital,
Tsukiji 5-1-1, Chuo-ku, Tokyo 104-0045, Japan. E-mail: isekine@ncc.go.jp

against malignant tumors remains of limited efficacy in spite
of the development in the recent past of several new
chemotherapeutic agents; therefore, patients with distant
metastases rarely live for long (1).

Tumor response to chemotherapy varies from patient
to patient, and clinical objective response rates to standard
chemotherapeutic regimens have been reported to be in the
range of 20—40% for most common solid tumors. Thus, it
would be of great benefit it became possible to predict
chemosensitivity of various tumors even prior to therapy.
DNA, RNA and protein-based chemosensitivity tests have
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been performed in an attempt to predict the clinical drug
response, but the precise gene alterations that might be
predictive of the chemosensitivity of the tumors are still
unknown. Here we aimed to review the gene alterations that
may be associated with the drug response in vitro (in vitro
chemosensitivity associated genes) in order to identify candi-
date genes for predictive chemosensitivity testing in the
clinical setting. The association between these gene altera-
tions and clinical chemosensitivity in lung cancer patients
has been reported elsewhere (2).

METHODS

In vitro chemosensitivity associated genes were identified
from the medical literature as described previously (2).
Briefly, we conducted a Medline search for papers on tumor
drug resistance published between 2001 and 2003. This
search yielded 112 papers, including several review articles.
Manual search of these papers led to identification of 134
genes or gene families that were potentially involved in drug
resistance based on their function. We conducted a second
Medline search for in vitro studies of the 134 genes or gene
families using the name of the gene as a keyword. Genes

Table 1. Transporters and ir vitro evidence of association with chemosensitivity

that fulfilled at least one of the following criteria for the defi-
nition of in vitro chemosensitivity associated gene were
selected from the 134 genes: (i) alterations of the gene can
be identified in a human solid tumor cell lines exhibiting
drug-induced resistance; (ii) transfection of the gene induces
drug resistance; (iii) down-regulation of the gene or of the
protein encoded by it increases the drug sensitivity. For this
last category, we included studies in which the gene
expression or function was suppressed by antisense RNA,
‘hammerhead ribozyme, or antibody against the gene product.
Finally, a Medline search for papers on the association
between gene alterations and chemosensitivity of solid tumor
cell lines was performed using the name of the gene as a
keyword. Papers in which the association was evaluated
in 20 or more cell lines were included in this study.
The name of each gene was standardized according to the
Human Gene Nomenclature :Database of National Center for
Biotechnology Information (NCBI).

RESULTS

Of the 134 genes or gene families, gene alterations were
found in cells exhibiting drug-induced resistance, transfec-
tion of the gene increased or decreased the drug resistance,

Gene Alterations Sensitivity of Drugs Association with Reference no.
symbol in DIRC chemosensitivity (cancer,
UCs DCs drug)

ABCA2 §) - S Estramustine - 1
ABCBI U R S DOX, PTX, VCR, VBL Yes (lung, DOX) 2-11

No (lung, DOX) 12
ABCBI11 - R - PTX - 13
ABCC1 U R S CPT, DOX, ETP, MTX, VCR Yes- (lung, CDDP, DOX) 11,14-21

No (lung, PTX) 22
ABCC2 U R S CDDP, DOX, MTX, VCR No (lung, DOX) 18, 21, 23-25
ABCC3 NC, U R — ETP, MTX Yes (lung, DOX) 21,25-28
ABCC4 NC, U NC, R — MTX No (lung, DOX) 12, 25, 29-31
ABCC5 NC, U NC - DOX, MIT Yes (lung, ETP) 12, 25, 31-34
ABCG2 M, U R — -DOX, MIT, MTX, SN38, TOP - 3543
MVP U - NC DOX Yes (brain, CDDP, DOX) 44-47

Yes (lung, DOX) 10
ATPTA u - - CDDP - 48
ATP1B U R - CDDP | - 48-52
SLC29A1 u - - 5-FU No (NCl-panel) 52,53
SLC28A1 - S — 5'-DFUR No (NCI-panel) 53,54
SLC19A1 D S — MTX Yes (NCl-panel) 5558

Alterations in drug-induced resistance cells (DIRC): D, down-regulated; M, r

d; NC, no ct

and down-regulating cells (DCs): NC, no change; R, resistant; S, sensitive.

U, up-reg d. Sensitivity of up-regulating cells (UCs)

Drugs: CDDP, cisplatin; CPT, irinotecan; DOX, doxorubicin; ETP, etoposide; MIT, mitoxantrone; MTX, methotrexate; PTX, paclitaxel; SN38, irinotecan
metabolite; TOP, topotecan; VBL, vinblastine; 5-FU, 5-fluorouracil; 5'-DFUR, 5'-deoxy-5-fluorouridine, capecitabine metabolite.
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Gene Alterations Sensitivity of Drugs Association with Reference no.
symbol in DIRC chemosensitivity
ucs - DCs (cancer, drug)

TUBB IEC,M - - PTX - 5963
TUBB4 U - S PTX Yes (NCI-panel, PTX) 59, 60, 63—66
TUBA IEC, M R - PTX - 64, 67, 68
TYMS U R S 5-FU Yes (renal cell, 5-FU) 69-74

No (NClI-panel, 5-FU) 75

Yes (lung, DOX) 10
TOP1 M R* - CPT - 76-84
TOP2A M,D - - ETP, DOX No (lung, DOX) 10, 8291
TOP2B D - - ETP - 86, 87
DHFR M,U R* - MTX - 92-96
MAPA — S — PTX — 97
MAPT - S - PTX - 98
STMN1 18] R — PTX — 99, 100
KIFSB - R R ETP, PTX - 101, 102
HSPAS - R - ETP - 103
PSMD14 — R - CDDP, DOX, VBL — 104
FPGS D - — 5-FU - 105

Alterations in drug-induced resistance cells (DIRC): D, down-regulated; 1EC, isoform expression change; M, mutated; U, up-regulated. Sensitivity of
up-regulating cells (UCs) and down-regulating cells (DCs): R, resistant; S, sensitive. Drugs: CDDP, cisplatin; CPT, irinotecan; DOX, doxorubicin; ETP,
etoposide; MTX, methotrexate; PTX, paclitaxel; VBL, vinblastine; 5-FU, 5-fluorouracil.

*Over-expression of the mutant gene.

and down-regulation of the gene altered the drug sensitivity
for 45, 57 and 32 genes, respectively, and a total of 80 genes
fulfilled the criteria for the definition of an ‘in vitro chemo-
sensitivity associated gene’. The genes were categorized

Table 3. Intracellular detoxifiers and in vitro evidence of association with chemosensitivity

according to the -protein encoded by them as follows: trans-
porters (n = 15, Table 1), drug targets (n = 8, Table 2),
target-associated proteins (n = 7, Table 2), intracellular
detoxifiers (n = 7, Table 3), DNA repair proteins (n = 10,

Gene Alterations Sensitivity of Drugs Association with Reference no.
symbol in DIRC chemosensitivity
UCs DCs (cancer, drug)
GSTP1 U - S CDDP, DOX, ETP Yes (lung, DOX) 10, 106, 107
Yes (NCl-panel) 108
GPX - R,NC - DOX Yes (lung, CDDP) 109—112
GCLC 8] R S CDDP, DOX, ETP Yes (NCl-panel) 106, 108, 113—121
GGT2 U R - CDDP, OXP - 114,117,122, 123
MT U, NC R - CDDP Yes (urinary tract, 118, 124-130
CDDP)
Yes (lung, DOX) 10, 131
RRM2 U R - 5-FU, GEM, HU - 71, 132-134
AKR1BI 8) - - DNR - 135

Alterations in drug-induced resistance cells (DIRC): NC, no change; U, up-regulated. Sensitivity of up-regulating cells (UCs) and down-regulating cells (DCs):
NC, no change; R, resistant; S, sensitive. Drugs: CDDP, cisplatin; DNR, daunorubicin; DOX, doxorubicin; ETP, etoposide; GEM, gemcitabine; HU,
hydroxyurea; OXP, oxaliplatin; 5-FU, 5-fluorouracil.
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Table 4. DNA damage recognition and repair proteins and in vitro evidence of association with chemosensitivity

Gene Alterations Sensitivity of Drugs Association with Reference
symbol in DIRC chemosensitivity no.

UCs DCs (cancer, drug)
HMGB] u - - CDDP - - 136
HMGB2 - S - CDDP - 137
ERCC1 U R S CDDP - '138-140
XPA U R - CDDP No (NClI-panel) 141-143
XPD - R - CDDP Yes (NCl-panel) 142—144
MSH2 D, NC - - CDDP - 145, 146
MLH1 D, NC - - CDDP - 145—-147
PMS2 D, NC - - CDDP - 146, 147
APEX1 - R - BLM - 148
MGMT - R S CPM, ACNU Yes (lung, DOX) 10, 149-152
BRCAI1 U S R PTX - 153—155
GLO1 - R - DOX - 156

Alterations in drug-induced resistance cells (DIRC): D, down-regulated; NC, no change; U, up-regulated. Sensitivity of up-regulating cells (UCs) and
down-regulating cells (DCs): R, resistant; S, sensitive. Drugs: ACNU, 1-(4-amino-2-methyl-5-pyrimidinyl)-methyl-3-(2-chloroethyl)-3-nitrosourea; BLM,

bleomycin; CDDP, cisplatin; DOX, doxorubicin; PTX, paclitaxel.

Table 4), DNA damage recognition proteins (n =2,
Table 4), cell cycle regulators (n = 6, Table 5), mitogenic
and survival signal regulators (» = 7, Table 6), transcription
factors (n = 4, Table 6), cell adhesion-mediated drug resist-
ance protein (n = 1, Table 6), and apoptosis regulators (n =
13, Table 7).

The association between the gene alterations and n vitro
chemosensitivity was evaluated in one study for 25 genes, in
two studies for seven genes, in three studies for two genes,
and in five studies for one gene, and in a total of 50 studies
for 35 genes (Table 8). Significant association was found
between chemosensitivity and alterations of genes encoding
transporters, drug targets and intracellular detoxifiers
(Table 8). Genes for which such association was shown in

two or more studies were those encoding the major vault
protein/lung resistance-related protein (MVP) (Table 1), thy-
midylate synthetase (7YMS) (Table 2), glutathione
S-transferase pi (GSTP1), metallothionein (MT) (Table 3),
tumor suppressor protein p53 (7P53), and B-cell CLL/
lymphoma 2 (BCL2) (Table 7).

DISCUSSION

We identified a total of 80 in vitro chemosensitivity
associated genes. These genes have been the subject of
considerable research, and of numerous scientific publi-
cations. In addition, we .may also have to expect the exist-
ence of many other genes associated with chemosensitivity

Table 5. Cell cycle regulators and in vitro evidence of association with chemosensitivity

Gene Alterations . Sensitivity of Drugs Association with Reference no.
symbol in DIRC chemosensitivity (cancer,
UCs DCs drug)

RBI — R - DOX Yes (lung, DOX) 157-159

No (lung, CDDP, DOX) 160
GML s ' - MMC, PTX Yes (tung, CDDP) 161163
CDKNIA u R, S S CDDP, BCNU, PTX = 164—171
CCNND1 - R, S S CDDP, MTX, PTX No (lung, DOX) 10, 172-176
CDKN2A - S,R - CDDP, 5-FU, PTX, TOP Yes (brain, 5-FU) 177~184
CDKNI1B - R - DOX - 185

Alterations in drug-induced resistance cells (DIRC): U, up-regulated. Sensitivity of up-regulating cells (UCs) and down-regulating cells (DCs): R, resistant; S,
sensitive. Drugs: BCNU, carmustine; CDDP, cisplatin; DOX, doxorubicin; MMC, mitomycin C; MTX, methotrexate; PTX, paclitaxel; TOP, topotecan; 5-FU,

S-fluorouracil.
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Table 6. Mitogenic and survival signal regulators, integrins, transcription factors and in vitro evidence of association with chemosensitivity

Gene Alterations Sensitivity of Drugs Association with Reference no.
symbol in DIRC chemosensitivity

UGCs DCs (cancer, drug)
ERBB2 - R, NC S CDDP, PTX Yes (lung, DOX) 10, 22, 186—191
EGFR - - R - DOX No (lung, CDDP, DOX, PTX) 10, 22, 112, 192
KRAS2 - R* - CDDP - 193
HRAS - R*, NC - Ara-C, DOX, PTX No (lung, DOX) 10, 193—197
RAF1 - R - DOX - 198
AKT1 - NC,R S CDDP, DOX, PTX - 199201
AKT2 - R S CDDP - 200, 202
ITGB1 - - S ETP, PTX - 203, 204
JUN - R - CDDP No (lung, DOX) 10, 205
FOS U S CDDP No (lung, DOX) 10, 206—208
MYC NC, U S,R R, S, NC CDDP, DOX No (lung, DOX) 10, 209-216
NFKB1 U - S 5-FU, DOX, ETP - 217-222
Alterations in drug-induced resistance cells (DIRC): NC, no change; U, up-regulated. Sensitivity of up-regulating cells (UCs) and down-regulating cells

(DCs)): NC, no change; R, resistant; S, sensitive. Drugs: Ara-C, 1-beta-D-arabinofuranosylcytosine; CDDP, cisplatin; DOX, doxorubicin; ETP, etoposide;
PTX, paclitaxel; 5-FU, 5-fluorouracil.
*Up-regulated with mutated K-ras gene.

Table 7. Apoptosis regulators and in vitro evidence of association with chemosensitivity

Gene Alterations Sensitivity of -Drugs Association with Reference no.
symbol in DIRC chemosensitivity
UCs DCs (cancer, drug)
TP53 - S, R* R,S CDDP, DOX Yes (brain) 223-229
Yes (NCl-panel) 230
No (breast, DOX) 231
No (breast, DOX, PTX) 232
No (lung, PTX) 22
MDM2 - S,R S CDDP,.DOX, PTX - 169, 233238
TP73 - - R CDDP, ETP - 239, 240
BCL2 uU,D R — CDDP, CPT, DOX Yes (breast, DOX) 164, 198, 231, 241-244
Yes (lung, PTX) 22
No (breast, DOX) 232
BCL2L1 NC R CDDP, PTX - 243-251
MCL1 - - DTIC - 252
BAX NC S R CDDP, ETP, 5-FU No (breast, DOX) 231, 244, 253260
No (lung, PTX) 22
BIRC4 - NC S PTX - 261, 262
BIRC5 - R S CDDP, ETP - 263265
TNFRSF6 NC - S CDDP Yes (lung, DOX) 10, 242
CASP3 - S - CDDP, DOX, ETP No (lung, DOX) 10, 266—268
CASP8 - - R CDDP - 261
HSPBI1 C R S DOX - 52,269-273

Alterations in dmg-induced resistance cells (DIRC): D, down-regulated; NC, no change; U, up-regulated. Sensitivity of up-regulating cells (UCs) and
down-regulating cells (DCs): NC, no change; R, resistant; S, sensitive. Drugs: CDDP, cisplatin; CPT, irinotecan; DOX, doxorubicin; DTIC, dacarbazine; ETP,

etoposide; PTX, paclitaxel; 5-FU, 5-fluorouracil.
*Resistant in mutant TP53 over-expressed cells.
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Table 8. Gene categories and association with in vitro chemosensitivity

Category No. of Total no. No. of studies

genes of studies showing association
(%)

Transporter 15 13 7 (54)

Drug target 8 5 3 (69)

Target associated 7 0 0 (0)

protein

Intracellular detoxifier 7 6 6 (100)

DNA repair 10 3 2(67)

DNA damage 2 0 0 (0)

recognition protein

Celi cycle 6 5 3 (60)

Mitogenic signal 5 3 1(33)

Survival signal 2 0 0(0)

Transcription factor 4 3 0 (0)

Cell 1 0 0(0)

adhesion-mediated

drug resistance

protein

Apoptosis 13 12 5 (42)

Total 80 50 22 (44)

but not selected in the current study, because they have
never caught the scientific eye for some reasons. Thus, the
results of this study may be significantly influenced by
publication bias. Nonetheless, we do believe that these genes
have been selected reasonably carefully, and that they may
be helpful for establishing a clinical predictive chemosensi-
tivity test.

While the association between alterations of the 80 genes
and the chemosensitivity of various cell lines was evaluated
in 50 studies, significant association was observed in only 22
(44%) (Table 8). The cellular functions of a gene vary among
cell types and experimental conditions. The evaluation of the
gene functions, however, was conducted under only limited
cellular contexts in these studies, as expected. Thus, for
example, the conditions of a gene transfection experiment
may differ from those of an experiment to evaluate the che-
mosensitivity for many cell lines. The gene functions may not
necessarily be examined under all possible conditions, but the
evaluation must be conducted under conditions similar to
those in the clinical setting in order to develop clinical che-
mosensitivity testing using these genes.

The other possibility for the poor correlation to in vitro
chemosensitivity may be that more than one gene alterations
are involved in the chemosensitivity of tumors. This may be
discussed from the standpoint of the signal transduction

pathway and from the cellular standpoint. From the stand-

point of the signal transduction pathway, more than one gene
may be involved in the reaction to a cytotoxic.agent. One of
the best examples is cooperation of TP53 with another

member of the p53 family, p73 (T7P73), in the response to
both DNA damage and chemosensitivity (3,4). From the cel-
lular standpoint, several pathways may work additively,
antagonistically, or complementally in determining the che-
mosensitivity of the cell. This can be understood well from
the context of induction and inhibition of apoptosis being
controlled by pro-apoptotic and anti-apoptotic pathways.
Thus, it would be important to study several pathways at the
same time, or to evaluate the net effect of the involvement
of various pathways.

Complex factors influencing the cellular chemosensitivity
may be operative on a tumor in vivo, in such a way that
the tumor may exhibit highly heterogeneous gene altera-
tions; that the tumor cells may interact with various host
cells, including immune cells, fibroblasts and vascular
endothelial cells; and that the differences in the distance
between each tumor cell and blood vessels may affect the
exposure level of tumor cells to a drug. No systematic
approach has been developed to include this complex inter-
play of factors in the study of cellular chemosensitivity,
although studies on cell adhesion-mediated drug resistance
may be partly helpful.

Among the six genes for which the association was shown
in two or more in vitro studies, four encode classical drug
resistance proteins which are known to inhibit the drug—
target interaction. These proteins are relatively specific for
the drug as well as the cell type; e.g. TYMS is critical for
S-fluorouracil sensitivity. Thus, TYMS is a good candidate
for chemosensitivity testing in patients with colorectal
cancer who are treated with 5-fluorouracil (Table 2). MVP is
involved in the transport of doxorubicin, therefore, it would
be of interest to examine the association between the
expression of MVP and the drug response in patients with
breast cancer; the association of MVP with chemosensitivity

‘has been evaluated only for brain tumor and lung cancer cell

lines, to date (Table 1). However, the remaining two of the
six genes, TP53 and BCL2, are associated with apoptosis,
and therefore may be relatively cell-type specific. Since all
the three in vitro studies using breast cancer cell lines failed
to show any associations between alterations of these genes
and the chemosensitivity, the association should be evaluated
in other tumor types in the clinical setting (Table 7).

The recently developed cDNA microarray technique
allows analysis of the mRNA expression of more than
20 000 genes at once, and as many as 100—400 genes have
been statistically shown as potentail chemosensitivity-related
genes in various studies (5—7). The 80 genes in the current
study were selected theoretically based on their known func-
tions, and their contribution to in vitro chemosensitivity was
shown in the experiments. Thus, it would be of interest to
evaluate the expression profiles of these genes by cDNA
microarray analysis, even if the difference in expression
between sensitive and resistant cell lines does not reach stat-
istical significance.

In conclusion, 80 in vitro chemosensitivity associated
genes were identified from a review of the literature, which



may be considered to be future candidates for clinical predic-
tive chemosensitivity testing.
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