-
-~
&
=
Z
&
(=]
3.
=
]
=
o
~
o

o
®
=
£
o)
n

TS as a therapeutic target for lung cancer
K Takezawa et al

358

& 48 h Nonspecific siRNA
E= 48 h TS siRNA
[ 72 h Nonspecific siRNA

A B3 72 h TS siRNA
60+ A549 100+ H1299 80 - H520
9 9 E 9
&< & 804 = < J
c [ § (= 60 %
£ £ 60 : 2 e
5 5 H T 40 ]
s - | 2 g
& g 40 g 8 g
a a = a E
— — E - 20 b =
= = 20 - 3 E
o o | o Al E 2
0. g o LHEIIH FE .
G1 - S G2-M
80 - LK2 100 + SBC-3 80 - H69
= 60 = g
0 = 2 k=)
g 40 3 E
a E a a
=] = o o
= 80 = =
3 S S
il .
G2-M
E A549  H1209  H520  LK2 SBC-3 Heg
siRNA: NS TS NS TS NS TS NS TS NS TS NS TS
TS gme em «ow oo db o
Cyclin E | WD ... e e e ‘M )
o i &
I I BN Il
Actin | cung ) G GEP @ WP W’ A WP W u® ann

Figure 3  Effects of TS depletion on cell cycle distribution and on cyclin E and c-Myc expression in lung cancer cells. (A) The indicated cell lines were
transfected with nonspecific (NS) or TS-1 siRNAs for 48 or 72 h and were then fixed, stained with propidium iodide, and analysed for cell cycle distribution
by flow cytometry. Data are means # s.d. of triplicates from experiments that were repeated on two additional occasions with similar results. (B) Cells were

transfected with NS or TS-1 siRNAs for 72 h, after which cell lysates were

prepared and subjected to immunoblot analysis with antibodies to TS, cyclin E,

c-Myc, and B-actin. Transfection with the NS siRNA had no substantial effect on cell cycle distribution or on the expression of cyclin E or c-Myc compared

with untreated cells.

modulated by mitochondrial proteins such as cytochrome ¢, Smac
(also known as Diablo), and Omi (also known an HtrA2)
(Hengartner, 2000; Srinivasula et al, 2003; Martinez-Ruiz et al,
2008). To investigate the mechanism of the downregulation of
XIAP induced by TS depletion, we examined the release of these
mitochondrial proteins into the cytosol. Immunoblot analysis
revealed that the amounts of these mitochondrial proteins in the
cytosol were increased by TS depletion in a time-dependent
manner (Figure 5B). These data thus suggested that TS depletion-
induced apoptosis is mediated, at least in part, by the mitochon-
drial signalling pathway.

DISCUSSION

Studies of TS-targeted therapy as well as the role of TS in DNA
synthesis have provided the rationale for consideration of this
enzyme as a prime therapeutic target. However, the precise
mechanism by which inhibition of TS results in inhibition
of tumour cell growth has remained incompletely understood.

British Journal of Cancer (2010)103(3), 354—361

The aim of this study was therefore to investigate the underlying
mechanism of the antiproliferative effect of specific TS inhibition
in lung cancer cells with the use of an siRNA-based approach.
We first examined TS activity in lung cancer cell lines of
different histotypes. Thymidylate synthase activity was determined
with the use of the well-established 5-fluoro-dUMP binding assay.
We found that TS activity was significantly higher in SCLC lines
than in NSCLC lines, and that, among the latter, TS activity was
higher in squamous cell carcinoma lines than in non-squamous
cell carcinoma lines. A previous microarray analysis showed that
mRNAs for proliferation-related proteins including TS were more
abundant in SCLC lines than in NSCLC lines (Bhattacharjee et al,
2001). In addition, recent studies showed that the amount of TS
mRNA was higher in resection specimens from patients with
squamous cell carcinoma of the lung than in those from
individuals with other histotypes of NSCLC (Ceppi et al, 2006;
Ishihama et al, 2009; Monica et al, 2009). Given that TS activity in
lung cancer cell lines was proportional to the abundance of TS
protein in the present study (data not shown), our data showing a
differential profile of TS activity among histotypes of lung cancer

© 2010 Cancer Research UK
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Figure 4 Effect of TS depletion on apoptosis in lung cancer cells. (A) The indicated cell lines were transfected with nonspecific (NS) or TS-1 siRNAs for ;

48 or 72h and were then fixed, stained with propidium iodide, and subjected to flow cytometry for quantitation of the sub-G, population. Data are
means * s.d. of triplicates from experiments that were repeated on two additional occasions with similar results. (B) Cells were transfected with NS or TS-|
siRNAs for 72h, after which cell lysates were prepared and subjected to immunoblot analysis with antibodies to TS, PARP, and f-actin. The positions of
intact and cleaved forms of PARP are indicated. (C) Cells were transfected with NS or TS-1 siRNAs for 48 or 72h, lysed, and assayed for caspase-3 activity.
Data are expressed relative to the value for cells transfected with NS siRNA and are means + s.d. from three independent experiments. (D) Cells were
incubated for 2 h with or without ZVAD-FMK (50 M), transfected with NS or TS-1 siRNAs for 48 or 72h (in the continued absence or presence of ZVAD-
FMK), and then evaluated for the size of the sub-G, population as in (A). Data are means * s.d. of triplicates from experiments that were repeated on two
additional occasions with similar results. *P < 0.05 for the indicated comparisons. Transfection with the NS siRNA had no substantial effects on these markers
of apoptosis compared with untreated cells.

are consistent with these previous findings. The cell line SCLC misincorporation of dUTP into DNA and consequent DNA damage
differs from NSCLC in terms of its faster growth and earlier spread (Curtin et al, 1991; Houghton et al, 1993). In this study, we
(Allen and Jahanzeb, 2008), and recent clinical trials in NSCLC examined the effect of TS depletion on DNA damage as determined
patients have revealed a poorer prognosis for squamous cell by immunofluorescence imaging of histone y-H2AX foci, a
carcinoma than for adenocarcinoma (Asamura et al, 2008). The sensitive and specific marker of DNA double-strand breaks
differential activity of TS among histotypes of lung cancer is thus (Burma et al, 2001; Stiff et al, 2004). Such foci were detected in
suggestive of a role for this enzyme in promoting cell proliferation, ~90% of lung cancer cells transfected with TS siRNA (Supple-
with TS activity being a potential marker of tumour aggressiveness mentary Figure S1). Given that DNA damage or a reduced rate of
in lung cancer, although TS activity was not correlated with cell DNA synthesis triggers the S-phase checkpoint mechanism
proliferation rate among the lung cancer cell lines examined in this (Sclafani and Holzen, 2007), the observed S-phase arrest induced
study. We induced downregulation of both TS abundance and by TS depletion likely results from activation of the S-phase
enzymatic activity in lung cancer cell lines by RNAi. The almost checkpoint. Cellular responses to DNA damage are important for
complete elimination of TS activity was associated with a marked maintenance of genomic stability and cellular integrity (Bunz ef al,
antiproliferative effect in all tested lung cancer cell lines, including 1998; Hirao et al, 2000). Cells either repair DNA damage or, if it is
those with an original relatively low level of TS activity. These data  too severe for repair, initiate the cell death program (Zhao et al,
suggest that TS is important for tumour cell proliferation in a 2001). Our data thus suggest that cells that arrest in S phase after

manner independent of the original activity level. TS depletion subsequently undergo apoptosis as a result of the

We found that depletion of TS induced S-phase arrest and accumulation of unrepairable DNA damage. We further showed
caspase-dependent apoptosis in lung cancer cells. Previous studies that TS depletion resulted in upregulation of cyclin E and
have shown that TS inhibition results in an imbalance between downregulation of c-Myc. Both cyclin E and c-Myc contribute to

the amounts of dUTP and dTTP and a consequent decrease in the transition of cells from G; to S phase (Wang et al, 2008;
the efficiency of DNA synthesis (Curtin et al, 1991; Houghton Malumbres and Barbacid, 2009) and have recently been implicated
et al, 1993). Furthermore, this dUTP-dTTP imbalance results in in promotion of caspase-dependent apoptosis subsequent to

© 2010 Cancer Research UK British Journal of Cancer (2010) 103(3), 354361
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Figure 5 Effects of TS depletion on the expression of Bcl-2 and IAP
family members and on the release of mitochondrial proteins into the
cytosol in lung cancer cells. (A) The indicated cell lines were transfected
with nonspecific (NS) or TS-1 siRNAs for 72 h, after which cell lysates were
prepared and subjected to immunoblot analysis with antibodies to the
indicated proteins. (B) SBC-3 cells were transfected with NS or TS-I
siRNAs for 24, 48, or 72 h, after which a cytosolic fraction was prepared
and subjected to immunoblot analysis with antibodies to cytochrome c,
Smac/Diablo, Omi/HtrA2, and B-actin. Transfection with the NS siRNA
had no substantial effects on the abundance of Bcl-2 or IAP family proteins
or on the release of mitochondrial proteins into the cytosol, compared with
untreated cells.

S-phase arrest induced by DNA damage or inhibition of DNA
synthesis in tumour cells (Mazumder et al, 2000; Leonce et al,
2001; Lu et al, 2009; Sankar et al, 2009). The effects of TS depletion
on the abundance of cyclin E and c-Myc therefore likely contribute
to the associated S-phase arrest and caspase-dependent apoptosis
in lung cancer cells. Our present data thus suggest that the
antiproliferative effect of TS depletion is attributable to S-phase
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arrest and the induction of caspase-dependent apoptosis in these
cancer cells.

Our investigation of the mechanism by which TS depletion led
to caspase-dependent apoptosis revealed that elimination of TS
resulted in downregulation of XIAP, a member of the IAP family of
proteins. Activation of the mitochondrial signalling pathway for
apoptosis results in inhibition of IAP proteins and consequent
promotion of caspase-dependent apoptosis (Hengartner, 2000;
Takasawa et al, 2005; Yu et al, 2007). We also found that TS
depletion resulted in the release of mitochondrial proteins, includ-
ing cytochrome ¢, Smac/Diablo, and Omi/HtrA2, into the cytosol,
suggestive of a link between activation of the mitochondrial pathway
and downregulation of XIAP in lung cancer cells depleted of TS.
Activation of the mitochondrial pathway is induced by a variety of
stimuli including DNA damage (Hengartner, 2000). Given that TS
depletion induced DNA double-strand breakage, our data suggest
that loss of TS may contribute to activation of the mitochondrial
pathway of apoptosis. We found that TS depletion did not affect the
expression level of the IAP protein survivin. Further study will thus
be needed to elucidate the precise mechanism by which XIAP is
downregulated specifically in TS-depleted cells.

In conclusion, we have shown that the almost complete
elimination of TS activity with an RNAi-based approach resulted
in an apparently universal antiproliferative effect in lung cancer
cells that was attributable to S-phase arrest and the induction of
apoptosis. High levels of TS expression have been suggested to
predict resistance to TS-targeted agents such as 5-fluorouracil
(Johnston et al, 2003; Showalter et al, 2008). The new TS-targeted
agent pemetrexed was found to have low activity in the treatment
of SCLC (Ceppi et al, 2006; Socinski et al, 2009), possibly as a
result of a high level of TS expression in such tumours. Our results
now suggest that TS depletion inhibits the growth of lung cancer
cells including SCLC cells with a high original activity of TS.
This apparent discrepancy may be explained by the fact that
5-fluorouracil and pemetrexed inhibit TS activity by only ~60%
(van Triest et al, 1997, 1999; Codacci-Pisanelli et al, 2002;
Giovannetti et al, 2008), whereas our siRNA-based method inhibit
TS activity almost completely. Our present results thus suggest that
novel TS-targeted agents with an increased inhibitory efficacy
might prove beneficial for the treatment of lung cancer regardless
of histotype. They further provide a rationale for future clinical
investigation of the therapeutic efficacy of TS-targeted agents for
lung cancer patients.

Supplementary Information accompanies the paper on British
Journal of Cancer website (http://www.nature.com/bjc)
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Non-Small-Cell Lung Cancer
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Abstract

Purpose: We conducted a phase | trial of the topoisomerase | inhibitor topotecan for the purpose of determining the
maximum tolerated dose (MTD) and the dose-limiting toxicities (DLTs) of topotecan when administered weekly to patients
with advanced non-small-cell lung cancer. Patients and Methods: Twelve patients with stage IlIB or IV disease were
treated with topotecan by 30-minute intravenous infusion on days 1, 8, and 15 every 4 weeks. The dose was escalated
in 2-mg/m?2 increments from the starting dose of 4 mg/m? until the MTD was reached. After the MTD had been reached
in previously treated patients, chemotherapy-naive patients were enrolled for treatment at that dose, and the dose was
escalated to estimate the MTD in the treatment-naive group. Results: The MTD of topotecan was determined to be
6 mg/m? in the previously treated group and 8 mg/m2 in the chemotherapy-naive group. All 3 previously treated patients
experienced DLT at the 6-mg/m2 dose level. Although only 1 of the 3 previously treated patients experienced DLT (grade
4 neutropenia for > 3 days) at the 8-mg/m?2 dose level, skipping the topotecan dose on day 15 because of neutropenia
was reported in 2 patients. Anorexia and general fatigue were the common nonhematologic toxicities. Conclusion: The
recommended dose of topotecan for phase Il studies in previously untreated patients is 6 mg/m?2 on days 1, 8, and 15,
every 28 days, and 4 mg/m? appears to be a suitable dose for use in previously treated patients with this schedule.

Clinical Lung Cancer, Vol. 11, No. 4, 271-279, 2010; DOI: 10.3816/CLC.2010.n.035
Keywords: Dose-limiting toxicity, Maximum tolerated dose, N-desmethyl topotecan, Pharmacokinetics

Introduction

Topotecan (Hycamtin; GlaxoSmichKline; Philadelphia, PA) is
a water-soluble semisynthetic derivative of Camprothecin, a plant
alkaloid extract from the Chinese tree Camptotheca acuminata.}
Camprothecin is the only known potent inhibitor of DNA topoi-
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somerase 1.23 Topotecan binds the DNA-topoisomerase complex
to form a stable noncleavable complex that blocks che progress of the
replication fork, resulting in lethal damage during DNA replication
and cell death.45 Topotecan 1.5 mg/m?2 administered by intravenous
(LV.) infusion on days 1-5 of a 21-day cycle is approved single-agent
treatment schedule. However, myelosuppression is dose limiting on
this schedule in patients with small-cell lung cancer (SCLC), with
approximately 70% of parients experiencing grade 4 neutropenia
and 29% of patients developing grade 4 thrombocytopenia.6 Fur-
thermore, this standard regimen is not well tolerated by many elderly
patients or by patients with comorbidities, poor performance stacus,
or gredter susceptibility to myelosuppression because of previous
therapy. As a result, alternative dosing schedules have been explored
to increase tolerability and convenience while optimizing ancitumor
activity; and one such schedule is administration of topotecan weekly.
Moreover, topotecan is an S-phase-specific drug, and in vitro data
obtained in non—small-cell lung cancer (NSCLC) cell lines showed
thar the cytoroxicity of topotecan was concentration dependent and
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exposure-time dependent during the first 8-24 hours of exposure,
after which the cells became less sensicive.” This resistance correlated
with downregulation of topoisomerase I, and the topoisomerase
level returned to its baseline level 7 days after removing topotecan.
The cransient, reversible change in topoisomerase I supports the
concept of weekly dosing of topotecan rather than the standard 5-day
regimen. Weekly schedules of topotecan have been assessed in an
attempt to increase tolerability and convenience in comparison with
the standard 5-day regimen while at the same time optimizing anti-
tumor activity. Furthermore, there is increasing evidence that weekly
bolus infusions of topotecan are especially active against recurrent
ovarian cancer8-5 and cervical cancer.!6:'7 However, the pharmaco-
kinetics of topotecan when administered as a weekly infusion have
not been established.

The objectives of this phase I study were (a) to determine the
maximum tolerated dose (MTD), dose-limiting toxicity (DLT), and
recommended dose of topotecan on the weckly bolus schedule; (b)
to describe and quantify the clinical toxicities of topotecan on the
weekly schedule; (c) to determine the pharmacokinetics of topotecan
and whether there is a relationship between the pharmacokinetic
parameters and dlinical toxicities; and (d) to obrain preliminary evi-
dence of therapeutic activity in patients with advanced NSCLC.

Patients and Methods
Patient Selection

Patients who met the following criteria were enrolled in this study:
a histologic or cytologic diagnosis of stage IV NSCLC or stage I1I dis-
case that was not a candidate for curative radiation therapy; no ther-
apy within 4 weeks before entry (within 6 weeks for nitrosourea or
mitomycin C); a measurable or evaluable lesion; a performance status
of 0 or 1 on the Eastern Cooperative Oncology Group scale; a life ex-
pectancy of at least 3 months; adequate bone marrow function (leu-
kocyte count, 4000-12,000/pL; neutrophil count > 2000/pL; platelet
count, > 100,000/pL; and hemoglobin concentration, 2 9.5 g/dL),
normal hepatic funcrion (bilirubin, < 1.5 mg/dL; aspartate amino-
transferase and alanine aminotransferase levels < 2.5 x the upper
limit of normal [ULNY), and normal renal function (creatinine, < the
ULN and creatinine clearance > 50 mL/min; aged between 20 and
74 years; and gave written informed consent to parcicipation in the
study obrained. After determination of the MTD for pretrcated
patients, no previous chemotherapy was allowed. Patients were ineli-
gible if they had a serious infectious discase or any other serious com-
plication (eg, heart discase, interstitial pneumonia, or uncontrollable
diabetes); gastrointestinal bleeding or paralytic ileus; massive pleural
or pericardial effusion, or ascites; symptomatic brain metastases; an
active concurrent maJignancy; were lacta(ing or pregnant, or might
become pregnant; unwilling to use contraception (for men); had a
history of bone marrow transplantation; had a history of drug allergy;
had been treated with topotecan; or had any other severe medical
problem that might compromise compliance with the protocol. The
study was approved in advance by the Institutional Review Board and
by the Hospital Ethics Commitree.

Drug Administration
Topotecan (SmichKline Beecham Pharmaceutical Co. Ltd.; Phila-
delphia, PA) is a lyophilized light-ycllow powder containing 4 mg
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of active drug. The appropriate amount of topotecan was diluted in
100 mL of normal saline and administered intravenously as a 30-min-
ute infusion on days 1, 8, and 15 every 28 days. The starting dose of
topotecan was 4 mg/m? on this weekly schedule. The topotecan dose
on days 8 and 15 was withheld if the leukocyte count was < 2000/pL,
the neutrophil count < 1000/pL, or platelet count < 50, 000/pL.

Dosage and Dose Escalation Procedure

The study was designed to escalate the dose of topotecan by in-
crements of 2 mg/m? in successive patient cohorts until the MTD
was reached. Following the atcainment of the MTD in patients with
previous chemotherapy, the same dose escalation was carried out in
patients with no previous chemotherapy from the MTD for pretreated
paticnts. The DLT was dcfined as an absolute neutrophil count (ANC)
< 500/pL or leukocyte count < 1000/pL. for > 3 days; febrile neutrope-
nia (fever > 38.5°C with ANC < 1000/pL); platelet count < 20,000/uL;
and nonhematologic toxicity (except nausca, vomiting, anorexia, fa-
tigue, or alopecia) grade 3. At least 3 patients were to be included at
cach dose level. Escalation to the next dose level was allowed if none of
the 3 patients developed DLT during the first cycle of treatment. If 1
of the 3 parients developed DLT, the number of patients at that level
was expanded to 6 patients, and if fewer than 2 of the 6 patients expe-
rienced DLT, further dose escalation was allowed. If 2 or more of the
6 patients experienced DLT, that dose was concluded to be the MTD,
and the next lower dose level would be recommended for use in further
studies. No incrapatient dose escalation was allowed in chis study.

The dose on days 8 and 15 was to be given only after confirming
cthat the blood cell counts were within the reference levels (white
blood cell [WBC] count = 2000/pL; neutrophil count = 1000/pL,

- platelet count 2 50,000/pL). If any of these levels were not met, the

dose on that day was skipped.

Even if the dose on day 8 or 15 was skipped, the next course
could be given if an antitumor effect was expected; however, the
dose in the next course needed to be administered based on the
criteria described below. The second and subsequent courses could
be given unless an apparent increase in tumor size (progressive
disease; PD) was observed in the previous course. In the treatment
at the recommended dose, at least 2 courses were to be given to all
patients except patients with PD. As a rule, the same dose as in the
first course was given in the second and subsequent courses, starting
13 days after the final dose in the previous course, but only after
confirming that the WBC count was > 4000/pL, neutrophil count
2000/pL, placeler count > 100,000/pL, and that the hemoglobin
concentration showed a tendency to recover or was > 9.5 g/dL.

When grade 4 leukopenia or neutropenia persisted for at least 3
days, or 2 grade 3 neutropenia associated with a fever of 2 38.5°C or
thrombocytopenia (< 20,000/pL) occurred in the previous course,
the dose in the next course was reduced by 2 mg/m?2/day. When
the dose on day 8 or 15 was skipped because of a low blood count
below the reference level in the previous course, the dose in the next
course was to be reduced by 2 mg/m?2/day.

Evaluation

Tumors were staged based on a complete medical history and
the results of a physical examination, routine chest radiography,
bone scintiscanning, computed tomography (CT) of the chest and



Table 1 ' Patient Characteristics

Characteristic Number of Patients

Total Number of Patients 12
Sex

Male 9

Female 3
Median Age, Years (Range) 63 (53-68)
Performance Status (ECOG)

0 0

1 12
Previous Treatment

Chemotherapy 2

Chemotherapy + radiation therapy 2

Chemotherapy + radiation therapy + surgery 2

None 6
Median Number of Previous Chemotherapy 01
Regimens (Range)
Stage

[} 4

v 8
Histologic Diagnosis

Adenocarcinoma 6

Squamous cell carcinoma 6

Abbreviation: ECOG = Eastern Cooperative Oncology Group

abdomen, whole-brain magnetic resonance imaging or CT scan,
and fiberoptic bronchoscopy. Staging was performed according
to the tumor-node-metastasis system.!8 Before the first course of
treatment, a complete blood count (including a differential white
cell count and plartelet count); biochemistry tests (renal function,
hepatic function, and electrolytes); electrocardiogram; and urinaly-
sis were performed. The complete blood count and biochemistry
tests were repeated at least twice a week after this initial evaluation,
and the other examinations were repeated at least every 6 weeks to
evaluate the target lesions. Adverse events were recorded and graded
according to the National Cancer Institute Common Toxicity Cri-
teria, Version 2.0. Tumor response was classified in accordance with
the World Health Organization criteria.!?

The duration of the response was recorded as the number of
days from documentation of the response to the detection of
disease progression.

Pharmacokinetics

A heparinized 2-mL blood sample for the pharmacokinetic
study was obtained from the opposite arm of cach patient before
topotecan infusion and 0.5, 1, 2, 4, 8, 12, 24, and 48 hours (only
for 8 mg/m?) after the start of infusion on day 1 during the first
treatment cycle. The blood was centrifuged immediately (3000 rpm
for 15 minutes at 4°C), and 0.5 mL of the plasma obtained was
placed in a tube conraining 1 mL of cold methanol (=30°C). The
mixture was vortexed and centrifuged (13,000¢ for 2 minurtes at
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Table 2 ' Dose-Limiting Toxicities During the First Cycle at

Different Dose Levels

With Previous |  No Previous

Variable Therapy _Therapy

4 mg/m? |6 mg/m?|4 mg/m2| 6 mg/m2
Number of Patients 3 3 3 3

Dose-Limiting Toxicity

Febrile neutropenia (grade 4) 0 1 0 0
Infection (grade 4) 0 2 0 0
Grade 4 neutropenia > 3 days 0 0 0 1
— | 0 | 3|0 |

Abbreviation: DLT = does-limiting toxicity

4°C), and the supernatant was stored at < -30°C until analyzed.
A urine sample was collected before the initial dose was adminis-
tered and from cumulative urine collected from 0 to 24 hours and
from 24 to 48 hours after the first dose during the first cycle, and
10 mL aliquots were stored at < ~30°C until analyzed. The plasma
concentration of the lactone form of topotecan; the total plasma
concentration of topotecan (sum of the lactone form and carboxyl-
ate form); the plasma concentration of N-desmethyl topotecan, an
active metabolite of topotecan20; the total urinary concentration
of topotecan; and the rtotal urinary concentration of N-desmethyl
topotecan were determined by high-performance liquid chroma-
tography (HPLC) with fluorescence detection according to the
method described by Rosing et al.2! Briefly, separation was achieved
on reversed-phase columns, and detection was performed fluoro-
metrically with excitation of 380 nm and emission of 527 nm. The
lower limic for quantitative determination of topotecan in plasma
(lactone and total topotecan) and in urine was 0.22 nmol/L and
55 nmol/L, respectively, and the limit for N-desmethyl topotecan
in plasma (lactone and toral topotecan) and urine was 0.23 nmol/L
and 5.6 nmol/L, respectively.

Pharmacokinetic and Pharmacodynamic Analyses

The following noncompartmental and two-compartmental phar-
macokinetic parameters of ropotecan and N-desmethyl topotecan
were estimated by using WinNonlin®, Version 4.1 sofcware (Phar-
sight Corporation; Mountain View, CA). Cmax is the maximum
drug concentration; AUCO.o, is the area under the concentration-
time curve calculated by the linear trapezoidal rule from time 0 o
the last measurable data point and extrapolation to infinity. The
elimination rate constant (Az) was determined by log-linear regres-
sion analysis of the terminal phase of the plasma concentration-
time curves. The terminal half-lives (T1/2) were calculated by using
the formula: T2 = 0.693/Az. Mean residence time (MRT) was
calculated by the equation of AUMC (area under the first moment—
time curve)/AUC-[infusion time]/2. Clearance (Cl) was calculated
by dividing the dose received by the AUC. The volume of distri-
bution at steady state (V) was calculated by using the formula:
Vi = CL x MRT. The urinary excretion (Ae; percent of dose) was

calculated as amount excreted in urine/dose, and renal clearance
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Table 3 Most Severe Toxicities at Different Dose Levels

Previoﬁsly Treated Group

 Previously Untreated Group

6 mg/m2 (n = 3)

2n=3)
Toxicity 4mg/m2(n=3) =

6 mg/m2 (n=3) 8 mg/m2 (n=3)

 Grade

) 2 3 4 11 g

Hematologic Toxicity '
Leukopenia

e

Neutropenia
Thrombocytopenia

o N o o
- o = N
o o o o
o
w = o N

N o N

Anemia
Nonhematologic Toxicity

Abnormal liver function
(ALT or AST)

Abnormal renal function

n
o
o
o
o
o

Hypokalemia
Anorexia

N O o O

Nausea

e

Vomiting

oo 0o o - o o
- O o = o o
- O o - o o
- O O O -

Fatigue

-y

Weight loss

sl

Diarrhea
Constipation
Urticaria

O O O O O N N W w o o

- O O o o

Stomatitis
Alopecia

Dyspnea

Febrile neutropenia

e

Fever

Fever (allergic reaction)

OO O O O O O o o o
oo O - 0O O O o o - O o o
OO O O O 0O O O o o o o
O O O 0O O O o o o o o©
o o - O o o

o

o o

Infection with neutropenia

Grade ab
3 ba v 23 e eS8

o = NN o
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—_

N o o
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o
oo
—_

o o
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Abbreviations: ALT = alaning aminotransferase; AST = aspartate aminotransferase

(CLr) was calculated as toral Ac/AUC. Additional pharmacoki-
netic parameters were estimated where appropriate using a two-
compartment IV model such as time to reach maximum plasma
concentration (Tmax). The percent change in neutrophil count was
calculated using the formula: percent change in neutrophil count =
([pretreatment count - nadir count]/pretreatment count) x 100.22
The pharmacokinetic—pharmacodynamic correlations between the
percent changes in neutrophil count and Cmax or AUC.. values
for topotecan lactone were evaluated by using a simple maximum-
effect (Emax) model and WinNonlin software, Version 5.2.1.

Results

During the period between March 1999 and November 2000,
12 patiencs participated in this study. The profile of the patient
population is shown in Table 1. Three patiencs were women, and 9
were men, and their median age was 63 years (range, 53-68 years).
All patients had a performance status of 1. A total of 20 courses of
therapy were given in chis study. The number of treatment cycles ad-
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ministered per patient was 1 or 2 (1 cycle in 4 patients, and 2 cycles
in 8 patients). All patients were assessed for toxicity and response.

Toxicities

Maximum Tolerated Dose. One of the major toxicities observed
during this study was myelosuppression, principally manifested by
neutropenia. First, 3 previously treated patients were enrolled at
dose level 1 (topotecan 4 mg/m? on days 1, 8 and 15). No DLT was
observed during the first course at dose level 1. Febrile neutropenia
and infection with grade 3/4 neutropenia were the DLT ar the sec-
ond dose level (topotecan 6 mg/m?) in the first cycle in all 3 patients
who had received previous chemotherapy (Table 2). Because severe
myelotoxicity was observed in the previously treated patients ac this
dose, only previously untreated patients were subsequently enrolled
at the second dose level (topotecan 6 mg/m2). Ac this dose level
the 3 previously untreated patients did not experience any DLT.
However, at the 8-mg/m? level, grade 4 neutropenia > 3 days was
observed in 1 patient, forcing a skipping of the topotecan dose on



Table 4 Pharmacokinetic Parameters of the Lactone Form of Topotecan and Total Topotecan Determined on Day 1

Noriyuki Masuda et al

'P S Previously Treated Group __ Previously Untreated Group
iy 4mg/m2 (n=3) 6 mg/m2 (n = 3) 6 mg/m2 (n = 3) . 8mg/m2(n=3)
Lactone Mean SD Mean SD Mean SD Mean SD
Crax, NMOI/L 17143 | = | 4966 35188 | = | 11264 271145 | £ | 217.73 48416 | + | g7.88
Twas, h 0.55 + | 006 0.51 + | 002 0.50 £ | 007 0.51 + | 001
AUCO-.,nmolhL | 26459 | + | 6521 427.22 71.39 34516 | = | 19069 54655 | + | 11869
(%)? (39) * @ (33) = (4) (36) * (6) (38) * (1
Tir,h 537 + | 065 492 £ | 069 5.62 + | 034 4.84 £ | 013
A, 1h 01303 | + | 00162 01427 | + | o.0187 04237 | = | 00077 01432 | = | 00038
MRT, h 3.53 + | 040 3.14 £ | 10 347 = | 069 2.46 = | 014
Cl, Uh 5528 | = | 1762 4936 | = | 989 7132 | = | 4594 972 | £ | 114
Vss, L 19578 | + | 69.11 16076 | + | 83.02 6762 | + | 21667 12103 | + | 2163
Total
Cinax, NMOUL 24110 | = | 61.06 557.82 | + | 4857 34498 | = | 21054 68216 | + | 111.44
Trmax, 0.55 + | 006 0.51 + | 002 0.50 + | 007 0.51 + | 001
AUCO-o,nmol-h/L | 74995 | + | 15756 | 130537 | + | 172.72 913.08 | = | 38560 | 142681 | = | 27027
Tir2.h 490 + | 084 485 £ | 075 5.08 = | o019 469 + | 040
Az, 1h 01442 | + | 000234 01451 | = | 00226 01366 | = | 0.0052 0.1485 | = | 00127
MIRT, h 452 £ | 060 435 £ | 087 4.60 + | 006 3.69 + | 019
Cl, Uh 1922 | + | 52 1599 | = | 216 414 | = | 1174 18.91 + | 39
Vs, L 8554 | = | 1861 69.11 + | 1456 11144 | = | 5559 6926 | = | 11.14

2 actone form as a percentage of total topotecan.

Abbreviations: Az = elimination rate constant; AUCO... = area under the plasma concentration-time curve extrapolated to infinity: Cl = total body clearance; Cqx = maximum concentration: MRT = mean
residence time; T = half-life in terminal phase; Trax = time to reach Cosy; Vs = volume of distribution at steady state

day 15. Another patient exhibited grade 3 neucropenia on day 15,
and thar also made it necessary to skip the topotecan dose scheduled
for that day. Although only I DLT was observed at that dose level in
the previously untreated patients, the dose of topotecan on day 15
was skipped in 2 of the 3 untreated patients because of hemarologic
toxicity; therefore, the MTD was estimated to be 8 mg/m2, and the
recommended dose was estimated to be 6 mg/m2. No further at-
tempts were made to increase the dose.

Hematologic Toxicity. Table 3 shows the most severe toxicities
experienced during treatment. Although there was no grade 4 neu-
tropenia at dose level 1 (4 mg/m2), short-lived grade 4 leukopenia
and neutropenia occurred in 1 of the 3 previously created patients
at dose level 2 (6 mg/m?). No grade 4 leukopenia or neutropenia
was observed in the 3 chemotherapy-naive patients at dose level 2.
Ac the 8-mg/m? dose level, 1 of the 3 patients experienced grade 4
neutropenia > 3 days. Ten episodes of grade 3/4 neutropenia were
reported during this trial, and 8 (80%) episodes were asymptom-
atic, whereas 2 episodes (20%) were associated with fever. The me-
dian time to the neutrophil nadir in the 12 patients who developed
neutropenia during the first course was 21 days, and the median
times to recovery ranged from 5 to 8 days.

Nadir platelet counts were observed from day 14 to day 17, and
the median times to recovery ranged from 2 to 6.5 days. Topotecan
generally had a mild effect on platelets, and only 1 course in the

study (6 mg/m?) was associated with grade 3 thrombocyropenia
(Table 3). Anemia was relatively common, and grade 3 anemia oc-
curred in 4 (33%) of the patients.

Nonhematologic Toxicity. Overall, nonhematologic toxicities were
infrequent and mild to moderate in severity (Table 3). Anorexia
was the most frequent nonhematologic roxic effect. All parients
experienced some degree of appetite loss. Grade > 3 anorexia was
reported in 3 (25%) of the patients. Toxicities > grade 3 consisted
of hypokalemia (n = 1), fatigue (n = 2), fabrile neutropenia (n = 1),
and infection (n = 2). Other toxicities were < grade 3. There were
no treatment-related deaths during this study.

Pharmacokinetics

Plasma samples for topotecan were obrtained from all 12 patients
during their first course of treatment. The plasma concentration-
time curves for the different doses of topotecan are shown in Figure
1, and the pharmacokinetic parameters derived from the ploted
data are listed in Table 4 and Table 5. The plasma concentrations
of topotecan lactone and total topotecan reached their Cimay at the
end of the infusion, and the Cpay values increased in proportion
to the dose. The plasma concentration-time curves for topotecan
lactone and total topotecan were fit by a biexponential model with
a terminal half-life of 4.84-5.62 hours and 4.69-5.08 hours, respec-
tively. N-desmethyl topotecan was rapidly formed from che parent
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Figure 1 Plasma Congceniration-Time Curves of Topotecan and Its Active Metabolite, N-Desmethyl Topotecan, in Patients

Receiving Weekly Topotecan
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Each point represents the mean = SD of the values in 4 patients. The open circles and closed circles represent the lactone form of topotecan and total topotecan, respectively, and the open
triangles and closed triangles represent the lactone form of N-desmethyl topotecan and total N-desmethyl topotecan, respectively.

compound, and the Crmax of N-desmethyl topotecan was reached
berween 1 hour and 4 hours after the start of the topotecan infu-
sion. The plasma concentration of the metabolite decreased more
slowly than that of topotecan, and its half-life ranged berween 5
hours and 9 hours. No significant differences in pharmacokinetic
parameters were observed between the previously treated group and
the previously untreated group at the 6-mg/m? dose. The ratio of
the Crmax of the metabolite to that of topotecan ranged from 0.4%
to 1.3%. Half-lives, Vi, Cl, and urinary excretion also remained
relatively constant over the range of doses administered. The mean
Vs for topotecan lactone was 121.03-267.62 L, and the mean Cl
was 49.36-71.32 L/h. The ratio of the AUC. of topotecan lactone
to thar of rtotal topotecan was approximately 35%. The mean uri-
nary excretion ratio of topotecan and N-desmethyl topotecan over
48 hours at each dose ranged from 43.9% to 47.6% and from 1.8%
to 2.7%, respectively.

Pharmacodynamics

The relationships between the percentage decrease in neutrophil
count and both the Crmax and AUC. values for topotecan lactone
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were well described by a simple Emax model (Figure 2). With this
model, Emax and ECs0 Cmax were estimated for Crax as 90.6
7.4% and 30.2 + 20.8 nmol/L, respectively, and were estimared for
AUCy.co as 99.7 + 12.3% and 83.7 + 53.5 nmol-hr/L, respectively.

Response

All 12 patients were assessed for response. No partial responses
(PRs) or complete responses (CRs) were achieved in either the
previously untreated group or the previously treated group. Two
of the 10 patients with no change showed a minor response. One
of them was a 67-year-old man treated at 6 mg/m? who had previ-
ously undergone combination therapy consisting of cisplatin plus
vindesine and with whom a 25% reduction of the predefined rar-
get lesions was observed on day 23 and lasted 30 days. The other
patient was a 68-year-old chemotherapy-naive man treated with
the 6-mg/m? dose with whom a maximum reduction of 60% of
his primary tumors were obscrved on day 18 and lasted 4 weeks, a
19.5% decrease in mediastinal lymph nodes were observed on day
46, and complete resolurion of a pulmonary metastasis (14.1 mm

x 12.8 mm) previously seen on CT scans were observed on day 18



Table 5 Pharmacokinetic Parameters of MN-Desmethy! Topotecan (Total and Lactone Form) Determined on Day 1
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Be e ; 'Previously Treated Gr_buﬁ : ; Pre‘viously‘llntr‘gjated Group :
4mg/m2 (n=3) 6 mg/m2 (n = 3) 6 mg/m?2 (n = 3) 8mg/m? (n = 3)
Lactone Mean sD Mean SD Mean SD Mean sD
Crnax, NMol/L 1.01 + 0.20 1.98 + 1.19 2.03 t 0.45 1.83 + 0.34
Tmax, 2.34 - - 1.59 1.67 & 0.58 1.00 t 0.00 1.18 + 0.76
AUCO-c0, nmol-h/L 11.76 & 0.43 18.88 + 6.47 15.36 + 1.98 17.10 + 0.83
(%) 37) * (10) (28) * () (33) * () 27 B 1
Tir2,h 7.16 * 1.09 6.50 * 2.31 4.94 * 1.64 5.59 + 0.94
Az, 1/h 0.0982 + 0.0138 0.1148 * 0.0346 0.1495 + 0.0419 0.1264 * 0.0207
MRT, h 11.21 t 1.58 9.95 x 3.35 7.48 + 2.29 8.35 s 1.47
Total
Cmax, Nmol/L 2.75 * 0.54 4.89 * 1.53 4.37 * 0.54 4,57 = 0.68
Tmax, h 3.34 & 1.23 3.33 £ 1.15 2.00 + 0.00 4.01 * 0.01
AUGO-c», nmol-h/L 33.79 + 10.84 66.98 - 13.34 47.33 + 11.29 63.67 =3 5.56
Tir,h 6.43 + 1.35 797 + 1.37 5.59 + 1.99 8.86 + 1.21
Az, 1/h 0.1108 E 0.0216 0.0885 x 0.0142 0.1338 E - 0.0415 0.0792 £ 0.0115
MRT, h 10.27 £ 2.04 11.97 e 1.95 8.79 £ 2.54 12.51 * 1.82

3Lactone form as a percentage of total topotecan.

Abbreviations: Az = elimination rate constant; AUCO... = area under the plasma concentration-time curve extrapolated to infinity; Crrax = maximum concentration; MRT = mean residence time; Tip =

half-life in terminal phase; Tya, = time to reach Cax

and lasted 1 month. However, a left axillary node became palpable
on day 46. The remaining 2 patients had disease progression.

Discussion

The standard regimen of topotecan of 1.5 mg/m2/day on days
1-5 of a 21-day cycle is an efficacious regimen for the treatment
of patients with several malignant diseases, including relapsed
epithelial ovarian cancer and SCLC.6.23-25 Although topotecan on
this schedule is generally well tolerated, patients heavily precreated
with platinum-based regimens may sometimes be susceptible to
severe hemarologic toxicities.6.12 Furthermore, 5 daily infusions in
an office or treatment center may be inconvenient for the patients.
Weekly administration is one of the candidares for aleernate dos-
ing regimens to reduce toxicity without compromising efficacy.
Preclinical studies in NSCLC cell lines demonstrate that wich pro-
longed exposure to topotecan, topoisomerase T levels decreased but
also appeared to return to baseline levels after 1 week, suggesting
that a weekly regimen may rarger cells when they are most vulner-
able to chis agene.” In light of this information, we conducted this
phase I and pharmacokinetic study of topotecan for the trearment
of patients with advanced NSCLC.

This trial demonstrated that 8 mg/m2 per week every 3 weeks
was estimared to be the MTD because administration of topotecan
on day 15 in 2 of 3 untreated patiencs was skipped because of
hematologic toxicity, although 1 of 3 previously untreated patients
experienced DLT at this dose level (Table 2). Therefore, for pa-
tiencs without previous chemotherapy. 6 mg/m2 per weck cvery 4
weeks was the recommended dose for further phase 11 trials. The
dose-intensity possible with this schedule in previously untreated

patients was 4.5 mg/m?/weck. In patients with previous chemo-

therapy, the appropriate dose for this regimen was 4 mg/m2 per
week every 3 weeks, with dose intensity of 3 mg/m2/week. This
favorably compares the dose intensity of 2.5 mg/m2/week achiev-
able with the standard regimen of 1.5 mg/m2 daily for 5 days every
3 weeks. The recommended dose of 4 mg/m2/week for previously
treated patients was consistent with other studies in ovarian cancer
with this schedule.8.10.26.27 Homesley et al first reported a phase
I/IT study of weekly intravenous bolus topotecan in patients with
recurrent ovarian cancer, starting at 1.5 mg/m? and escalating at 0.5
mg/m? increments every 3 weeks.8 The MTD and recommended
dose was determined to be 4 mg/m? per week every 3 weeks in
previously treated patients, with the DLTs being anemia, chronic
fatigue, and gastroincestinal roxicities including nausea, and vomic-
ing. Myelosuppression was rarely dose limiting. In contrast, in our
trial, myelosuppression was frequently dose limicing (Table 2).
As expected, the degree of myclosuppression was related to the
patient’s pretreatment status. At dose level of 6 mg/m2/week in
previously treated patiencs, 1 case of grade 3 neutropenic fever and
2 cases of infection with grade 3 neutropenia were observed as the
DLTs. At dose level of 8 mg/m2/weck in patients with no previous
chemotherapy, treatment omission on day 15 because of neutrope-
nia was dose limiting in 2 patients. Nonhematologic toxic effects
> grade 3 consisted of anorexia (3 patients), fatigue (2 patients),
and infection wich neutropenia (3 pacients; Table 3). These toxici-
ties were predictable, reversible and manageable. The spectrum of
toxicities for weekly topotecan was similar to that of the standard
daily for 5 days regimen.28.29

Topotecan pharmacokinetics were similar to those reported in
previous studies.2830 After cessation of infusion, the ropotecan
curves showed a bicxponential decay (Figure 1). In accordance with
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Figure 2 Pharmacodynamic Modeling of the Percent Change in
Neutrophil Count Versus C,,, or AUC__ of Topotecan
Lactone by Means of a Simple Maximum-Effect Model
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the report by van Warmerdam et al,30 after about 1.5 hours the
concentration of the lactone form and the carboxylate form declined
in parallel, with identical slopes. Mean topotecan Cmax and AUCe
increased linearly with doses in the dose range used for both lactone
and total drug (Table 4). Curtis et al reported the pharmacokinetic
study of topotecan,3! in which patients with previously treated can-
cer were administered topotecan at the same dose (4 mg/m?) as in
our trial. Their study included 16 white pacients. A comparison of
the pharmacokinetic parameters of total topotecan in their study
and our trial (Table 5) showed similar results: Crax (144 ng/mL vs.
110.4 ng/mL; 314 nmol/L vs. 241.1 nmol/L), AUCq.w (372 ng-h/mL
vs. 3434 ngh/mL; 812 nmol-h/L vs. 750 nmol-h/L), Ti;z2 G h
vs. 4.9 h), Cl (20.6 L/h vs. 19.2 L/h), and Vs (101 L vs. 85.5 1),
respectively. The toxicity profile of topotecan in our trial was also simi-
lar to that in their study. Thus, there seems to be no need to consider
pharmacogenomic differences between white and Japanese patients.
Herben et al first reported the pharmacokinetics of N-desmethyl topo-
tecan.32 Its formation is consistent with a hydroxylation step catalyzed
by the cytochrome P450 system. This metabolite is supposed to have
equal or slighdly less antitumor activity compared with topotecan.20-33
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N-desmethyl topotecan appeared in plasma after the end of topote-
can infusion, with lag time of 0.58 + 0.24 hours. The time to reach
maximal plasma concentration was 3.4 + 1.0 hours. The metabolite-
to-topotecan ratio of Cmax Was about 0.5%. The 24-hour urinary
recovery of the metabolite was 1.4 + 0.6% of the topotecan dose ad-
ministered. In our trial, the merabolite was already detected at the end
of infusion (Figure 1). Although plasma concentrations of topotecan
began to decline at the end of the infusion, those of the metabolite
increased initially, and the maximal plasma levels were reached from
0.5 to 4 hours after the end of the infusion, with the half-lives from 4
to 10 hours. Recovery within 48 hours of the metabolite in the urine
was 1.8%-2.7% of the topotecan dose administered. The severity of
neutropenia was more closely related to the AUC of topotecan than
to Crmax of topotecan. The percentage decrease in ANC is primarily
dependent on systemic exposure to topotecan. The pharmacodynamic
curves suggest that the percent change in neutrophils may peak when
topotecan is administered at a dosc lower than 4 mg/m? (Figure 2).
However, a review of previously published papers suggests that the
weekly dose of 4 mg/m? is appropriate 8-1115.31

Neither CR nor PR was obrained during this phase I trial, although
2 patients showed a minor response. It is of note that the proportion
of patients with stable disease was very high (80%), and this point is
important because the disease stabilization may be of benefit for the
survival of patients. However, the number of patients in this study
is too small to draw any valid conclusion about the ultimate clinical
activity of this weekly regimen.

Conclusion

This study showed that 6 mg/m? and 4 mg/m? were the recom-
mended doses of weekly topotecan for further study in previously un-
treated and previously treated patients, respectively. The major DLT
were febrile neutropenia, infection, and grade 4 neutropenia 2 3 days.
Because of its more improved patient convenience and its generally
mild toxicity profile, the weekly regimen may provide an atcractive al-
ternative to the US Food and Drug Administration (FDA)-approved
5-day schedule regimen in patients with lung cancer.

It is not clear whether chemotherapy-naive patients will ben-
efit from this treatment given the lack of response to single-agent
topotecan. Treatment of platinum-doublet chemotherapy should
be recommended for these nonresponding patients with good
performance status because platinum-based doublet chemotherapy
remains the cornerstone of therapy in the first-line setting in ad-
vanced NSCLC.34

Based on the results of chis study, it was concluded that 6 mg/m?2
and 4 mg/m? should be the recommended doses of weekly topo-
tecan for further study in previously untreated patients and previ-
ously treated patients, respectively. The major DLTs were febrile
neutropenia, infection, and grade 4 neutropenia > 3 days. Because
of its greater convenience for patients and its generally mild toxicity
profile, the weekly regimen may provide an attractive alternative to
the FDA-approved 5-day schedule regimen for patients with lung

cancer.
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TAK-701, a Humanized Monoclonal Antibody to Hepatocyte
Growth Factor, Reverses Gefitinib Resistance Induced by
Tumor-Derived HGF in Non—-Small Cell Lung

Cancer with an EGFR Mutation
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Abstract

Most non-small cell lung cancer (NSCLC) tumors with an activating mutation of the epidermal growth
factor receptor (EGFR) are initially responsive to EGFR tyrosine kinase inhibitors (TKI) such as gefitinib
but ultimately develop resistance to these drugs. Hepatocyte growth factor (HGF) induces EGFR-TKI resis-
tance in NSCLC cells with such a mutation. We investigated strategies to overcome gefitinib resistance in-
duced by HGF. Human NSCLC cells with an activating EGFR mutation (HCC827 cells) were engineered to
stably express HGF (HCC827-HGF cells). HCC827-HGF cells secreted large amounts of HGF and exhibited
resistance to gefitinib in vitro to an extent similar to that of HCC827 GR cells, in which the gene for the HGF
receptor MET is amplified. A MET-TKI reversed gefitinib resistance in HCC827-HGF cells as well as in
HCC827 GR cells, suggesting that MET activation induces gefitinib resistance in both cell lines. TAK-701, a
humanized monoclonal antibody to HGF, in combination with gefitinib inhibited the phosphorylation of
MET, EGFR, extracellular signal-regulated kinase, and AKT in HCC827-HGF cells, resulting in suppression
of cell growth and indicating that autocrine HGF-MET signaling contributes to gefitinib resistance in these
cells. Combination therapy with TAK-701 and gefitinib also markedly inhibited the growth of HCC827-HGF
tumors in vivo. The addition of TAK-701 to gefitinib is a promising strategy to overcome EGFR-TKI resistance
induced by HGF in NSCLC with an activating EGFR mutation. Mol Cancer Ther; 9(10); 2785-92. ©2010 AACR.

Introduction

Somatic mutations in the kinase domain of the epider-
mal growth factor receptor (EGFR) are associated with a
high rate of response to EGFR tyrosine kinase inhibitors
(TKI) such as gefitinib (Fig. 1) and erlotinib in advanced
non-small cell lung cancer (NSCLC; refs. 1-3). Despite
the therapeutic benefit of EGFR-TKIs in NSCLC, how-
ever, most patients ultimately develop resistance to
these drugs. A secondary T790M mutation of EGFR
and amplification of the MET gene are major causes
of acquired resistance to EGFR-TKIs (4-7). In addition,
hepatocyte growth factor (HGF), a ligand of the MET
oncoprotein (8, 9), induces gefitinib resistance in EGFR
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mutation—positive NSCLC by activating MET and
downstream signaling (10).

HGF was originally identified as a mitogenic protein
for hepatocytes (11). Both HGF and its MET receptor
are expressed, and often overexpressed, in a broad spec-
trum of human solid tumors including lung, mesothelio-
ma, breast, and brain cancer (12-16). HGF thus acts as an
autocrine or paracrine growth factor for these tumor cells
(17, 18). TAK-701 is a potent humanized monoclonal anti-
body to HGF that blocks various HGF-induced biological
activities as well as inhibits tumor growth in an autocrine
HGF-MET-driven xenograft model.® To identify strate-
gies or agents capable of overcoming resistance to
EGFR-TKIs induced by HGF, we have now established
sublines of the EGFR mutation—positive human NSCLC
cell line HCC827 that stably express transfected HGF
c¢DNA. With the use of these cells, we investigated the
effects of TAK-701 on HGF-MET signaling and gefitinib
resistance induced by cell-derived HGF both in vitro
and in vivo.

6 Kitahara O, Nishizawa S, Ito Y, Toyoda Y, Misumi Y, Sato S, Inaoka T,
Klakamp SL, Kokubo T, Hori A. TAK-701, a humanized monoclonal
antibody to human hepatocyte growth factor, exhibits promising antitu-
mor effects on multiple tumor types. In preparation.
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Materials and Methods

Cell culture and reagents

The EGFR mutant NSCLC cell lines HCC827 (del
E746_A750) and the human glioblastoma cell line
UB7MG were obtained from the American Type Culture
Collection. HCC827 GRS5 (del E746_A750/MET ampli-
fied) was generated and characterized as described pre-
viously (6). We screened all sublines of HCC827 for the
presence of EGFR mutations by direct DNA sequencing
of exons 18 to 21 and MET amplification by fluorescence
in situ hybridization analysis with a probe specific for
MET and a control probe for the centromere of chromo-
some 7 as described previously (19, 20) for this study. All
cells were passaged for <3 months before the renewal
from frozen, early-passage stocks obtained from the
indicated sources. Cells were regularly screened for my-
coplasma with the use of a MycoAlert Mycoplasma De-
tection Kit (Lonza). HCC827 cells were cultured under a
humidified atmosphere of 5% CO, at 37°C in RPMI 1640
medium (Sigma) supplemented with 10% fetal bovine
serum. HCC827 GR5 cells were cultured in RPMI 1640 me-
dium supplemented with 10% fetal bovine serum and
1 pmol/L gefitinib. US7MG cells were cultured in DMEM
(Gibco) supplemented with 10% fetal bovine serum. TAK-
701 was kindly provided by Takeda Pharmaceutical Co.
Ltd., gefitinib was obtained from AstraZeneca, and
PHA-665752 was from Tocris Bioscience.

Cell transfection

A full-length cDNA fragment encoding human HGF
was obtained from U87MG cells by reverse transcription
and PCR with the primers HGF-F (5-GCGGCCGCAG-
CACCATGTGGGTGACCAAA-3) and HGF-R
(5-CGGGATCCCTATGACTGTGGTACCTTATAT-3). The
amplification product was verified by sequencing after
its cloning into the pCR-Blunt II-TOPO vector (Invitro-
gen). The HGF ¢cDNA was excised from pCR-Blunt II-
TOPO and transferred to the pQCXIH retroviral vector
(Clontech). Retroviruses encoding HGF were then pro-
duced and used to infect HCC827 cells as described

[ ks

Cl
Gelitinib

Figure 1. The structure of gefitinib.

(21). Cells stably expressing HGF were then isolated by
selection with hygromycin at 500 pg/mL (InvivoGen).

Enzyme-linked immunosorbent assay for HGF

Cells (5 x 10°) were seeded in 6-well plates, cultured
overnight in complete medium, and then incubated in
serum-free medium for 24 hours, after which the latter
medium was collected and assayed for HGF with a Hu-
man HGF Quantikine ELISA Kit (R&D Systems). A stan-
dard curve for the enzyme-linked immunosorbent assay
(ELISA) was generated with the supplied reagents, and
HGEF concentration was determined as the average value
from triplicate samples.

Cell growth inhibition assay

Cells were transferred to 96-well flat-bottomed plates
and cultured for 24 hours before exposure for 72 hours
to various concentrations of gefitinib, TAK-701, or
PHA-665752, as indicated. Tetra Color One (5 mmol/L
tetrazolium monosodium salt and 0.2 mmol/L
1-methoxy-5-methyl phenazinium methylsulfate;
Seikagaku Kogyo) was then added to each well, and
the cells were incubated for 3 hours at 37°C before
measurement of absorbance at 490 nm with a Multis-
kan Spectrum instrument (Thermo Labsystems). Absor-
bance values were expressed as a percentage of that for
untreated cells.

Annexin V binding assay

The binding of Annexin V to cells was measured with
the use of an Annexin-V-FLUOS Staining Kit (Roche).
Cells were harvested by exposure to trypsin-EDTA,
washed with PBS, and centrifuged at 200 x g for 5 minutes.
The cell pellets were resuspended in 100 uL of Annexin-V-
FLUOS labeling solution, incubated for 10 to 15 minutes at
15°C to 25°C, and then analyzed for fluorescence with a
flow cytometer (FACSCalibur) and Cell Quest software
(Becton Dickinson).

Immunoblet analysis

Cells were washed twice with ice-cold PBS and then
lysed with 1x cell lysis buffer (Cell Signaling Technology)
consisting of 20 mmol/L Tris-HCl (pH 7.5), 150 mmol/L
NaCl, 1 mmol/L EDTA (disodium salt), 1 mmol/L
EGTA, 1% Triton X-100, 2.5 mmol/L sodium pyrophos-
phate, 1 mmol/L p-glycerophosphate, 1 mmol/L
Na3VOy,, leupeptin (1 pg/mL), and 1 mmol/L phenyl-
methylsulfonyl fluoride. The protein concentration of cell
lysates was determined with a bicinchoninic acid protein
assay kit (Thermo Fisher Scientific), and equal amounts
of protein were subjected to SDS-PAGE on 7.5% gels
(Bio-Rad). The separated proteins were transferred to a
nitrocellulose membrane, which was then incubated with
Blocking One solution (Nacalai Tesque) for 20 minutes at
room temperature before incubation overnight at 4°C
with primary antibodies. Antibodies to phosphorylated
EGFR (phosphotyrosine-1068), to phosphorylated MET
(phosphotyrosine-1349), to phosphorylated or total forms

2786 Mol Cancer Ther; 9(10) October 2010

Molecular Cancer Therapeutics



TAK-701 Reverses HGF-Induced Gefitinib Resistance

>
~
=
s

HGF release (ng/mL per 10°cells)
L e
° @

0 v T T
Parental Mock GRS

HGF1

HGF2

HCC827

-# HCC827
©  HCC827-Mock
-+ HCC827-HGF1
- HCC827-HGF2
+ HCC827 GRS

Cell viability (% of contrel)

G Sud, [ T T T
(1] 0.01 0.1 1

Gefitinib (umol/L)

HCC827-

C HCC827 HCC827 HCCH27-
HGF2

Parcntal GRS HGF1

Gefitinib: - + - + - + -+
- o W -
[T I TLETLL]

pMET [ ]

[ v O W S ol ]

p-EGFR
EGFR

MET

p-AKT

o -
[ ol o

AKT

= WSS ==
s ms=mm|
sach G WS S A . v

p-ERK

ERK

B-Actin

Figure 2. Characterization of HCC827 isogenic cell lines. A, HCC827 isogenic cell lines (HCcC827, HCC827-Mock, HCC827-HGF1 and -HGF2, and
HCCB827 GRS5) were cultured overnight in medium containing 10% serum and then incubated for 24 hours in serum-free medium, after which the culture
supernatants were collected and assayed for HGF with an ELISA. Data are means + SD from three independent experiments. B, HCC827 isogenic cell
lines were cultured in medium containing 10% serum for 72 hours in the presence of various concentrations of gefitinib, after which cell viability was
assessed as described in Materials and Methods. The number of viable cells is expressed as a percentage of the value for untreated cells. Data are
means + SD from three independent experiments. C, HCC827 isogenic cell lines were incubated for 1 hour with or without gefitinib (100 nmol/L) in medium
containing 10% serum, after which the cells were lysed and subjected to immunoblot analysis with antibodies to phosphorylated (p-) or total forms of

EGFR, MET, AKT, or ERK, or with those to B-actin (loading control).

of AKT, and to phosphorylated extracellular signal-
regulated kinase (ERK) were obtained from Cell Signal-
ing Technology; those to total ERK were from Santa
Cruz Biotechnology; those to total EGFR and to total
MET were from Zymed/Invitrogen; and those to p-actin
were from Sigma. The membrane was then washed with
PBS containing 0.05% Tween 20 before incubation for 1
hour at room temperature with horseradish peroxidase-
conjugated secondary antibodies (GE Healthcare). Im-
mune complexes were finally detected with ECL Western
blotting detection reagents (GE Healthcare).

Growth inhibition assay in vivo

All animal studies were done in accordance with the
Recommendations for Handling of Laboratory Animals
for Biomedical Research compiled by the Committee on
Safety and Ethical Handling Regulations for Laboratory
Animal Experiments, Kinki University. The ethical proce-

dures followed met the requirements of the United
Kingdom Coordinating Committee on Cancer Research
guidelines (22). HCC827 cells were implanted s.c. into
the right hind leg of 6-week-old female athymic nude
mice (BALB/c nu/nu; CLEA Japan). Tumor volume was
determined from caliper measurement of tumor length
(L) and width (W) according to the formula LW?/2. Treat-
ment was initiated when tumors in each group of ani-
mals achieved an average volume of 300 to 400 mm?>.
Treatment groups (each containing five mice) consisted
of vehicle control, TAK-701 alone, gefitinib alone, and
TAK-701 plus gefitinib. The mice were injected with
TAK-701 (5 mg/kg) i.p. twice a week for 7 weeks; control
animals received PBS as vehicle. Gefitinib (50 mg/kg)
was administered by oral gavage daily for 49 days; con-
trol animals received a 0.5% (w/v) aqueous solution of
hydroxypropylmethylcellulose as vehicle. Both tumor
size and body weight were measured twice per week.
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Statistical analysis (HCC827), HCC827-Mock, or HCC827 GRS cells was un-
The data, presented as means + SD or SE, were ana- detectable (Fig. 2A). To assess the effects of gefitinib on
lyzed with Student's two-tailed ¢ test, with P < 0.05 con- cell growth, we exposed these five cell lines to various
sidered statistically significant. concentrations of the drug and then measured cell viabil-
ity. HCC827 GRS5 as well as HCC827-HGF1 and -HGF2

Results cells showed a reduced sensitivity to gefitinib com-
pared with HCC827 and HCC827-Mock cells, with me-

Cell-derived HGF induces gefitinib resistance in dian inhibitory concentrations of ~10 pmol/L apparent
EGFR mutation-positive NSCLC cells for the former cell lines compared with ~0.1 umol/L
To investigate whether cell-derived HGF induces gefi- for the latter (Fig. 2B). To investigate possible differ-
tinib resistance in NSCLC cells with an EGER mutation, ences in signal transduction among these cell lines,
we established HCC827 cells (which are EGFR mutation we examined the effects of gefitinib on EGFR, MET,
positive) that stably express human HGF (HCC827-HGF1 AKT, and ERK phosphorylation by immunoblot analy-
and -HGF2 cells) or stably harbor the corresponding sis (Fig. 2C). In the parental cells, gefitinib markedly in-
empty vector (HCC827-Mock cells). The secretion of hibited the phosphorylation of EGFR, AKT, and ERK.
HGF from these cell lines as well as from the parental In contrast, in the resistant cells (HCC827 GRS5, and

(HCCB827) cells and from an HCC827 subline with MET HCC827-HGF1 and -HGF2), gefitinib alone had no ef-
amplification (HCC827 GR5) was examined with the use fect on AKT and ERK phosphorylation, although it sub-
of an ELISA. We found that HCC827-HGF1 and -HGF2 stantially reduced the level of EGFR phosphorylation.

cells released large amounts of HGF into the culture These data suggest that sustained AKT and ERK signal-
medium, whereas the secretion of HGF from parental ing in the presence of gefitinib contributes to gefitinib
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Figure 3. Effects of the combination of gefitinib and either TAK-701 or PHA-665752 on the growth of gefitinib-resistant NSCLG cells. A to C, HCC827 GR5
cells (A), HCC827-HGF1 cells (B), and HCC827-HGF2 cells (C) were cultured for 72 hours in medium containing 10% serum, various concentrations of
gefitinib, and either PHA-665752 (500 nmol/L) or TAK-701 (50 pg/mL), after which cell viability was assessed. Data are means + SD from three independent
experiments. D, HCC827-Mock or HCCB27-HGF2 cells were incubated in the absence or presence of gefitinib (1 umol/L) or TAK-701 (50 pg/mL) for

48 hours in medium containing 10% serum. The proportion of apoptotic cells was then assessed by staining with Annexin V followed by flow cytometry.
Data are means + SD from three independent experiments. *P < 0.001; n.s., not significant.
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Figure 4. Effects of the combination of gefitinib and either TAK-701 or PHA-665752 on cell signaling in gefitinib-resistant NSCLC cells. HCC827 cells,
HCC827 GRS cells, and HCC827-HGF2 cells were incubated for 6 hours in medium containing 10% serum in the absence or presence of gefitinib

(1 pmol/L), PHA-665752 (500 nmol/L), or TAK-701 (50 pg/mL), as indicated. Cell lysates were then prepared and subjected to immunoblot analysis with
antibodies to phosphorylated or total forms of EGFR, MET, AKT, or ERK, or with those to B-actin.

resistance in HCC827-HGF1 and -HGF2 cells as well as
in HCC827 GR5 cells.

TAK-701 abrogates gefitinib resistance
induced by HGF

To investigate the roles of MET and HGF in gefitinib
resistance in HCC827 GR5 as well as in HCC827-HGF1
and -HGF2 cells, we exposed the cells to the MET-TKI
PHA-665752 or to TAK-701, a humanized monoclonal

antibody to HGF, in combination with gefitinib. Com-
bined treatment with PHA-665752 and gefitinib was
previously shown to result in substantial growth inhibi-
tion in HCC827 GR5 (MET amplification—positive) cells
(6). We found that the combination of gefitinib and
TAK-701 did not affect the growth of HCC827 GRS cells
(Fig. 3A). In HCC827-HGF1 and -HGF?2 cells, however,
TAK-701 and PHA-665752 each restored the sensitivity
of cell growth to inhibition by gefitinib (Fig. 3B and C).

Figure 5. Effects of the combination 3000 1

of TAK-701 and gefitinib on the
growth of gefitinib-resistant NSCLC
cells in vivo. Nude mice with tumor
xenografts established by s.c.
injection of HCC827-Mock (A) or
HCC827-HGF2 (B) cells were
treated for 7 weeks with vehicle
(control), gefitinib (50 mg/kg),
TAK-701 (5 mg/kg), or both drugs,
as described in Materials and
Methods. Tumor volume was
determined at the indicated times
after the onset of treatment. Data are
means + SE from five mice per 0
group. P < 0.001 for comparison
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In addition, staining with Annexin V revealed that gefiti-
nib alone induced a marked increase in the frequency of
apoptosis in HCC827-Mock cells but elicited a much
smaller effect in HCC827-HGF2 cells (Fig. 3D). However,
freatment with both gefitinib and TAK-701 triggered an
increase in the number of Annexin V-positive HCC827-
HGF?2 cells similar in extent to that induced by gefitinib
alone in HCC827-Mock cells. These results thus indicate
that TAK-701 restores gefitinib-induced apoptosis in
HCCB827-HGF?2 cells.

To examine the effects of gefitinib, PHA-665752, and
TAK-701 on cell signaling in the parental, HCC827
GR5, and HCC827-HGF2 cell lines, we again did immu-
noblot analysis (Fig. 4). Consistent with previous obser-
vations (6), PHA-665752 in combination with gefitinib
inhibited MET, AKT, and ERK phosphorylation in
HCC827 GRS cells. We further found that TAK-701 alone
did not inhibit MET phosphorylation, and thus the com-
bination of TAK-701 and gefitinib did not abrogate AKT
and ERK phosphorylation in HCC827 GR5 cells. In
HCC827-HGF2 cells, however, TAK-701 as well as
PHA-665752 inhibited MET phosphorylation, and the
combined treatment with TAK-701 and gefitinib fully
suppressed ERK and AKT phosphorylation. These results
indicate that HGF-induced gefitinib resistance is mediat-
ed by HGF-MET signaling and is abrogated by treatment
with TAK-701 in HCC827-HGF cells.

Cell-derived HGF induces gefitinib resistance in
NSCLC cells and TAK-701 restores the sensitivity of
tumor growth to inhibition by gefitinib in vivo

To examine the possible induction of gefitinib resis-
tance by tumor cell-derived HGF and the efficacy of
combined treatment with TAK-701 and gefitinib in vivo,
we generated xenografts in nude mice by injection of
HCC827-Mock or HCC827-HGF2 cells. We found that,
whereas gefitinib markedly inhibited the growth of
HCCB827-Mock xenografts (Fig. 5A), HCC827-HGF?2
xenografts were substantially resistant to gefitinib
(Fig. 5B). TAK-701 alone had a minimal effect on tumor
growth in both HCC827-Mock and HCC827-HGF2 xeno-
graft models. However, the combination of gefitinib and
TAK-701 induced marked regression of HCC827-HGF2
xenografts. These results thus suggest that HGF pro-
duced by NSCLC tumors harboring an EGFR mutation
induces gefitinib resistance, and that TAK-701 abrogates
such HGF-induced gefitinib resistance in vivo.

Discussion

In the present study, we established HGF-overexpressing
sublines of HCC827 cells and showed that these sublines
are resistant to gefitinib both in vitro and in vivo. To inves-
tigate whether the resistance of HCC827-HGF cells to ge-
fitinib is attributable to HGF-MET signaling, we examined
the effects of the MET-TKI PHA-665752 and of TAK-701, a
humanized monoclonal antibody to HGF, on signal trans-
duction and cell growth. In both HCC827-HGF1 and

-HGF2 cells as well as in HCC827 GR5 cells, which are
positive for MET amplification, gefitinib alone did not in-
hibit AKT or ERK phosphorylation, whereas gefitinib in
combination with PHA-665752 markedly suppressed the
phosphorylation of these signaling molecules. Consistent
with these results, PHA-665752 restored the sensitivity of
cell growth to inhibition by gefitinib in HCC827-HGF cells
as well as in HCC827 GRS cells. These results indicate that
the gefitinib resistance of these cell lines is mediated by
MET signaling. TAK-701 has been shown to potently in-
hibit HGF binding to MET in cancer cells and xenograft
models dependent on autocrine HGF-MET signaling.®
TAK-701 did not inhibit the phosphorylation of MET in
HCCB827 GRS cells, suggesting that the activation of
MET in these cells is not dependent on HGF. Indeed,
we were not able to detect the secretion of HGF from
HCCB827 GR5 cells. In contrast, TAK-701 suppressed
MET phosphorylation, and thus the combination of
TAK-701 and gefitinib markedly inhibited both AKT and
ERK signaling in HCC827-HGF cells, resulting in their
growth inhibition. These results indicate that autocrine
HGF-MET signaling contributes to gefitinib resistance in
HCC827-HGF cells. Similar ligand-mediated gefitinib re-
sistance has been described previously, with insulin-like
growth factor having been found to rescue cells expressing
wild-type EGFR from gefitinib-induced inhibition of cell
growth (23). These observations suggest that ligand-
dependent receptor tyrosine kinase (RTK) activation
(by HGF or insulin-like growth factor), as well as ligand-
independent RTK activation (by METamplification), plays
a pivotal role in the development of resistance to gefitinib.
Further studies should reveal whether other ligand-RTK
combinations contribute to gefitinib resistance.

We found that the baseline levels of both MET expres-
sion and MET phosphorylation in HCC827-HGF cells
were lower than those in HCC827 GR5 cells (Fig. 2C),
whereas HCC827-HGF cells were resistant to gefitinib to
the same extent as HCC827 GR5 cells in vitro (Fig. 2B).
These results suggest that phosphorylated MET activates
downstream signaling through different pathways in
HCC827 GR5 and HCC827-HGF cells. MET was recently
shown to signal through ERBB3 in MET amplification—
positive NSCLC cells (6) or through Grb2-associated
binder 1 (Gab1) in NSCLC cells with HGF-induced gefiti-
nib resistance (24). Further studies are required to inves-
tigate whether the biological properties of NSCLC cells or
the abilities of drugs to overcome gefitinib resistance are
affected by differences in RTK downstream signaling.

In our HCC827-HGF xenograft model, we showed that
HGF secreted from EGFR mutation-positive NSCLC cells
drives tumor growth even in the presence of gefitinib, and
that combination therapy with TAK-701 and gefitinib was

© Kitahara O, Nishizawa S, Ito Y, Toyoda Y, Misumi Y, Sato S, Inaoka T,
Klakamp SL, Kokubo T, Hori A. TAK-701, a humanized monoclonal
antibody to human hepatocyte growth factor, exhibits promising antitu-
mor effects on multiple tumor types. In preparation.
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able to greatly inhibit the growth of HCC827-HGF tumors.
These results indicate that interruption of HGF-MET sig-
naling with TAK-701 represents a powerful strategy to ab-
rogate gefitinib resistance induced by HGF derived from
tumor cells. HGF was previously shown to be expressed
predominantly by adenocarcinoma cells in NSCLC speci-
mens, although a low level of HGF staining was also
apparent in stromal cells (25). Furthermore, marked ex-
pression of HGF has been detected in most lung cancers
with intrinsic or acquired resistance to gefitinib (10, 26).
These data suggest that our autocrine model systems
based on stable overexpression of HGF are clinically rele-
vant and should prove useful for the establishment of
strategies to overcome gefitinib resistance. HGF is also
produced by stromal cells of various tumor types (13,
27,28). Indeed, HGF derived from fibroblasts injected into
nude mice together with EGFR mutation—positive NSCLC
cells induced gefitinib resistance in the NSCLC cells in vivo
(29). Further studies are required to clarify the major
source of HGF that contributes to gefitinib resistance in
patients with EGFR mutation—positive lung cancer. Given
that TAK-701 inhibits HGF binding to MET, TAK-701 may
reverse gefitinib resistance induced by HGF derived not
only from tumor cells but also from stromal cells.

In conclusion, we have shown that autocrine activation
of MET by HGF confers resistance to gefitinib, and that
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