involved 23 patients and was conducted using doses in the range
of 0.15-1.35 mg/m®. The major hematological toxicity was
neutropenia (all patients = grade 3). Nonhematological toxicities
included anorexia, malaise, nausea, and alopecia. The maximum
tolerated dose (MTD) was not determined. One patient with
sarcoma showed partial response (PR). Three patients with
non-small-cell lung cancer (NSCLC) showed a >50% wmor
reduction; however, this did not satisfy the cnileria for PR, as the
duration of the response was short.!"?

The present study, a phase 1 repeated-dose administration
study of TZT-1027, was conducted according to a schedule
consisting of weekly administration of the drug for 3 weeks
followed by a 4-week observation period.

Patients and Methods

Study design. The present study, an open-label, dose-escalating
phase 1 study, was conducted in Japanese patients with solid
tumors to determine the MTD, identify the recommended dose
for phase II studies, and assess the pharmacokinetic profile of
TZT-1027. The study and the written consent form were
approved by the Institutional Review Board. All patients
provided informed consent before study entry. The swudy was
conducted in accordance with the Good Clinical Practice
Guidelines and the Declaration of Helsinki.

Patient eligibility. Patients with histologically or cytologically
confirmed solid tumors that were refractory to standard therapy
or for which no effective therapy was available were eligible to
participate in the present study. Other inclusion criteria
included: no prior chemotherapy or radiotherapy within 4 weeks
of smdy entry (within 2 weeks of study entry in the case of
hormone drugs and antimetabolites); age =15 years and <75 years;
Eastern Cooperative Oncology Group (ECOG) performance
status <2; life expectancy at least 3 months; adequate bone
marrow function with hemoglobin 29.5 g/dL., white blood cell
(WBC) count 4000-12 000/mm’, and platelet count 2100 000/mm’;
normal hepatic function with serum bilirubin <1.5 mg/dL. and
serum aspariate aminotransferase and alanine aminotransferase
<2.0 times the upper limit of the respective normal ranges; and
adequate renal function with serum creatinine < the upper limit
of the respective normal range. All patients signed a written
informed-consent form. Exclusion criteria included the presence
of symptomatic brain metastases or pulmonary fibrosis, history
of severe cardiac disorder (including severe atrial or ventricular
arrhythmia or heart block), and pregnancy.

Treatment and dose escalation, TZT-1027 was given intravenously
over 60 min in 250 mL saline. TZT-1027 was administered three
times at weekly intervals (days 1, 8, and 15). The 4-week period
after the third administration was designated as the observation
period. The second and third administrations were conducted
after confirmation of a WBC of 3000/mm® or more and neutrophil
count of 1500/mm® or more. When these parameters did not
meet the above-described criteria, the administration was delayed
until they met the criteria; if, however, the criteria were not
met even after 2 weeks of the final administration, the drug
sdministration was discontinued altogether. If tumor regression
was recognized and the patients recovered from adverse
events by 4 weeks after the third administration (on day 15),
re-administration at the same dose was allowed. Patients in
whom the three weekly administrations of TZT-1027 failed for
reasons other than dose-limiting toxicity (DLT) were replaced.

The starting dose was 0.3 mg/m?, and the dose was increased
up to 2.1 mg/m® (Table 1). The total dose of the three sessions
(0.3 mg/m? x 3) was lower than 1.05 mg/m?, which was lower
than the 1.35 mg/m* used in the single-dose study. The safety of
the maximum dose used (i.e. 1.35 mg/m?) was confirmed in the
single-dose phase [ study carried out prior to the present study
in Japan. According to the dose-escalation plan shown in Table 1,
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Table 1. Number of TZT-1027 administrations

Number of
administrations

Dose of
TZT-1027
(mgtm?)

0.30
0.45
0.60
0.75
0.90
1.05
1.20
135
1.50
1.65
1.80
2.10
Total

'One patient had five administrations.

Number
of patients

=

8bbuwwm.nwwwhw
AN = DDO0OO0O-=000O0OO0CO
N-0 = 000000000~
g—uwwwwwwwWhuu

the dose was increased gradually to the maximum allowable
dose (MAD). MAD was defined as the dose at which grade 3 or
more severe hematotoxicity or grade 2 or more severe cardiac,
hepatic, renal, or pulmonary toxicity appeared in two-thirds of
patients. The MAD was reached at a dose of 1.5 mg/m? however,
it was judged that estimation of the MTD is required for estimation
of the recommended dose for phase II studies. Under approval
by the Efficacy Safety Assessment Committee, the dose could
be increased according to the protocol.

Maximum tolerated dose was defined as the minimum dose at
which DLT appeared in at least two-thirds of the patients, and
the recommended dose was defined as one dose level lower than
the MTD. DLT was defined as follows: (i) grade 4 neutropenia;
(ii) grade 4 leukopenia; (iii) grade 4 thrombocytopenia; and (iv)
grade 3/4 non- ical toxicity, excluding nausea and vomit-
ing. When grade 4 leukopenia was confirmed, administration of
granulocyte colony stimulating factor (G-CSF) was allowed.
When grade 4 thrombocytopenia appeared, platelet transfusion
was allowed.

Toxicity was assessed using the Adverse Drug Reaction
Criteria of the Japan Society for Cancer Therapy.'" The criteria
are approximately similar to the Commeon Toxicity Criteria adopted
by the National Cancer Institution in the USA.

Treatment assessment. Baseline assessment, including a complete
medical history, physical examination, vital signs, ECOG
performance status, blood counts, serum biochemistry, and
urinalysis, was conducted to assess patient cligibility and had to
be completed 5 days before the start of treatment.

During the TZT-1027 administration period and the subsequent
4-week observation period, routine biochemistry, hematology,
and urinalysis were carried out weekly. Electrocardiograms
were recorded before the first administration and after the third
administration of TZT-1027, and at the end of the observation
period. The left ventricular ejection fraction was assessed before
TZT-1027 administration, after the third administration of the
drug, and-2 weeks into the observation period. Chest X-rays
were obtained at least twice: before the start of treatment and at
the end of the observation period. Imaging examinations, including
computed tomography, were obtained as necessary for evaluating
the antitumor effects of the drug. Tumor response was evaluated
according to Criteria for the Evaluation of Direct Effects of
Solid Cancer Chemotherapy of the Japan Society for Cancer
Thmpy_(m

Pharmacokinetic sampling, assay, and analysis. The pharmacokinetic
profile of TZT-1027 was evaluated after the first and third
administration. Blood samples were collected immediately
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before the drip infusion, at the end of the drip infusion, and 3,
6, and 24 b after the drip infusion. All blood samples were
centrifuged immediately after sampling at 2 000 g for 10 min
at 4°C, and the plasma samples were stored at ~20°C until
analysis. Plasma concentrations were determined using the liquid
chromatography-mass spectrometry method.

Pharmacokinetic analysis of data from individual plasma samples
was made using standard model-independent (non-compartmental )
methods. The following pharmacokinetic parameters were
calculated: area under the curve (AUC), maximum concentration
(C,...). half-life (T,,,), mean residence time, and total clearance.

Results

Patient characteristics. The demographic characteristics of the
patients are shown in Table 2. Forty patients (28 men and 12
women) with a median age of 60 years were enrolled in the
present study. The most frequently encountered tumor type was
NSCLC.

All patients were included in the assessment of safety. The
patients in whom TZT-1027 could be administered only once or
twice for reasons other than DLT were considered to be unevaluable
for DLT and replacement patients were added for administration
of the same dose. TZT-1027 could be administered three times
in 34 patients.

The drug was administered only twice in two patients;
administration was discontinued because of DLT in one of these
patients (1.65 mg/m?), and because of increased tumor size in the
other patient (2.1 mg/m?). Drug administration was discontinued
after the first administration in four patients because of DLT in
two of these patients (2.1 mg/m?) and lack of fulfillment of the
hematological criteria for further drug administration (neutrophil

Table 2. Patient characteristics

Characteristic n
Patients 40
Sex
Male 28
Female 12

Median age (years)
Performance status
1] 16
1 18
2 B
Tumor type
Lung
Soft tisue
Esophagus
Pancreas
Colorectum
Thymoma
Mesothelioma
Stomach
Breast
Carcinoid
Bile duct
Rectum
Ducdenum
Pharynx
Mediastinum
Previous treatment
Chemotherapy
Radiotherapy
Surgery
Combination

60 (range 25-74)

-
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count <1500/mm® or WBC count <3000/mm®) in the remaining
two patients at 1.05 and 1.8 mg/m?, respectively.

Dose-limiting toxicity. As shown in Table 1, 12 different doses
of TZT-1027, ranging from 0.3 to 2.1 mg/m?, were administered.
Three to four patients were treated at each dose.

Dose-limiting toxicity appeared in two patients at 2.1 mg/m’.
One was a 59-year-old man with malignant mediastinal umor
who developed grade 4 neutropenia/leukopenia, grade 3 myalgia,
and grade 4 constipation. He had received chest radiotherapy as
pretreatment. On day 4 after drug administration, he developed
grade 3 myalgia. On day 5 after drug administration, ileus
appeared. On day 8 he developed gmde 4 leukopenia (700/mm?)
and grade 4 peutropenia (272/mm°). On days 9-12, G-CSF was
administered, with im) t of the leukopenia and neutropenia.
The myalgia and ileus subsided on days 11 and 20, respectively.
The other patient was a 73-year-old male patient with NSCLC
who developed grade 3 constipation and grade 4 neutropenia.
He had received chest radiotherapy and docetaxel administration
as pretreatment. On day 8 after the drug administration, grade 4
neutropenia was detected. On day 9, grade 3 constipation occurred.
On days 8-12, G-CSF was administered, with improvement of
the neutropenia. The constipation also subsided on day 16.

As DLT appeared in two-thirds of the patients at 2.1 mg/m’,
the dose was determined to be the MTD. At 1.8 mg/m?, which
was one dose level lower than 2.1 mg/m?, no patients were noted
with DLT, and the toxicity was also within the tolerated range.
Based on these observations, this dose was judged as the recom-
mended dose for phase II studies, DLT in other patients included
grade 4 neutropenia, which occurred in one patient after three
administrations of TZT-1027 at 1.5 mg/m’, and in one patient
after two administrations of TZT-1027 at 1.65 mg/m®. None of
the patients developed febrile neutropenia. There were no
treatment-related deaths.

Hematological toxicities, Neutropenia was the major DLT of
TZT-1027. Hematological toxicities as a function of the total
numbers of patients and courses of TZT-1027 are shown in
Table 3. Grade 4 neutropenia was observed at doses of 1.5 mg/
m?. The severity grade of neutropenia lended to increase with
increased dose. G-CSF was used in only two patients who
developed DLT at 2.1 mg/m?, whereas the neutrophil count
improved spontaneously in the other patients. Both anemia and
thrombocytopenia were relatively mild. There was only one
event of grade 3 thrombocytopenia at a dose of 2.1 mg/m®.

Nonhematological toxicities. Table 4 shows the overall drug-
related non-hematological toxicities observed. The common
non-hematological toxicities were malaise, navsea, vomiting, and
constipation. The most frequently observed toxicity was malaise,
and phlebitis was rare in the present study. The DLT were grade
3/4 constipation and grade 3 myalgia at a dose of 2.1 mg/m’.
Concerning the myalgia, grade 2 myalgia was recorded in
another patient at 2.1 mg/m?. Three patients developed peripheral
neuropathy, grade 1 at 1.35 and 1.65 mg/m’ and grade 2 at
2.1 mg/m?. There were no cases of cardiovascular mx_;lc_g{

Pharmacokinetic studies. The pharmacokinetics of TZ1-1027
were assessed in all patients at the first administration and in
34 patients at the third administration. The pharmacokinetic
parameters determined during the first and third administrations
of TZT-1027 are shown in Table 5. The maximum plasma
TZT-1027 concentration occurred at the end of the 1-h infusion.
The plasma concentrations during the third administration
were almost the same as those during the first administration.
No evidence of accumulation was observed during the third
administration.

The C,,, and AUC tended to increase with the dose, whereas
the changes in T, did not show any dose-dependent tendency
(Table 5; Fig.2). The comelation between pharmacokinetics
(AUC and C_,) and hematological toxicity (decrease in the
percentage neutrophil count from baseline) showed that the
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Table 3, Hemateclogical toxicities

Hemoglobin
Leucopenia Neutropenia decreased Thrombocytopenia
Hosa(mglr);  Nopatimity Grade Grade Grade Grade
1 2 3 1 2 3 4 1 2 3 1 2 3 4
0.30 3 1 1
0.45 4 1 1 1 1
0.60 3 1 1 2 1 1
0.75 3 1 1 1 1
0.90 E] 3 1 1 1
1.05 4 2 1 1 1 1 1
1.20 3 2 1 2 1 3 1
135 3 2 1 2 1 2 1
1.50 3 1 1 1 1 1 1 1
1.65 3 1 1 1 1 1 1
1.80 4 3 1 1 1 2 1 1 1
2.10 4 2 1 2 1 1
Total 40 1" 12 7 3 12 8 a 4 12 3 2 0 1 0
Table 4. Nonk logical reported most frequently (>5%)
Malaise Nausealomiting Alopecia Constipation Phlebitis
Dese (mg/m?) No. patients Grade Grade Grade Grade Grade
1 2 3 2 3 1 2 3 1 2 3 4 2 3 4
030 3 1
0.45 4 1 1
0.60 3 1
0.75 3 1 1
0.90 3
1.05 4 2 1
1.20 3 1 1
135 k] 1 1 1
1,50 3 1 2
165 3 2 1
1.80 4 1 1 1
2.10 4 3 1 1 1
Total 40 12 1 0 2 0 8 0 0 1 0 1 1 3 0 0
Table 5. Phar ki p of TZ1-1027 at the first administration
" € e (n/mML) AUC (ng himL) cl,,, (Mvm?) T (h) MRT (h)
Do i) No patiants. Mean (CV3%) Mean (CV%) Mean (CV%) Mean (CV%) Mean (CV%)
0.30 3 213 (24.4) 49.1 (24.3) 6.4 (27.0) 34 (7.6) 2.4 (16.0)
0.45 4 443 (1.7 125.4 (86.0) 6.9 (93.8) 3.7(21.8) 3.2 (35.5)
0.60 3 466 (43.0) 132.1 (65.5) 5.8 (50.3) 41 (20.4) 3.1(26.2)
0.75 3 52.2 (57.7) 153.0 (77.6) 7.2 (66.0) 39(31.2) 3.1 (26.1)
0.90 3 80.5 (46.5) 209.6 {60.0) 54(523) 33 (325 2.4 (24.6)
1.05 4 123.9 (19.3) 401.1 (37.5) 2.9 (30.1) 5.8 (44.8) 456 (59.3)
1.20 3 103.2 (40.8) 276.7 (57.4) 5.4 (543) 39 (4.7 2.8 (40.9)
135 3 112.4 (22.0) 3252 (17.7) 43 (19.1) 4.8(15.4) 3.1 (4.8)
1.50 3 219.1 (27.2) 652.9 (28.3) 25(339) 5.6 (25.2) 36 (16.6)
1.65 3 177.3 (38.9) 527.7 (30.2) 332719 5.1(22.1) 3.5(27.8)
1.80 4 233.6 (349) 731.2 (45.8) 28 (40.1) 5.4 (16.0) 37 (287
2.10 4 2465 (363) 991.8 (50.8) 250(37.8) 7.8 (28.2) 6.9 (41.5)

AUC, area under the curve; C__, maximum concentration; Cl,,, total clearance; MRT, mean residence time; T, half-life.

neutrophil count tended to decrease as AUC and C,,, increased
(r = 0.58 and 0.58, respectively).

Response evaluation. The antitumor activity was assessed in
all patients, with 16 patients showing no change. One patient with
invasive thymoma who had previously received the cisplatin,
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vincristine, doxorubicin plus etoposide regimen, gemcitabine
plus vinorelbine, and thoracic radiation at 40 Gy showed PR at
1.5 mg/m?. Although administration of TZT-1027 was discontinued
after the fifth administration (see Discussion) in this patient due
to DLT (grade 4 neutropenia), the duration of PR was 183 days.

CancerSci | February 2008 | vol 100 | no.2 | 319
© 2008 Japanese Cancer Association




400 -

350 |

Cram (ng/mL)
g

T T 1

0.0 0S5 10 15 20 25
Dose (mg/m?)

Fig. 2. Correlation between dose and maximum concentration (C_.)
at the first administration.

Discussion

Cellular tubulin is a well-established target for anticancer agents.
Although currently available antitubulin agents, including the
taxanes and vinca alkaloids, are highly effective anticancer
agents, their clinical usefulness is limited due to their high rates
of intrinsic or acquired resistance and systemic toxicities. Thus,
it is important to develop newer agents targeting the tubulin and
microtubule system that may be effective against tumors resistant
to the existing anticancer agents and having an improved
toxicity profile. A number of potent cytotoxic compounds have
been discovered over the past decade, and candidate anticancer
agents originating from marine life have been examined in
human clinical trials. Of these compounds, dolastatin 10 and
dolastatin 15 have been evaluated exlensively in clinical studies.
Cemadotin, an analog of dolastatin 15, was evaluated in phase |
studies by several administration schedules and was found to
cause neutropenia as a major DLT, apart from cardiac toxicity
and hypertension.®” Tasidotin, another dolastatin 15 analog, was
also found to be associated with the DLT of neutropenia,
ileus, and elevated transaminase levels.(*'® Phase I studies of
dolastatin 10 revealed that the drug caused neutropenia as a
DLT.061M

TZT-1027 was developed with the goal of obtaining the potent
antitumor activity of the parent compound, but with reduced
toxicity. In mice, intravenous injection of TZT-1027 showed
efficacy equivalent to or greater than that of dolastatin 10. At the
beginning of the present study, there were only data from a
single-dose study in humans. Thus, the present study was the
first repeated-dose phase I study conducted in humans. For this
reason, TZT-1027 was, as a rule, administered three times at
weekly intervals. The administration period was followed by a
4-week period of observation with the aim of confirming recovery
of the patients from any toxicity. The administration was judged
to be beneficial in the patients in whom no serious toxicity was
noted and tumor regression was recognized after the three
administrations. The drug was allowed to be continued even
after the 4-week observation period only in the above patients.
Because one patient with invasive thymoma experienced 70%
tumor regression during the 4-week observation period, it was

30

administered twice more uniil the patient developed the DLT of
grade 4 neutropenia. This patient showed tumor regression by
approximately 80% at the maximum, which confirmed PR.

The most frequently encountered DLT was grade 4 peutropenia,
which either resolved spontaneously without treatment or could
be reversed by administration of G-CSF. Other DLT included
grade 4 leukopenia, grade 3 myalgia. and grade 3 and 4 constipation.
However, peripheral neurological disturbance was mild, and it was
considered that the toxicity of this antitubular agent resembled
that of the vinca alkaloids rather than that of the taxanes. With
regard to the pharmacokinetics, the AUC and C,,, increased
with the dose. It was considered from the blood concentrations
of the drug after the first and third administrations that the drug
did not show accumulation.

On the basis of the results of the present study, some repeated-
dose phase I studies were conducted after the present study. In
the Netherlands, a repeated-dose study on days 1 and 8 of a
3-week course was conducted in patients with solid tumors. The
dose of TZT-1027 was escalated to 2.7 mg/m’, which produced
neutropenia and infusion arm pain as DLT. The recommended
dose of TZT-1027 for phase II studies was determined to be
2.4 mg/m>." In Japan also, a phase I study was conducted with
the drug administered on days 1 and 8 of a 3-week course.
Eighteen patients were enrolled in the study. Neutropenia was
the principal DLT. Phlebitis was the most frequently encountered
non-hematological toxicity. The recommended dose was
determined to be 1.5 mg/m®. This recommended dose was lower
than that determined in the phase 1 study in the Netherlands."?

The recommended dose determined in the present siudy was
1.8 mg/m? which is also lower than that determined in the
Netherlands study. The results of the pharmacokinetic parameters
of TZT-1027 were similar between the present study and the
Netherlands study. Therefore, it might be difficult to explain the
difference in the recommended dose from the point of view of
only pharmacokinetics. The possible difference might be the
severity of bone marrow toxicity. In the present study, three of
four patients at 2.1 mg/m* and one of four patients at 1.8 mg/m*
could not receive TZT-1027 administration on day 8 on schedule.
In a phase II study of TZT-1027 carried out in patients with
treated soft-tissue sarcoma in the USA '™ the dose used was
2.4 mg/m®. Dose reduction to 1.8 mg/m? was required in
approximately 40% of the patients, suggesting that 2.4 mg/m*
may be a slightly high dose for patients who have received
chemotherapy.

Some reports have shown that TZT-1027 exerts both considerable
vascular effects and a direct cytotoxic effect, resulting in its
strong antitumor activity,?*?" and that TZT-1027 enhances the
antitumor effect of ionizing radiation.” Clinical development
of TZT-1027 in the future may include systemic treatment as a
new anticancer drug with antiangiogenesis effects, and simulta-
neous combined use of the drug with radiation as a radiation
sensitizer.

In conclusion, in the present study the MTD and recommended
dose of TZT-1027, a synthetic analog of the natural marine
product dolastatin 10, were determined to be 2.1 and 1.8 mg/m?,
respectively, for Japanese patients with advanced solid tumors,
with the drug administered on days 1, 8, and 15. TZT-1027
showed less neurotoxicity than other tubulin inhibitors. These
results suggest that TZT-1027 might be a promising new tubulin
polymerization inhibitor that is generally well tolerated when
administered on a weekly dosing schedule.
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Abstract: Background: TS-1, a novel oral fluorouracil derivalive, has been shown to have anti-tumor activity with
relatively mild adverse effects, and it is used in the treatment of NSCLC in Japan. The combination of
gemcitabine (GEM) and 5-FU demonstrates a marked synergistic cytotoxic effect in a sequence-dependent
manner in in vitro assay. This study was conducted in order to evaluate the efficacy and safety and to compare
dosing schedules of gemcitabine combined with TS-1 in chemo-naive NSCLC patients (pts). Methods: Pts with
chemo-naive stage IIIB/IV NSCLC, an ECOG-PS of 0 or 1, and normal renal, liver, and bone marrow functions
were randomized into 1 of 2 treatment arms. Oral TS-1 was administered daily from day 1 to 14, and GEM was
given on days 1 and 8 (Arm A) or days 8 and 15 (Arm B). This cycle was repeated every 21 days. Results: A
total of 80 pts were entered and 79 pts, treated in this trial. Randomization was well balanced across patienl
characteristics except for cell type (adenocarcinoma/squamous cell carcinoma = 37/4 (Arm A), 27110 (Arm B)).
Grade 3/4 hematological toxicilies were neutropenia (54%), febrile neutropenia (9%), thrombocytopenia (11%)
and anemia (4%). The hematological toxicity profiles did not differ very much between the two arms. Grade 3
pneumonitis was observed in 2 pts (3%), The response rate was 23.1% (95% confidence interval [Cl]=11.1-
39.3%) in Arm A and 30.6% (95% Cl=16.3-46.1%), Arm B. Median time-to- progression (TTP) in Arm A was 4.1
months (95% Cl|=2.8-5.5) and Arm B, 5.4 months (95% Ci=3.8-6.3) (p=0.75). Median survival time in Arm Awas
15.7 months (95% Cl=8.6-23.3) and Arm B, 22.4 months (95% Cl=11 5-unknown) (p=0.32). Conclusions: The
combination of GEM and TS-1 was determined to be feasible and effective for advanced NSCLC, and these
results, particularly the favorable MST of Arm B, warrant further investigation of the Arm B dosing schedule for
this combination for NSCLC.
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Matuzumab and cetuximab activate the epidermal growth factor receptor but fail
to trigger downstream signaling by Akt or Erk

Takeshi Yoshida', Isamu mmmun"‘. Takafumi Okabe', Tsutomu Iwasa', Taroh Satoh', Kazuto Nishio®, Masahiro Fukuoka®
and Kazuhiko Nakagawa'

'Depariment of Medical Oncology, Kinki University School of Medicine, Osaka, Japan
‘Dfpammu.' af Genome Biology, Kinki University School of Medicine, Osaka, Japan
Sekai Hospital, Kinki University School of Medicine, Osaka, Japan

Molecular inhibition of the epidermal growih factor receptor

(EGFR) isa mmlﬂh anticancer strategy, and monoclonal anti-
bodies (mAbs) to EC are undergoing extensive evaluation in
preclinical and clinical trials. However, the effects of anti-EGFR

mAbs,
(EMD72000) and cefuximab (Erbitux), both of which are cur-
renily under assessment for treatmeni of various cancers, on
EGFR signal transduction |Mlullumfwlhnmmllnllh
cancer cell lines. Similar to EGF, matuzumab and imab e

to block ligand binding."™** The antitumor effects of these mAbs
arc thus thought to be attributable to inhibition of EGFR signaling
as well as to mhcr mechanisms such as antibody-dependent cellular
cytulomlly 26 However, the detailed effects of anti-EGFR mAbs
on EGFR signaling have remained unclear.” ™

We have now examined in dewil the effects on EGFR signal
transchuction of 2 anii-EGFR mAbs, mazumab and cctuximab,
hoth of which arc used clinically, 1o provide insight into the mech-

induced phosphorylation of EGFR at several tyrosine phosphoryl-
ation sites as a result of receptor dimerization and activation of
the receplor lyrosine kinase. In contrast to the effects of EGF,
however, EGFR activation induced by these antibodies was not
accompanied by receptor turnover or by activation of downstream
signaling path that are mediated by Akt and Erk and are im-
portant for r ion of cell proliferation and survival, In addi-
tion, clonogenic survival assays revealed (hat maluzumab and
cetuximab reduced the survival rate of H292 cells, in which they
inhibited the EGF.induced activation of Akt and Erk,
Although we have examined only a few cell lines, our results indi-
cale that the antitumor effects of matuzamab and cetuximab
depend on inhibition of EGFR downstream signaling mediated by
Akt or Erk rather than on inhibition of EGFR itself.
™ 2007 Wiley-Liss. Inc.

tiom:

Key words: EGF receptor: signal '
nonsmall cell lung cancer

The epidermal growth factor receptor (EGFR, also known as
ErbB1), a member of the ExbB lamily of receptor tyrosine kinases,
is u 170-kDa plusma membruane glycoprotein mrnpoud of an
extracellular ligand binding domain, a transmembrune region and
an intracellular lyttmn: kinase domain with a regulatory COOH-
terminal segment, Bsmﬁn; of ligand to EGFR induces receptor
dimerization, activation of the receptor kinase and autophospho-
rylation of specific irmln: residues within the COOH-terminal
region of the protein.” These events trigger inmccllular s:gmlins
pathways that prmlote cell proliferation and survival.®

EGFR is i | in many types of human
malignancy, with lhe extent of overexpression being negatively
correluted with prognosis.** Recognition of the role of EGFR in
carcinogenesis has prompted the development of EGFR-targeted
therapies that include both small-molecule ryrosine kinase inhibi-
tors (TKTs) that target the intracellular 1yrosine kinase domain and
monoclm! antibodies (mAbs) that turge! the extracellular do-
main."* Among EGFR-TKIs, gefitinib and crlotinib have becn
extensively evaluated in nonsmall cell lung cancer (NSCLC), and
ncnsllmty to these drugs has been correlated with the presence of
somatic mutations in the EGFR kinase domain or with EGFR gene
(EGFR) amplification.”'® Among anti-EGFR mAbs, cetuximab
(Erbitux), a chimeric mouse-human antibody of the immunoglobu-
lin (Ig) G subclass, has proved cfficacious in the treaument of iri-
notecan-refractory colon cancer'’ and was recently approved by
the U.S. Food and Drug Administration for the treatment of patients
with head and neck squamous cell carcinoma.'® Several clinical
studies of anti-EGFR mAbs such as matuzomab (EMD72000,
humanized TgG 1) and muxlmab are ongoing lor other types of can-
cer including NSCLC."*?* Anti-EGFR mAbs bind to the extracel-
lulur ligand binding domain of the.receptor and are thereby thought
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of their antilumor effects.

Material and methods
Cell enltire and reagents

The human NSCLC cell lines NCI—HZ?Z (1{292) NCI H460
(H460) and Ma-1 were
were cultured under a humidificd umosp!m uf 5% CO; at 3?°C
in RPMI 1640 medium (Sigma, St Louis, MO) supplemented with
10% fetal bovine serum. Matuzumab and cetuximab were kindly
provided by Merck KGaA (Darmstadt, Germany) and Bristol
Myers (New York, NY), respectively; gefitinib was obtained from
Manm-:a (Macclesfield, UK), and trastuzumab (Herceptin;

h, South San Franci CA) was obtaincd from Chugai
'ITnk)'u. Iltplrl) Neutralizing antibodies to EGFR (clone LAI)
were obtained from Upstate Biotechnology (Lake Placid, NY).

Immenoblot analysis

Cell lysates were fractionated by SDS-polyacrylamide gel clec-
trophoresis on a 7.5% gel, and the separated proleins were (runs-
ferred 1o u nitrocellulose membrune, After blocking of nnnspc:iﬁc
sites, the membrane was incubated consecutively with primary and
secondary lrulbodlcs and immune complexes were r.lclutcd wilh
the use of enl as d d pre-
viously.”! Primary amtibodies 1o the specific intracellular phospho-
rylation sites of EGFR (pYB45, pY 1068 or pY1173), to Erk, to
phospho-Akt and to Akt were obtained from Cell Signaling Tech-
nology (Beverly, MA); those 1o the extracellular domain of EGFR
(¢lone 31G7) were from Zymed (South San Francisco, CA); those
to the intracellular domain of EGFR (EGFR 1005) and to phospho-
Erk were from Santa Cruz Biotechnology (Santa Cruz, CA); und
those to PB-actin (loading control) were from Sigma. Horseradish
pcmxndnm-con]ugamd goat antibodies to mouse or rabbit [pG were

1 from A Biosci {Little Chalfont, UK).

Chemical cross-linking assay

Cells were incubated first with | mM bis(sulfosuccinimidyl) su-
berate (BS® Pierce, Rockford, IL) for 20 min at 4°C and then with

Abbrevintions: BGFR. epid mwﬂulmmepthK{ yrosine
kinase inhibitor; mAb, NSCLC, nonsmall ecll lung
cancer; Ig. immuno lobulin: BS?, hw{anllmcmlmkh-ll suberute; PE. R-
ph!onerylhnm P’l]le‘ phosphoinositide 3-kinase.
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Froune 1 — EGFR phosphorylation induced by matuzumab or cetuximab ax a result of or dimerization and activation of the receptor ty-

rosine kinase. (o) H292 cells were deprived of serum overnight und then incubated for 15 min in the absence (Conirol) or rruencc of matuzu-
mab (200 nM), cetuximab (100 nM), neutralizing antibodies 1o EGFR (B0 nM), trastuzamab (50 nM) or EGF (100 ng/mi). Cell lysates were
subjected to immunoblot analysis with antibodics to the Y 1068-phosphorylated form of EGFR (pY [068) and (o 1otal EGFR (the exiracellular
domain). (b) H292 ar H460 cells were deprived of serum ght and then incubated for 1S min in the absence or presence of matuzumab
(200 nM), cetuximab {100 nM) or EGF (100 ng/ml). Cell lysates were subjected to immunoblot analysis with antibodies to the YR45-, Y1068-
or Y | 173-phosphorylated forms of EGFR and to 1otal EGFR (the extracellular domain). (€) HZ92 cells were deprived of serum ovemight and
then incubated for S min in the absence or presence of matuzumab (200 nM), cetuximab (100 aM}, EGF (100 ng/ml) or gefitinib (10 pM), as
indicated, Cell lysates were subjected 1o immunoblot analysis with antibodies to the Y 1068-phosphorylated form of EGFR and to total EGFR
(the extracellular domain). (d) H292 cellx were deprived of serum ovemnight and then incubated for 15 min in the shsence or presence of matuzu-
mab (200 nM), cetuximab (100 nM), newtralizing antibodies to EGFR (80 nM) or EGF (100 ng/ml). The cells were then washed and exposcd to
the chemical cross-linker BS” after which cell lysates were subjected to immunoblot unalysis with antibodies to EGFR (the intracellular do-
main). The positions of EGFR monomers and dimers as well as of molecular size fards are indi d

250 mM glycine for 5 min at 4°C to i the cross-linking /) fiorescence ancalysis

reaction, as described previously."" Cell lysates were resolved by Cells were grown to 50% confluence in 2-well Lab-Tec Cham-
SDS-polyacrylamide gel clectrophoresis on @ 4% gl and sub-  ber Slides (Nunc. Naperville, IL), deprived of serum ovemight,
jected to immunoblot analysis with rabbit polyclonal antibodies to  and then incubated with 200 nM matuzumab or EGF (100 ng/ml)
the intrucellular domain of EGFR (EGFR 1005). for 4 hr at 37°C. They were fixed with 4% paraformaldehyde (or
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30 min at 4°C, permeabilized with 0.1% Triton X-100 for 10 min,
and cxposed 1o 5% nonfat dried milk for | hr a1 room iemperature.
The cells were stained with rabbit polyclonal antibodies (o the in-
tracellular domain of EGFR (EGFR |005) for | hr ut room tem-
perature and then incubated for an additional 45 min with Alexa
488-labeled goat antibodies 1o rabbit 1gG (Molecular Probes,
Eugene, OR). Cell nuclei were counterstained for 5 min at room tem-
perature with 4'.6-diamidino-2-phenylindole (Sigma) at 2 pg/ml.
The chamber slides were mounted in fluorescence mounting
medium (anuc‘znumnum. Hamburg, Germany), and Auores-
cence signals were v i with a fl ence microscope
(Eclipse E800; Nikon, Kawasaki, Japan). Negative contrals (sec-
ondary antibodies alone) did not yield any substantial background
staining,

Flow cyrometry

Cells were deprived of scrum overnight and then incubated with
200 oM matuzumab or EGF (100 ng/ml) for 4 hr at 37°C. "I'Iu:{
were isolated by exposure to trypsin, and aliquots of ~1.0 X 10
cells were incubated for 2 hir at 4°C either with an R-phycoerythrin
(PE)-conjugated mouse mAb 1o EGFR (clone EGFR.1; Becton
Dacku\son. San Jose, CM. which does not imerfere with the bind-
ing of EGF to EGFR,™ or with a PE-conjugated isotype-matched
control mAb (Becton Dickinson), The cells were then exumined
by Aow cytometry (FACScalibur, Becton Dickinson) to detect the
intensity of EGFR staining at the cell surface,

Clonegenic assay

Cells were plaied in triplicate at a density of 200 per 25-cm?
flask containing 10 ml of medium and were cultured for 7 days in
the presence of the indicated concentrations ol matuzumab or
cetuximab, They were then incubated in medium alone for 7 days
at 37°C, fixed with methanol:acetic acid (10:1, vfv), and stained
wilh crystal violet, Colonies containing >50 cells were counted
tor calculation of the surviving fraction as follows: (mean number
of colonies)/(number of i lated cells X plating elficiency).
Plnting efficiency was defincd as the mean number of colonies
divided by the number of inoculated cells for untreated controls.

Results

Matuzwmal and cetieximah indiuce EGFR phosphorylation in a
menner dependent on the receptor tyrosine kinase activity

With the use of immunoblot unalysis, we first examined the
effects of the unti-EGFR mAbs matozomab und cetuximab on
EGFR phosphorylation in | NSCLC H292 cells, which
express wild-type EGFR. Incubation of the serum-deprived cells
for 15 min with EGF, mawzumab or cetuximab-induced phospho-
rylution of EGFR on tyrosine-1068 (Y 1068), whereas treatrnent of
the cells with neutralizing antibodies to EGFR or with trastuzu-
mab, @ mAb specific for HER2 (ErbB2), had no such effect (Fig.
la). Furthennore, like EGF, matuzumab and celuximab each
induced phosphorylation of EGFR on Y845, Y1068 and Y1173 in
H292 and H460 cells (Fig. 1b), the latter of which are also human
NSCLC cells that express wild-type EGFR.

To determine whether the antibody-induced pliosphorylation of
EGFR requires the kinase activity of the receptor, we cxamined
the cffect of gefitinib, a specific EGFR-TKI. H292 cells were
deprived of serum and then exposed lo matuzumab, cetuximab or
EGF for 15 min in the absence or presence of gefitinib. EGFR
phosphorylation on Y 1068 induced by EGF, matuzumab or cetuxi-
mab was completely blocked by gefitinib (Fig. |c). These findings
thus indicated that, like EGF, matuzumab and cetuximab cach
induce EGFR phosphorylation by activating the tyrosine kinase of
the receptor.

Matuzwmab and cetximeal induce EGFR dimerization

Ligand-dependent EGFR dimerization is responsible for activa-
tion of the receptor tyrosine kinase.*™ To examine whether
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Fiiure 2 - Failure of matuzumab or cetuximnb 1o activate Akt or
Erk. H292 or H460 cells were deprived of serum ovemight and then
incubated for 15 min in the absence or of matuzumab
(200 nM). eetuximab (100 nM) or EGF (100 ng/ml). Cell lysates were
subjected 1o immunoblol analysis with antibodies to the Y 1068-phos-
phorylated form of EGFR, to phosphorylated Akt and 1o phosphoryl-
uted Erk as well as with antibodics 1o total EGFR (the extrucellular
domain), Akt or Erk,

matuzumab or ccluximab induces EGFR dimerization, we incu-
bated serum-deprived H292 cells with the mAbs (or I'S min and
then exposed the cells to the chemical cross-linker BS', Immunc-
blot analysis of ecll lysutes with antibodies to the intracellular do-
main of EGFR revealed that matzumab and cetuximab each
induced EGFR dimerization 1o an cxient similar to that observed
with EGF, whereas only the monomeric form of the receptor was
detected in control cells or in cells weated with neutralizing anti-
bodies 1o EGFR (Fig. ld). These data thus suggested that matuzu-
mah and cetuximab activate EGFR through induction of recepior
dimerization.

Matuzumaly and cetuximah fail to induce signaling
downstreum of EGFR

EGFR signaling is transduced by 2 main pathways mediated by
phmyhmnmmdn F-kinase (P13K) and Akt und by Ras, Raf and

% To determine whether EGFR phosphorylation induced by

mmuzulnnb or celwximab is accompanied by activation of these
puthways, we examined the levels of phosphorylated (activated)
Akl and Erk in H292 and H460 cells treated with these antibodies
for 15 min after serum deprivation. In contrast to the effecis of
EGF, neither matuzumab nor cetuximab induced the phosphoryla-
tion of Akl or Erk in H292 or H460 cells (Fig. 2). These results
thus indicated that matuznmab and cetuximab induce EGFR acti-
vation but fail 1o activate the downstream Akl and Erk signaling
pathways.

Marnuzumah and cetuximab do not induce EGFR downregulation

Endocytic trafficking of EGFR is important for full activation
of Eck and PI3K."" To examine further the defect in signaling
downstream of EGFR activation by matuzumab or cetuximab, we
determined the effects of these mAbs on receptor tumover, H292
or H460 cells were deprived of serum and then cultured with EGF,
matuzumab or cctuximab for various times up to 24 hr, after
which the levels of phosphorylated and total EGFR, Akt and Erk
were measured. In both H292 and H460 cells treated with EGF,
the amount of total EGFR decreased in a time-dependent manner
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Funr. 3 = Lack of EGFR wmover in cells treated with matuzumab or cetuximab, (a) 11292 cells were deprived of serum ovemight and then
incubuted for the indicated times in the presence of EGF (100 ng/ml), matuzumab (200 nM) or cetuximab (100 aM), respectively. Cell lysates
were subjected to immunoblot analysis with antibodiex to ph laied forms of EGFR (pY 1068), Akt or Erk ax well as with those to total
EGFR (the extracellular domain), Akl or Erk. () H292 cells deprived of serum overnight were incubated for the indicated times in the presence
of EGF (100 ng/ml), maruzumab (200 nM) or cetuximab (100 nM). Cell lysates were subjected 1o immunoblot analysis with anibodics 10
theY 1068-phosphorylaied form of EGFR, (0 total EGFR (the intracellulur domain) or to B-actin (loading control). (c) H460 cells deprived of sc-
rum overnight were incubated for the indicated times in the presence of EGF (100 ng/ml), matuzumab (200 nM) or cetuximab (100 nM). afier
which cell lysaies were subjecied to immunoblot analysis with antibodies 1o phosphorylaied forms of EGFR (pY 1068), Akt or Erk as well as
with those to iotal EGFR (the intracellular domain), Akt or Erk, () H292 cells m:d on chamber sides were deprived of scrum ovemight and
then incubated for 4 hr in the absence or prosence of matuzumab (200 nM) or EGF (100 n g/ml). The cells were fxed, pmnuhnllmd and stained
with :muhodnes 10 EGFR and Alexa d88-labeled secondary antibodics (green), (.I:II mlclcl were l:mm::malncd with 4' 6-dlamidino-2-phenylin-
dole (blue), Fi nee Is were visualized with a pe, and the merped images ure shown. Scale bar, 20 pm. (¢) H292
cclls were deprived of serum overnight and then incubated for 4 hr in the absence or presence of matuzumab (200 nM) or EGF (100 ng/mi). The
cellx were mm:ﬂ. with either ¥ PE-coﬂJugmcd mAb to EGFR (right peaks) or u PE-labeled isotype-matched mAb (lefi peaks) and analyzed by
Now cy Y. Rep g of relative cell number versus PE fluorescence are shown,

{Figs. 3a-3c), an effect that has been shown 10 be the rosult of re-  able by 46 hr (Figa. 3e-3¢). The phosphorylation of Akt and Erk
ceplor intemnalization and degradation.’®* In parallel with this induced by EGF persisted for at lcast 12 hr bul had declined by
EGFR downregulation, the extent of EGF-induced tyrosine phos- 24 hr in both cell lines (Figs. 3a and 3¢). In contrast, the levels of
phorylstion of EGFR also decrcused und was vinuully undetect-  phosphorylated and total EGFR in H292 cclls troated with




1534

YOSHIDA ET AL

Control
:
H |
bt ]
: EGF |
|
=2
£m
5‘5
¥ Webdoae :
R J al sl

Frgune 3 — CoNmvuen

matuzumab or cetuximab for 24 hr were similar to those apparent
after exposure to the antibodies for only 15 or 30 min (Figs. 3¢ and
3b). A murked delay in EGFR tumover was also apparent in H460
cells treated with mawzumab or cetuximab (Fig. 3c), although
EGFR dephosphorylation and downregulation had occurred by 24
hr. Neither matuzumab nor cetuximab induced the activation of
Akt or Erk or affected the total amounts of these proteins over a pe-
riod of 24 hr in either cell line (Figs. 3o and 3¢), We eliminated the
possibility that the antibodies to the extracellular domuin of EGFR
used for the immunoblot analysis shown in Figure 3a bind only 10
the unoccupied form of EGFR (as a result of competition with
EGF, matuzumab or cetuximab) by performing the immunoblot
analysis shown in Figures 3b and 3¢ with antibodies to the iniracel-
lular domain of EGFR. These resulls thus suggested that downregu-
lation of EGFR is impaired in cells treated with matuzumab or
cetuximab, likely explaining the failure of these antibodies to acti-
vate downstream signaling by Akt and Erk.

To confirm that the inability of the anti-EGFR mAbs to induce
EGFR downregulation is auributable to a failure to induce inter-
nalization-dependent receptor degradation, we tremted serum-
deprived H292 cells with matuzumab or EGF for 4 hr and then
examined the expression of EGFR by immunolluorescence analy-
sis (Fip. 3d) or Now cytometry (Fig. 3¢). Whereas EGFR was
localized at the cell surface in control cells. treatment with EGF
resulted in internalization and a decrease in the fluorescence inten-
sity of EGFR. In contrast, EGFR remained at the surface of cells

TABLE |- CHARACTERISTICS OF NSCLC CELL LINES

Cell lime EGFR wwtation EGFR copy number
H292 Wild type Polysomy

H460 Wild type Monosomy

Ma-1 del E746-A750 Gene amplification

treated with matuzumab. These data suggested that, in contrast 1o
EGF-EGFR complexes, antibody-EGFR complexes remain at the
cell surface and do not undergo internalization and degradation,

Effects of matuzumab and cetuximah on EGF-induced signaling
and cell survival

We next determined whether matuzumab or cetuximab inhibits
ligand-dependent EGFR signal transduction. To examine also
whether the effects of these antibodies are dependent on EGFR
status, we studied 3 human NSCLC cell lines: 2 cell lines (H292,
H460) thut possess wild-type EGFR ulleles and | (Ma-1) with an
EGFR mutation in exon 19 that results in deletion of the residucs
E746-A750. Our recent fluorescence in situ hybridization analy-
sis®' revealed that EGFR copy number is increased (polysomy) in
H292 cells and that H460 cells exhibit monosomy for EGFR. Ma-
| cells were also found to manifest EGFR amplification (Tuble
N.*" We treuted serum-deprived cells of the 3 NSCLC lines with
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Fiune 4 — Effects of matuzumab and cetuximab on EGF-induced EGFR signalin J
serum overnight and then incubated first for 15 min in the absence or presence
(10 pM} and then for an additional |5 min in the additional absence or presence of EGF (100 ng/ml). Cell lysates were su
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H292 (@), H460 (b) and Ma-1 (¢) cells were deprived of
matuzumab (200 nM), cetuximab (100 nM) or gefitinib
o immunoblot

bjected
analysis with antibodies to phosphorylated forms of EGFR (pY 1068), Akt or Erk as well as with those to total EGFR (the extracellular domain),

Akt or Erk.
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- of colok

with medium alone for 7 days before d of the
Data are means of tripli from a

dent’s t-1est).

P

matuzumab, cetuximab or gefitinib for |5 min and then stimulated
them with EGF for |5 min. Gefitinib prevenied the phosphoryla-
tion of EGFR, Akt, and Erk induced by EGF in H292 (Fig. 4a)
and H460 (Fig. 4b) cells, The level of EGFR phosphorylation in
EGF-treated H292 or H460 cells was not substantially affected by
maluzumab or cetuximab, likely because these antibodies also
induce EGFR phosphorylation. However, whereas matuzumab
und cetuximab did not substantinlly affect EGF-dependent phos-
phorylation of Akt or Erk in H460 cells, they markedly inhibited
these effects of EGF in H292 cells. As we showed previously,”
EGFR, Akt, and Erk arc constitwtively activated in the EGFR mu-
tant cell line Ma-1 cell (Fig. 4c). Funthermore, whereas gefitinib
blocked the phosphorylation of each of these 3 proteins in Ma-1
cells, matuzumab and cetuximab did not.

containing >50 cells for calculation of the surviving fraction.

ve experiment. *p < 0.001 versus the corresponding value for cells not exposed 1o mAb (Stu-

Finally, we performed a clonogenic assay to determine whether
cell survival is affected by the differences in EGF-dependent sig-
naling among H292, H460 and Ma-1 cells afier treatment with
matuzumab or cetuximab (Fig. 5). Mawzumab and cewximab
cach induced n marked reduction in the survival rate of H292
cells, consistent with the inhibition of EGF-dependent EGFR
downstream signaling by these antibodies in these cells. In con-
trast, neither mAb affected the survival of H460 or Ma-1 cells,
consistent with the lack of inhibition of EGF-dependent or consti-
tutive EGFR downstream signaling by matuzumab or cetuximab
in these cell lines. These results suggested that the effects of matu-
zumab and cetuximab on EGF-dependeal or constitutive EGFR
I ling ure correlated with their effects on cell sur-
vival in NSCLC cell lines.
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Discussion
The effectiveness of treaiment with anti-EGFR mAbs has been
thought to be based on prevention of ligand binding 10 EGFR and
consequent inhibition of EGFR activation. 8 Mauzumab and
cetuximab have been d ped as EGFR-inhibitory
mAbs for clinical use. 11-{245 A structural study revealed that cetux-
imab binds to the extracellular ligand binding domain (domain T1T)
of EGFR,** and matuzumab is also thought 1o bind 1o domain [T on
the busis of ils observed competition with EGFR ligands."® We
phaspho-

have now shown that matuzumab and cetuximab induced

rylation of EGFR at sevenl sites, including Y845, Y1068 and
Y1173, These findings arc consistent with previous obscevations
that mAb 225, the mouse mAb eqguivalent lo celuximab, is able to
induce EGFR dimerization and activation.”™ " Cetuximab was also
recenily shown (o induce phmwoqlumn of EGFR in head and
nccksquarrmscclimmmccllhm‘ as well as in NSCLC cell
lines including H292.*" These in vitro results appear to contradict
observations that matuzumab and cetuximab inhibit EGFR phos-
phorylation in vlvo A Thu apparent discrepancy may be due
1o the more Il 1 in vivo, including the
presence of slmrn.n! cells that h\rmcl with tumor cclls. We have
also now shown that gefitinib, a specific EGFR-TKI, completcly
blocked EGFR tion induced by matuzumab or cetuxi-
mab, confinning that this effect of the antibodies is dependent on
the intrinsic tyrosine kinase activity of EGFR. Furthermore, our
cross-linking analysis showed that matuzumab as well as celuxi-
mab activated EGFR through induction of receptor dimerization,
Although recent structural analysis has revealed that cetuximab
restricts the range of the extended conformation of EGFR that is
requircd for ligand-induced receptor dimerization,™ matuzumab
and cetuximab likely induce EGFR dimerization in u manner de-
pendent on their immunologically bwah:nl binding cupacitics, as
was previously shown for mAb 225." We found that neutrulizing
antibodies 10 EGFR did not uctivate EGFR, even though they also
recognize the external domun of EGFR und compete with EGFR
ligunds for receptor hinding.* The neutealizing antibodies did not
induce EGFR dimerization, however, likely accounting for their
inability 10 activate EGFR. This difference in the ability to induce
EGFR dimerization between matuzumab and cetuximab on the one
hand and the neutralizing nnllhodu:s on the other might be due to
difTe in the corresponding binding sites on EGFR,

To examine the mechanism by whu:h matuzamab and cetuxi-
mab cxert antitumor cffects despite their induction of EGFR acti-
vation, we investigated the elfects of antibody-induced EGFR
activation on EGFR downstream signal transduction. We found
that EGFR activation induced by matuzumab or c.ctu:imab was
not accompanied by activation of d
mediated by Akt and Erk, both of which plly ) mtportlnl role in
regulation of cell proliferation and survival."** Moreover, we
found that the sntibody-EGFR complexes were nol removed from
the plasma membrane, in contrast to the rupid receptor tumover
induced by EGF. In response to ligand binding, the ligand-EGFR
complex is rapidly intemalized and then either recycled back to
the cell surface or proteolytically degraded.*™* The intemalized
EGFR interacts with various signuling proteins that are important
for sustained activation of the major signaling pathwuays mediated
by PI3K-Akt und Erk.***" The activity of the PI3K-Akt and Erk
pathways is thus greatly reduced in cells that arc defective in inter-
nalization of ligand-EGFR complexes as a result of their expres-
sion of a mutant form of dynamin,”’ Furthermore, expression in
glioblastoma cells of an EGFR chimeric prolcin that does not
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undergo intemalization resulted both in a reduction in the exwent
of EGFR-dependent mwmun of Akt and Erk as well as in inhibi-
tion of tumor gwwth. These obscrvations thus suggest that inhi-
bition of EGFR wmover by matuzumab or cetuximab is likely
responsible for the failure of these mAbs o activate Akt and Erk.

We examined the cl‘fncl.s of muwuzumasb and cetuximub on
EGF-dependent EGFR ling und on cell survival in 3 NSCLC
cell lines of differing EGFR status. The inhibition of EGF-depead
ent activation of Akt and Erk by these antibodi
to the inhibition of clonogenic cell survival in the 3 cell lines.
With regard to NSCLC cell lines harboring wild-lype EGFR
alleles, maluzumab and celuximab markedly inhibited EGF-
dependent phosphorylation of Akt and Erk in H292 cells but not
in H460 colls. Both antibodies inhibited cell survival in H292 cells
bul not in H460 cells. These resulls suggest thal the antitumor
cffects of matuzamab and cctuximab depend on inhibition of
EGFR downsiream signaling such as that mediated by Akt and
Erk rather than on inhibition of EGFR itsell. Our present daia are
consistent with previous obscrvations that cctuximab did not in-
hibit EGFR phos!Phorylmon completely even in cells sensitive to
this antibody.*”* It is possible that 1he difference in scrmlmty (0]
matuzumab and cetuximab between the 2 cell lines expressing
wild-type EGFR in the present study is due to the difference in
gene copy number, given that we found an increase in EGFR copy
number in H292 cells compared with that in H460 cells,* A previ-
ous clinical study showed that EGFR copy number correlaied with
the response to cetuximab treatment in m;twuiuuls with colorectal
cancer.*” EGFR copy was not d ined by Nuorescence
in situ hybridization in previous clinical sn.ldm of NSCLC
paticnts treated with matuzumab or cetuximab.'™2">* Several
clinical studies of the therapeutic efficacy of anti-EGFR antibodies
in NSCLC panenu ure underway. and investigation of the poten-
tial of mol i g EGFR copy number to predict

clinical response is warranted, Matuzumab and cetuximab failed

1o inhibit both activation of Akt and Erk and clonogenic cell sur-
vival in Ma-1 cells, which express a mutant form of EGFR that
shows an increased sensitivity 1o EGFR -TKls such as gefitinib and
erlotinib.”'* We recently st 1 that cells ing EGFR
mutants exhibit constitutive, ligand-i \ receptor dimeri-
zation and aclwallm ||lr.ely cxplnnmg the lack of effect of
matuzumab or ¢ on EG ig or ccll survival in
such cclls. However, previous studies showed that celuximab
exerted an antitumor effect in a cell line with an EGFR muiation,
whereas several otlier cell lines with EGFR mutations were resist-
ant to cetuximab,’® Our results arc consistent with clinical
obscrvations showing that the presence of an EGFR mutation is
not & major determinant of a positive respopse lo celuximab in
individuals with NSCLC or colorectal cancer,™

In conclusion, we have shown that EGFR umover is impaired in
cells treated with the anti-EGFR mAbs matuzumab or cetuximab,
resulting in inhibition of EGFR downstream signaling. Although
our study is limited by the small number of cell lines analyzed, our
findings provide i ight into the hani by which
anti-EGFR mAbs exert their antitumor effects, and they suggest
that it may be possible to predict the therapeutic efficacy of such
mAbs by ussessment of EGFR signal transduction.
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mRNA expression of RRM1, ERCC1 and ERCC2 is not associated
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mRNA expression of RRM1, ERCC1 and ERCC2 is not associated with chemosensitivity to
latin, carboplatin and gemcitabine in human lung cancer cell lines
SHIMIZU ], HORIO Y, OSADA H, HIDA T, HASEGAWA Y, SHIMOKATA K, TAKAHASHI T, SEKIDO Y,

YATABE Y. Respirology 2008; 13: 510-517

und and objective: Expression of genes involved in DNA repair and/or DNA synthesis,

including ribonucleotide reductase M1 (RRM1) and excision repair cross-complementation 1
(ERCC1) has been reported to be associated with chemosensitivity to platinum agents and gemcit-
abine. The aim of this study was to test whether similar associations would be seen between mRNA
expression for the RRM1, ERCC1 and ERCC2 genes and in vitro chemosensitivity in lung cancer.
Methods: Usinga panel of 20 lung cancer cell lines, including 15 NSCLC and 5 small cell lung cancers
(SCLC), the mRNA expression levels for the RRM1, ERCC1 and ERCC2 genes were examined by
quantitative real-time reverse transcription PCR. The in vitro cytotoxicity of cisplatin, carboplatin and
gemcitabine was assessed using a tetrazolium-based colorimetric assay (3-4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazoliumbromide (MTT) assay).

Results: Significantly, higher RRM1 mRNA expression was found in SCLC compared with NSCLC.
However, there were no correlations between mRNA expression of the ERCC1, ERCC2 and RRM1
genes and chemosensitivity to cisplatin, carboplatin or gemcitabine.

Conclusions: These in vitro results suggest that further studies are needed to evaluate the expres-
sion of the RRM1, ERCC1 and ERCC2 genes as predictive biomarkers for sensitivity to platinum

agents and gemcitabine.

Key words: chemosensitivity, DNA repair, DNA synthesis, lung cancer, predictive biomarker.

INTRODUCTION

Lung cancer is a leading cause of cancer deaths both
in Japan and the USA. Despite advances in the
molecular biology, diagnosis and treatment of non-
small cell lung cancer (NSCLC), which accounts for
about 85% of all lung cancers, the improvement in
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long-term survival has only been marginal.® The best
prospects of a cure are offered by surgical removal of
early stage lung cancer, followed by concurrent
chemoradiotherapy for locally advanced lung cancer.
Chemotherapy for advanced lung cancer offers mild
benefits in improvement of quality of life and
increased survival time.

The common first-line chemotherapeutic regimens
for advanced NSCLC are platinum-based combina-
tions. The combinations of cisplatin or carboplatin
with another cytotoxic agent such as paclitaxel,
docetaxel, gemcitabine, vinorelbine or irinotecan
produce similar response rates of about 30—40% and a
median survival time of about 1 year.** To improve
clinical outcomes in advanced NSCLC, clinical
integration of molecular biomarkers that predict

Journal compilation © 2008 Asian Pacific Society of Respirology




RRM1, ERCC1 and ERCC2 in chemoresponse

responses to chemotherapeutic or molecularly tar-
geted agents, leading ultimately to individualized
chemotherapy, may be important. Despite intensive
studies, however, only mutations of the epidermal
growth factor receptor (EGFR) gene have been vali-
dated as correlating with the clinical efficacy of EGFR
tyrosine kinase inhibitors.*

Recently, expression of genes involved in DNA
repair and/or DNA synthesis have been reported to be
associated with chemosensitivity to platinum agents
and gemcitabine, as well as clinical outcomes in
patients with surgically resected early stage NSCLC.”™
Excision repair cross-complementation 1 (ERCC1) is
one of the key e es in the nucleotide excision
repair (NER) pathway.” Platinum agents such as cis-
platin and carboplatin induce monoadducts and
intrastrand or interstrand cross-linking of DNA." The
removal of adducts from genomic DNA is mediated
by the NER pathway, in which ERCCI forms a het-
erodimer with the xeroderma pigmentosum group F
(XPF) protein and excises the nucleotide segment
containing the adducts in coordination with XPG.
ERCC2/XPD is also a component of the NER mecha-
nism." Enhanced gene expression in the NER
pathway has been thought to be a major cause of
resistance to cisplatin and other DNA-damaging che-
motherapeutic agents. Ribonucleotide reductase M1
(RRM1) is involved in DNA synthesis, catalysing the
biosynthesis of deoxyribonucleotides from the corre-
sponding ribonucleotides, which is the molecular
target of gemcitabine.'? Earlier work had suggested
that patients with low levels of tumour RRM1 mRNA
expression had improved survival compared with
those with high RRM1 mRNA expression levels, when
treated with gemcitabine."! Therefore, analysis of
the expression of these genes could be useful in the
development of predictive biomarkers for NSCLC.

The identification of molecular biomarkers with the
potential to predict treatment outcomes is essential
for triaging patients to the most beneficial therapy. As
one of the multiple approaches to establishing robust
predictive biomarkers, we evaluated whether there
would be associations between mRNA expression of
the ERCC1, ERCC2 and RRM1 genes and in vitro
chemosensitivity to cisplatin, carboplatin and
gemcitabine,

METHODS
Cell lines

Fifteen NSCLC and five small cell lung cancer (SCLC)
cell lines were used. Two NSCLC and 4 SCLC sell lines,
with the prefix ACC-LC-, were established in our labo-
ratories at Aichi Cancer Center. These cell lines were
derived from lymph node metastases (-80, ~94),
pleural effusions (—49, ~319) or pericardial effusions
(—48, —172). NCI-H460 and A549 were purchased from
the American Type Culture Collection (Manassas, VA,
USA). PC-1 and PC-10 were generously provided by
DrY. Hayata (Tokyo Medical University, Tokyo, Japan).

The remaining 10 cell lines (VMRC-LCD, RERF-LC-
‘MT, -Al, Calul, Calu6, SK-MES-1, SK-Lu-1 and
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SK-LC-2, -3 and -6) were generous gifts from Dr Old
and Dr M. Akiyama. All cells were cultured in
RPMI-1640 medium supplemented with 10% heat-
inactivated fetal bovine serum.

Drugs

Gemcitabine (Gemzar) was provided by Eli Lilly,
Kobe, Japan. Cisplatin and carboplatin were provided
by Bristol-Myers Squibb, Tokyo, Japan.

Cytotoxicity assay

Exponentially growing cells were harvested and
resuspended at a final concentration of 1-20 x 10
cells/mL in fresh medium. Cell suspensions (100 pL)
were dispensed into 96-well tissue culture plates and
after 24 h at 37°C, various concentrations of the anti-
cancer agents were added and incubated for 3 days.
Cytotoxicity was evaluated by complete dose-
response curves in the 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazoliumbromide (MTT assay) as
described previously." The per cent cytotoxicity was
calculated as: % cytotoxicity = {1-[Optical Density
(OD) treated]/(OD control)} x 100. Each experiment
was repeated at least three times. The cytotoxic effect
of each treatment was assessed as the IC50 (drug con-
centration inducing a 50% reduction in cell survival in
comparison with the control untreated cells), which
was calculated from the dose-response curves.

RNA preparation

Cells were lysed with 1 mL of Isogen (Nippongene,
Toyama, Japan) and total RNA was extracted accord-
ing to the manufacturer’s protocol, with the addition
of glycogen to facilitate RNA precipitation. The RNA
was further purified and treated with DNase (RNeasy
kit, Qiagen, Valencia, CA, USA) according to the
manufacturer's protocol, and stored at —80°C until
use.

Reverse transcriptase-PCR amplification

Total RNA (50 ng) extracted from each cell line was
subjected to one-step real-time reverse transcriptase
(RT)-PCR for absolute quantitation of the mRNA
levels of the ERCC1, ERCC2, RRM1 and f-actin genes,
using the Applied Biosystems 7500F PCR system
(Applied Biosystems, Foster City, CA, USA). The assays
were performed in 20 pL reaction mixtures, using a
One-step SYBR PrimeScript RT-PCR kit (TAKARA,
Ohtsu, Japan) according to the manufacturer's proto-
col. The sequences of the primers are shown in
Table 1. The RT-PCR condition was an initial incuba-
tion at 42°C for 5 min followed by 10-s incubation at

95°C, then 40 cycles at 95°C (5 s), 60°C (34 s). Linear
regression analysis of standard curves demonstrated
a strong correlation for all genes (r>0.98). The
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Table 1 The primer sequences and PCR reaction conditions

Forward primer sequence Reverse primer sequence
ERCC1 CTCAAGGAGCTGGCTAAGATGT CATAGGCCTTGTAGGTCTCCAG
ERCC2 CTGGAGGTGACCAAACTCATCTA CCTGCTTCTCATAGAAGTTGAGC
RRM1 CGCTAGAGCGGTCTTATTTGTT TTGCTGCATCAATGTCTTCTTT
B-actin TTCTACAATGAGCTGCGTGTG CAGCCTGGATAGCAACGTACA

ERCC1, excision repair cross-complementation 1; ERCC2, excision repair cross-complementation 2; RRM1, ribonucleotide

reductase M1.

Table 2 1C50 values for cisplatin, carboplatin and gemcitabine in lung cancer cell lines

Cell line Histology Cisplatin (pmol/L) Carboplatin (umol/L) Gemcitabine (umol/L)
ACC-LC-94 Ad L14 18.4 0.0119
ACC-LC-319 Ad 16.5 284 >128
SK-LC-3 Ad 39.7 512 >128

AS549 Ad 4.22 a7 0.00821
SK-Lu-1 Ad 40.2 512 1
VMRC-LCD Ad 143 147 717
RERF-LC-MT Ad 5.21 929 >128
Calul 5q 9.96 B9.9 0.398
SK-MES-1 5q 1.81 28.1 0.00411
PC-1 sq 0.127 1.84 0.00303
RERF-LC-AI sq 2.69 33 0.00394
PC-10 5q 8.23 430 >128
NCI-H460 La 3.83 49.4 0.0135
Calué La 0.939 15.5 0.00778
SK-LC-6 La 2.35 ETE] 0.00244
ACC-LC-48 SCLC 32 35.8 0.0191
ACC-LC-49 SCLC 37 52.8 1
ACC-LC-80 SCLC 3.18 437 0.0344
ACC-LC-172 sCLC 2.78 35.2 0.0125
SK-LC-2 5CLC 791 50.9 >l28

Ad, adenocarcinoma; La, large cell lung cancer; SCLC, small cell lung cancer; 5q, squamous cell lung cancer.

relative gene expression levels were normalized to
those of the house keeping gene, p-actin.

Statistical analysis

The strength of the association between the expres-
sion of ERCC1, ERCC2 and RRM1 and chemosensitiv-
ity of the cell lines was calculated using either
Pearson’s correlation coefficient or linear regression
analysis. Correlations were considered significant
at P<0.05. One-way analysis of variance (anova)
followed by the Bonferroni post-test was used for
comparison of RRM1 expression levels among the dif-
ferent cell lines. All analyses was performed using Stat
View version 5.0 software.

RESULTS

Chemosensitivities to cisplatin, carboplatin and gem-
citabine were examined in 20 human lung cancer cell

© 2008 The Authors

lines, including 15 NSCLC and 5 SCLC cell lines. Cyto-
toxicity was measured by the MTT assay following 72 h
of continuous exposure to the drugs. The IC50 values
for these agents on each cell line are shown in Table 2.
The IC50 values of gemcitabine for ACC-LC-319,
SK-LC-3, RERF-LC-MT and PC-10 and SK-LC-2 were
greater than 128 pmol/L, which was above the clini-
cally achievable plasma concentration. There were
statistically significant positive correlations between
the cytotoxicities of cisplatin and carboplatin among
the 15 NSCLC cell lines (r=0.966; P < 0.0001), as well
as for all 20 lung cancer cell lines, including the 5 SCLC
cell lines (r = 0.956; P < 0.0001), suggesting that these
agents induced similar cytotoxic effects in lung cancer
cells (Fig. 1). There was a relatively weak but statisti-
cally significant correlation between the cytotoxicity
of gemcitabine and that of cisplatin or carboplatin
among the 15 NSCLC cell lines (r = 0.715; P < 0.001 for
cisplatin, r = 0.792; P < 0.001 for carboplatin), as well
as for all 20 lung cancer cell lines (r=0.701; P < 0.001
for cisplatin, r=0.733; P <0.001 for carboplatin, data
not shown).
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Figure 1 Correlation between chemosensitivities to cispl-
atin and carboplatin.

Table 3 Relative mRNA expression for ERCC1, ERCCZ and
RRM1 in lung cancer cell lines

Cell line RRM1 ERCC1 ERCC2

ACC-LC-94
ACC-LC-319
SK-LC-3
A549
SK-Lu-1
VMRC-LCD
RERF-LC-MT 1.593
Calul 2268
SK-MES-1 1.459
PC-1 2.889
RERF-LC-Al 3.739
PC-10 1.993
NCI-H460 2.002
Calub 0.745
SK-LC-6 247
ACC-LC-48 2.388
ACC-LC-43 4.602
ACC-LC-80 3.826
ACC-LC-172 3.896
SK-LC-2 4.688

1.046
1,438
1.416
1.628
1.956
3.291

1.0%0 1.045
0.480 0.307
0.899 0.588
0.767 0.203
0.751 0.553
0.744 0.671
0.225 0.167
0.438 0.531
0.735 0.236
0.749 0.713
0.327 0.303
0.864 0.269
0.671 0.431
0.725 0.348
0.782 0.508
0.414 0.257
0.670 0.455
1.080 0.435
0.472 0.841
3.402 1.906

ERCC]1, excision repair cross-complementation 1; ERCCZ,
excision repair cross-complementation 2; RRM1, ribonucle-
otide reductase M1.

Expression of mRNA for the ERCC1, ERCC2 and
RRM1 genes was quantified by real-time PCR and
normalized to P-actin mRNA expression (Table 3).
mRNA expression for RRM1 was higher in SCLC cell
lines compared with NSCLC cell lines, There were sta-
tistically significant differences in RRM1 expression
between SCLC and adenocarcinoma, and between
SCLC and large cell carcinoma (Fig. 2). There was also
a statistically significant correlation between ERCC1
mRNA expression and ERCC2Z mRNA expression
among the 15 NSCLC cell lines (r=0.547; P <0.05,
Fig. 3a), as well as for all 20 lung cancer cell lines
(r=0.666; P<0.005 data not shown). However,
there were no associations between RRM1 mRNA

%QE

Ad Sq La

RRM1 mRNA levels

TscLe !

Figure 2 Predominant mRNA expression of the RRM1
gene in SCLC cell lines compared with NSCLC cell lines. Box
plots show relationships between RRM1 mRNA expression
and the four histological types of lung cancer. The line
within each box indicates the median value. 'P < 0.005 by
anova with Bonferroni correction,

expression and either ERCC1 mRNA (Fig. 3b) or
ERCC2 mRNA (Fig. 3c) expression in these cell lines.

The chemosensitivity data were analysed in rela-
tion to mRNA expression of the ERCC], ERCC2 and
RRM1 genes using linear regression analysis. No sig-
nificant associations were observed between the IC50
values of cisplatin, carboplatin and gemcitabine
and mRNA expression for ERCC1 (Fig. 4a), ERCC2
(Fig. 4b) or RRM1 (Fig. 4c) among the 15 NSCLC cell
lines. Similar results were obtained for all 20 lung
cancer cell lines, including the five SCLC cell lines
{data not shown).

DISCUSSION

Better and more accurate definition of the biological
characteristics of the tumour is considered important
for improving clinical outcome in advanced NSCLC
especially in predicting response to combination che-
motherapy." Several reports have been published on
the molecular and/or immunohistochemical analysis
of molecules involved in DNA repair and/or DNA
synthesis, using transbronchial and percutaneous
biopsy samples from locally advanced or metastatic
NSCLC.*'"1=17 However, there are several problems
associated with mRNA and/or protein expression
analyses using small tissue samples obtained by lung
biopsy,"™" including the considerable intratumour
heterogeneity, mRNA fragmentation, inevitable con-
tamination with normal fibroblasts, the fixation pro-
cedure and storage conditions.™® As mRNA extracted
from formalin-fixed paraffin-embedded tissues is
considerably fragmented, quantitative RT-PCR often
yields unsatisfactory results.” In addition, problems
with the specificity of the antibodies used for immu-
nohistochemical analyses have been reported.*
These limitations may result in misleading molecular
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