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Figure 4. Overexpression of FOXQ1 promotes an antiapoptotic effect. Stable H1299 cell lines expressing EGFP or FOXQ1 (H1299/EGFP, H1299/FOXQ1)
were exposed to doxorubicin (A) or camptothecin (B) at a final concentration of 3 ymol/L. Apoptotic cells were detected by Annexin V and propidium
iodide (PI) using flow cytometry. C, Western blot analysis for apoptosis-related molecules. EGFP- or FOXQ1 -expressing cells were exposed to doxorubicin
at the indicated doses (05 pmol/L) for 24 h. B-Actin was used as an internal control. Dox, doxorubicin; CPT, camptothecin; EGFP, H1299/EGFP;

FOXQ1, H1299/FOXQ1. *, P < 0.05.

Western blot analysis in DLD-1 cells. The results indicated
that both sequences of FOXQl-siRNA (FQ#1 and FQ#4)
downregulated p21 expression at both the mRNA and pro-
tein levels. In addition, we confirmed the downregulation
of p21 by FOXQ1-siRNA in other cell lines (WiDr and
HEK293), obtaining similar results (Supplementary Fig. S1).
FOXQI directly increases the transcription activity of
p21. We performed a luciferase reporter assay to determine
whether FOXQ1 regulates p21 expression at the transcrip-
tional level. A 2.4-kb section of the p2l promoter region

was subcloned into a luciferase vector according to a
previously described method (13, 28). The p21 promoter
activity was increased by >8-fold when cotransfected with
a FOXQI expression vector, compared with an empty vector
(Fig. 2C). To determine whether FOXQ! directly binds to
p21 promoter, we transfected Myc or Myc-tagged FOXQ1
vectors into HEK293 cells and then conducted ChIP experi-
ments. A segment of the p2] promoter containing putative
FOXQI binding site (-2264 to -1971) is precipitated with
specific antibody, only if, FOXQ1l was induced (Fig. 2D).
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The result indicates that FOXQ1 binds to the p2] promoter
and upregulates p21 transcriptional activity.
p53-independent p21 induction by FOXQI in cancer
cells. Because p53 is the most important regulatory mole-
cule of p2l, we examined the downregulation of p21 by
FOXQ1-siRNA in several cell lines with p53-wild type,
p53-mutant, or p53-null statuses. These cell lines were
transfected with control-siRNA or FOXQ1-siRNA, and p21
induction was enhanced by doxorubicin (29-31). The
experiments were performed using three p53-wild type cell
lines, three p53-mutation cell lines, and one p53-null cell
line (Fig. 3A-C). Without doxorubicin exposure, all seven
cell lines showed that p2l expression was downregulated
by FOXQ1-siRNA. Notably, with doxorubicin exposure,
considerable p21 downregulation by FOXQI-siRNA was
observed in the p53-mutation and p53-null cell lines,
compared with in the p53-wild type cell lines. In the p53-
null H1299 cell line, FOXQ1-siRNA completely suppressed

p21 expression. These results suggest that p21 induction
by FOXQ1 is p53 independent. An immunofluorescence
study of p21 in H1299 cells also showed that p21 was
completely downregulated by FOXQ1-siRNA (Fig. 3D).

Overexpression of FOXQI increases p21 expression and
exhibits an antiapoptotic effect in cancer cells. Next, we
established a stable FOXQI-overexpressing cell line to con-
firm the induction of p21 expression by FOXQ! and to detect
any changes in the cellular phenotype of the cancer cells.
FOXQ1 overexpression induced p21 expression (both mRNA
and protein) in HEK293 and CoL0320 cells (Supplementary
Fig. S1). Notably, p21 protein expression was markedly in-
duced by >10-fold in the H1299/FOXQ1 cells (Supplementary
Fig. S1). These results indicated that FOXQI robustly induces
p21 expression, consistent with the findings of the siRNA
study.

p21 induces an antiapoptotic effect and exerts a protec-
tive role against apoptosis induced by DNA damage. To
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Figure 5. Overexpression of FOXQ1 enhances tumorigenicity and tumor growth in vivo. A, cellular growth and immunoblotting analysis of H1299 cell lines
stably expressing EGFP or FOXQ1 (H1299/EGFP, H1299/FOXQ1). A total of 2 x 102 cells of each cell line were seeded in 96-well plates and evaluated
after 0, 24, 48, and 72 h using MTT assay. Error bars, SD. Protein levels of H1299/EGFP and H1299/FOXQ1 cells were examined by Western blotting
using specific antibody to p21, Cdk2, Cdk4, cyclin D, and phosphorylated Rb (pRb) protein. B-Actin was used as an internal control. EGFP, stable
EGFP-overexpressing cells; FOXQ1, stable FOXQ1-overexpressing cells. B, H1299/EGFP and H1299/FOXQ1 cells were evaluated for their tumorigenicity
in vivo. Mice (n = 15) were s.c. inoculated with a total of 1 x 10° cells. The numerical data indicate the number of mice. A total of 6 x 10° H1299/EGFP
or H1299/FOXQ1 cells were s.c. inoculated into the right flank of each mouse to evaluate the tumor growth in vivo (n = 12). Representative H&E
staining of tumor specimens was also shown. C, stable p21 knockdown or control cells obtained from H1299/FOXQ1 cells (H1299/FOXQ1/sh-control
and H1299/FOXQ1/sh-p21) were evaluated for cellular growth and immunoblotting analysis. D, a total of 6 x 10° H1299/FOXQ1/sh-control or
H1299/FOXQ1/sh-p21 cells were s.c. inoculated into the right flank of each mouse to evaluate the tumor growth (n = 10). *, P < 0.05.
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Figure 6. FOXQ1 promotes angiogenic and antiapoptotic effects in vivo. A, microarray analysis for H1299/EGFP or H1299/FOXQ1 cells. The upregulated
genes over 4-fold by FOXQ1 were shown in the list. B, the mRNA expression levels of VEGFA were determined using a real-time RT-PCR analysis. Rel
mRNA, normalized mRNA expression levels (VEGFA/GAPD x 10%). VEGF, CD31, TUNEL, and p21 staining of tumor specimens inoculated with H1 299/EGFP
or H1299/FOXQ1 cells. Microvessel density (MVD) was determined by CD31-positive endothelial cells in tumor specimens using computer-assisted
image analysis (Image J software package). C, diagram of a proposed mechanism of FOXQ1 for tumorigenicity and tumor growth. *, P < 0.05.

elucidate the role of apoptosis induced by FOXQI1 in
cancer cells, we examined the apoptotic effect in H1299/
EGFP and H1299/FOXQI cells using anticancer drugs. The
overexpression of FOXQI inhibited the apoptosis induced
by doxorubicin (H1299/EGFP: 7.9 + 1.9%, H1299/FOXQl:
2.7 + 0.7%; Fig. 4A). Similarly, camptothecin-induced
apoptosis was also inhibited in FOXQI-overexpressing cells
(H1299/EGFP: 7.4 + 2.1%, H1299/FOXQl: 2.5 + 1.0%; Fig. 4B).
Western blotting revealed that FOXQl overexpression
decreased the levels of cleaved caspase-3 and cleaved PARP
induced by doxorubicin (Fig. 4C). These results are consis-
tent with those obtained using flow cytometry.
Overexpression of FOXQI decreases cellular prolifera-
tion but enhances tumorigenicity and tumor growth
in vivo. Stable H1299/FOXQ1 cells showed decreased cellular

proliferation compared with control cells in vitro (Fig. 5A).
Expressions of Cdk4, cyclin D1, and Cdk2 were decreased
by FOXQI expression in H1299/FOXQ1 cells and resulted in
a decrease of phosphorylated Rb expression (Fig. 5A). To
examine the biological functions of FOXQ1 overexpression
in vivo, we evaluated tumorigenicity and tumor growth using
H1299/EGFP or H1299/FOXQ1 cells. H1299/FOXQ1 cells ex-
hibited a significantly elevated level of tumorigenesis in vivo
(GFP 2/15, FOXQ1 7/15, P < 0.05; Fig. 5B). In addition, the
tumor volume was markedly larger in H1299/FOXQI cells
than in H1299/EGFP cells (EGFP: 437 £ 301, FOXQl: 1735 +
769 mm®, P < 0.001; Fig. 5B) on day 25.

p21 does not contribute to FOXQI-mediated tumor
growth in vivo. Because emerging evidence has indicated
that p21 may have dual functions with regard to tumor
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progression and the suppression of cancer cells (32, 33), the
shRNA targeting p21 or shRNA control viral vectors were fur-
ther introduced into the H1299/FOXQI cells to elucidate the
involvement of p21 in increased FOXQl-mediated tumorige-
nicity and tumor growth in vivo. Stable H1299/FOXQ1/sh-p21
cells were slightly increased in cellular proliferation in vitro
(Fig. 5C). In addition, tumor growth of H1299/FOXQ1/sh-p21
cells was increased compared with control cells in vivo (Fig.
5D). The results clearly indicate that p21 has negative roles
for cellular proliferation and tumor growth in FOXQl-overex-
pressing cells, suggesting that p21 does not contribute to
FOXQI-mediated tumor growth in FOXQI-overexpressing
cells in vivo.

Overexpression of FOXQ1 promotes angiogenesis and
antiapoptosis in vive. To gain an insight into the mecha-
nism by which FOXQ1 enhances tumor growth in vivo, we
performed the microarray analysis on H1299/EGFP and
H1299/FOXQI cells. Fifty-two genes were upregulated over
4-fold by overexpression of FOXQ1 including several genes
that have positive roles for tumor growth, such as VEGFA,
WNT34, RSPO2, and BCL11A (Fig. 6A). Overexpression of
FOXQI upregulated the VEGFA expression for 4.4-fold, sug-
gesting the possibility of enhanced angiogenesis. Real-time
RT-PCR for these cells and vascular endothelial growth factor
(VEGF) staining of tumor specimens confirmed the result
(Fig. 6B). Furthermore, CD31 staining of the tumor spe-
cimens showed that FOXQI overexpression significantly
increased the angiogenesis in vivo.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) and p21 immunostaining of the
tumor specimens showed that p21 expression was increased
and apoptosis was inhibited in H1299/FOXQ1 cells (Fig. 6B).
These results strongly suggest that FOXQI promotes tumor-
igenicity and tumor growth with its angiogenic and antia-
poptotic properties in vivo (Fig. 6C).

Discussion

FOX transcription factors are an evolutionarily conserved
superfamily that control a wide spectrum of biological pro-
cesses. Several Fox gene family members are involved in the
etiology of cancer. Only the FOXO family has been regarded
as bona fide tumor suppressors that promote apoptosis and
cell cycle arrest at G, (34, 35). The loss of FOXO function ob-
served in alveolar rhabdomyosarcoma through chromosomal
translocation was first identified in relation to cancer. Many
target genes of FOXO have been reported to date, including
p21, cyclin D, Bim, TRAIL, and ER-a (36). On the other hand,
the overexpression of FOXM is observed in head and neck
cancer, breast cancer, and cervical cancer, and it enhances
proliferation and tumor growth in vitro (37), suggesting that
FOXM may be an oncogene. Although the available evidence
is not conclusive, FOXP, FOXC, and FOXA have been linked
to tumorigenesis and progression of certain cancers (36).
Thus, the FOX family is thought to act as either an oncogene
or a tumor suppressor. In the present study, we showed
that the overexpression of FOXQI played a tumor-promoting
role in CRC.

The p21 promoter region contains several definitive DNA
regulatory elements, such as the p53-binding domain, E-box,
Smad binding element, and TGF-B response elements. In the
case of the other FOX family member FOXO, a recent report
showed that the p21 promoter contains a consensus fork-
head binding element (GGATCC) immediately upstream of
the first Smad binding element and that the FOXO and Smad
complexes activate p21 expression, whereas the FOXGI pro-
tein binds to FOXO and blocks p21 induction (38). On the
other hand, the consensus binding sequence (5'-NA(A/T)
TGTTTA(G/T)(A/T)T-3') has been defined for human FOXQ1
(4). The p21 promoter region contains several putative
FOXQI binding sites according to its consensus binding se-
quence. Indeed, we have shown that FOXQI binds to a seg-
ment of the p21 promoter, indicating that FOXQ1 directly
transactivates the p21 gene expression.

The initial descriptions of p21 were thought to indicate a
tumor suppressor-like role, and p21 was almost solely re-
garded as a modulator with the principal function of inhibit-
ing a cyclin-dependent kinase activity and, hence, cell cycle
progression, because it was originally identified as a media-
tor of p53-induced growth arrest. However, emerging evi-
dence has indicated that p21 may have dual functions with
regard to tumor progression and the suppression of cancer
cells, with examples of other genes with dual functions in-
cluding TGF-B, Notch, Runx3, E2F, and p21 (32). Besides its
growth inhibitory role, p21 is known to have a positive effect
on cell proliferation (39-41). A more recent study on leuke-
mic stem cells showed a p21-dependent cellular response
that leads to reversible cell cycle arrest and DNA repair;
such data clearly illustrate the oncogenic potential of p21
(33). We have shown that p21 has negative roles for tumor
growth using FOXQl-overexpressing cells with knockdown
of p21 (Fig. 5D).

Recently, accumulating evidence has shown that FOX
transcriptional factors are involved in VEGF regulation and
angiogenesis. For example, forkhead has exhibited a positive
role in mediating induction of VEGF (42-44). In the present
study, we identified VEGFA as a candidate target gene of
FOXQ1 by microarray analysis and showed that FOXQ1
increased angiogenesis in vivo. Interestingly, although over-
expression of FOXQI decreases cellular proliferation
in vitro, it enhances tumorigenicity and tumor growth in vivo.
We consider that this discrepancy can be explained by these
angiogenic and antiapoptotic effects of FOXQ1 contribute to
enhanced tumor growth in vivo, although p21 negatively
functions.

We showed that the overexpression of FOXQI inhibited
doxorubicin-induced and camptothecin-induced apoptosis
in p53-inactivated cancer cells. Therefore, we speculated
that FOXQI might be a new determinant factor of resistance
to drug-induced apoptosis and might represent a poor
prognostic factor for CRC patients.

In conclusion, FOXQI is markedly overexpressed in CRC
and enhances tumorigenicity and tumor growth in vivo.
We have elucidated a biological function of FOXQI, which
directly upregulates p21 transcription and promotes angio-
genesis and antiapoptosis. Our findings support FOXQ1
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as a new member of the cancer-related FOX family in
cancer cells.
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A Multi-Institution Phase I/Il Trial of Triweekly Regimen
with S-1 Plus Cisplatin in Patients with Advanced
Non-small Cell Lung Cancer
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Introduction: To determine the dose-limiting toxicity and recom-
mended dose (RD) of cisplatin (CDDP) combined with S-1 (tegafur,
5-chloro-2, 4-dihydroxypyridine, and potassium oxonate) for pa-
tients with non-small cell lung cancer and to evaluate efficacy and
toxicity of this regimen at RD.

Methods: Patients with stages III and IV non-small cell lung cancer
received 3-week cycles of treatment, each consisting of oral admin-
istration of S-1 at 80 mg/m? in 2 divided doses per day for 14
consecutive days, intravenous administration of CDDP (60 mg/m?,
70 mg/m?, or 80 mg/m?) on the first day, and no medication during
the subsequent 7 days. The primary objective of phase I study was
to estimate the maximum tolerable dose and the RD, and the primary
end point of phase II study was response.

Results: RD of CDDP in the analysis of 18 eligible patients was 60
mg/m>. Evaluation of efficacy and toxicity at RD in 55 eligible
patients showed that partial response was observed in 18 patients
(32.7%, 95% confidence interval: 20.7-46.7%). The median sur-
vival time was 18.1 months, and the time to disease progression was
3.8 months. Grade 3 or severer adverse events were observed in 27
patients (49.1%).

Conclusions: CDDP combined with S-1 showed a satisfactory
overall survival time and acceptable toxicity profile. However, the
response as the primary end point did not reach the predetermined
threshold level.
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ung cancer, with its high mortality rate, is the most
common cause of death from malignant tumors. Among
the various types of lung cancer, non-small cell lung cancer
(NSCLC) accounts for more than 80% of all patients with
lung cancer. Platinum-based two-drug combinations with
third-generation agents such as docetaxel,! paclitaxel,? gem-
citabine,? and vinorelbine* are standard first-line treatment for
metastatic NSCLC. Cisplatin (CDDP) plus pemetrexed or car-
boplatin, paclitaxel plus bevacizumab is an option for nonsqua-
mous NSCLC.5¢ Platinum-based chemotherapy has also been
applied to combined modality treatment with thoracic radiother-
apy or surgery in stage II, IIIA, or IIIB NSCLC.”-* Although
chemotherapy plays an important role in the management of
patients with NSCLC, the benefits of chemotherapy are
modest and standard platinum-based regimens have signifi-
cant toxicities; thus, more effective and less toxic regimens
are needed. Although an important goal of such development
is to raise the survival rate, it is also crucial to minimize
adverse events, cost, and improve quality of life.
S-1 (Taiho Pharmaceutical Co., Ltd., Tokyo, Japan) is
an oral antineoplastic drug consisting of tegafur, which is a
prodrug of 5-fluorouracil (5-FU), and 2 modulators, 5-chloro-
2,4-dihydroxypyridine and potassium oxonate.!® Tegafur has
advantages of high bioavailability and small individual dif-
ferences in absorption. This substance is gradually converted
to 5-FU in liver. On the other hand, 5-chloro-2,4-dihydroxy-
pyridine antagonizes dihydropyrimidine dehydrogenase and
suppresses the metabolism of 5-FU in liver to help maintain
the blood level of 5-FU'"' and prevents neurotoxicity by
suppressing the generation of metabolite F-B-alanine. Potas-
sium oxonate prevents gastrointestinal toxicity through inhi-
bition of orotate phosphoribosyl transferase and suppresses
the phosphorylation of 5-FU in the digestive tract.!>-!
Ichinose et al.!s conducted a phase II study on the
combination of S-1 and CDDP chemotherapy in patients with

Journal of Thoracic Oncology * Volume 5, Number 5, May 2010

Copyright © 2010 by the International Association for the Study of Lung Cancer.



Journal of Thoracic Oncology  Volume 5, Number 5, May 2010

S$-1 Plus Cisplatin for NSCLC

advanced NSCLC, using the schedule defined by a phase I
study in patients with advanced gastric cancer (3-week ad-
ministration of S-1 with CDDP at 60 mg/m’ on day 8).
Because the apProved dose of CDDP for NSCLC in Japan is
70 to 90 mg/m” and many regimens use day 1 administration
of CDDP in a 3-week schedule, the Health, Labor and
Welfare Ministry of Japan requested to evaluate the day 1
administration of CDDP and S-1 in a 3-week schedule. For
this reason, we conducted the phase Il study with 2-week
administration of S-1 combined with CDDP on day 1.

The purpose of the study is to define maximum toler-
ated dose (MTD) and recommended dose (RD) of CDDP in
the phase I study and evaluated response rate, survival, and
adverse events in the phase II study.

PATIENTS AND METHODS
Patient Eligibility

Patients satisfying the following criteria were eligible:
(1) clinical stage of IIIB (no indications of radical radiother-
apy) or IV with a diagnosis of NSCLC confirmed by histol-
ogy or cytology; (2) presence of a measurable lesion; (3) age
20 to 74 years at the time of enrollment; (4) Eastern Coop-
erative Oncology Group performance status of 0 to 1; and (5)
expected survival time of 3 months or more. Other eligibility
criteria included white blood cells (4 to 12 X 10%/ul), platelets
(=100 X 10%/pl), hemoglobin (=9.0 g/dl), total bilirubin
(=1.5 times laboratory reference value), aspartate amino-
transferase and alanine aminotransferase (<100 Ulliter), al-
kaline phosphatase (=2 times normal laboratory reference
value), creatinine clearance (=60 ml/min), and oxygen partial
pressure (=60 mmHg). Exclusion criteria included (1) pa-
tients with a history of severe drug sensitivity (not specified);
(2) patients taking other anticancer medication; (3) patients
with active infection; (4) patients with significant comorbid
medical conditions, including, but not limited to, heart fail-
ure, renal failure, hepatic failure, hemorrhagic peptic ulcer,
mechanical or paralytic ileus, or poorly controlled diabetes;
(5) patients with pleural effusion, ascites, or pericardial fluid
requiring drainage; (6) patients with symptomatic brain me-
tastasis; (7) patients with difficulty in controlling bowel
movements; (8) patients with prior malignancies within the
past 5 years of nontreatment or disease-free interval, with the
exception of carcinoma in situ; (9) pregnant, nursing, or
potentially pregnant women; and (10) patients considered
inappropriate by the principal or subinvestigator. The patients
meeting enrollment criteria were registered after obtaining
their written informed consent. This protocol was reviewed
and approved by institutional review boards at all participat-
ing institutes.

Treatment Schedule

CDDP was administered on the first day with 14 con-
secutive day administration of S-1 and no medication on the
subsequent 7 days (21 days in total). S-1 was prescribed at a
dose of 80 mg/d if body surface area was less than 1.25 m?,
100 mg/d if body surface area was 1.25-1.5 m?, or 120 mg/d
if body surface area was 1.5 m? or more, divided into 2
doses/d. The dose of S-1 was reduced by one level (20 mg/d)

in patients with BSA =1.25 m” if there were grade 4 leukocy-
topenia, neutropenia, or platelet counts below 10,000/mm® or
grade 3 or more nonhematological toxicity including diarrhea,
stomatitis, or rash. If the dose reduction was required in patients
who received 80 mg/d (patients with BSA <1.25 m? or who had
dose reduction) it was reduced to a minimum of 50 mg/d.

Analysis for MTD and RD of CDDP (Phase | Trial)

RD Analysis

Doses of CDDP in the estimation of MTD were set in
increments of 10 mg/m?” starting from a dose of 70 mg/m’
(level 1). RD was defined as the dose that was one level lower
than MTD. If MTD was defined as more than 80 mg/m?
(Ievel 2), no further dose increase was made, and RD was
set at 80 mg/m>,

MTD Analysis

MTD was estimated based on the analysis of dose-
limiting toxicity (DLT) as follows: (1) If DLT occurrence
was 0/3, CDDP dose was increased to 80 mg/m?; (2) If DLT
occurrence ranged from 1/3 to 2/3, 3 patients were added, and
70 mg/m’ of CDDP was repeated; (3) If DLT occurrence was
3/3, this level was judged as MTD; (4) If DLT occurrence
after adding 3 patients ranged from 1/6 to 2/6, CDDP dose
was increased to 80 mg/m?; and (5) If DLT occurrence was
3/6 or more, this level was judged as MTD. The same
procedures were repeated at the CDDP dose of 80 mg/m?,
except the dose was not increased further. If MTD was not
determined at 80 mg/m?, it was estimated to be more than 80
mg/m’. The level was evaluated at least 1 week after the
completion of protocol treatment.

Definition of DLT

DLT was defined by the following adverse events: (1)
persistence of grade 4 neutropenia for 4 days or more; (2)
neutropenic fever of 38°C or more; (3) grade 3 or 4 for
thrombocytopenia; (4) grade 3 or more severe nonhemato-
logic toxicity other than nausea, vomiting, anorexia, and
hyponatremia; and (5) any adverse event requiring reduction
of total S-1 dose below 75% of the planned dose per cycle.

Assessment of Response

Antitumor response was evaluated by computed to-
mography scan and magnetic resonance imaging at 4-week
intervals after the beginning of administration in comparison
with the baseline lesions taken within 2 weeks before enroll-
ment using “Response Evaluation Criteria in Solid Tumors
(RECIST) Guidelines.”

Safety Assessment
Adverse events were identified according to “National Can-
cer Institute Common Toxicity Criteria (NCI-CTC), Version 2.0.”

Sample Size Determination and Statistical
Analysis

Assuming the response would follow a binomial distri-
bution, enrollment of 54 patients was planned, so that an
expected response of 50% would be significant in a test at the
one-tailed significance level of a/2 = 2.5% when the thresh-
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old response is 30% and the power of the test (1 — ) is 80%.
The survival curve for eligible patients was estimated using
Kaplan-Meier method,'é and median survival time (MST),
1-year, and 2-year survival proportions were calculated.

RESULTS
Eligible Patients and Doses

From seven institutions in Japan, 18 patients were
enrolled in the phase I and 55 eligible patients in the phase II
study. The latter included six patients accrued in phase I at
RD. Table 1 shows characteristics of the total 67 patients.
Patients were enrolled between July 2004 and August 2005.

Recommended Dose

MTD and RD of CDDP were estimated with six pa-
tients in the 70 mg/m? dose group (level 1) and six patients in
the 80 mg/m” dose group (level 2), respectively. Severe
adverse events that should be regarded as DLT, such as
shock, disseminated intravascular coagulation, and bloody
stool, occurred in three patients (50.0%, three of six) during
second and later cycles in level 1. Thus, we considered that
level 1 corresponded to MTD and performed an additional
evaluation at the CDDP dose of 60 mg/m’ assigned as level
0 in six patients. In the 60 mg/m? group (level 0), one patient
developed pneumonia during the second cycle, but no other
events corresponding to DLT were observed. Therefore, we
estimated that MTD of CDDP in this schedule was 70 mg/m’
and RD was level 0.

Compliance

We regarded as completion of a cycle if CDDP was
administered on the first day, and the patient took 28 doses of
S-1. The number of patients completing 1, 2, 3, and 4 or more
cycles was 50, 36, 34, and 25, respectively. The reasons of

TABLE 1. Patient Characteristics
Phase I Phase I1

CDDP (mg/m?) 70 80 60
No. of patients 6 6 55
Gender

Male 6 3 32

Female 0 3 23
Age, yr

Median 57 54 59

Range 49-69 37-66 36-74
ECOG performance status

0 2 2 20

1 4 4 35
Clinical stage

1B 3 1 14

v 3 5 41
Histology

Adenocarcinoma 6 5 43

Squamous cell carcinoma 0 0 7

Others 0 1

CDDP, cisplatin; ECOG, Eastern Cooperative Oncology Group.
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TABLE 2. Response by Patient Characteristics

Response

No. of Response

Characteristics Patients CR PR SD PD NE (%)
All 55 0 18 18 16 3 32.7¢
Gender

Male 32 0 11 10 10 1 344

Female 23 0 7 8 6 2 304
Stage

111B 14 0 5 4 4 1 35.7

v 41 0 13 14 12 2 31.7
Histology

Adenocarcinoma 43 0 14 12 14 3 32,6

Squam.ous cell 7 0 2 4 1 0 28.6

carcinoma
Others 5 0 2 2 1 0 40.0

CR, complete response; PR, partial response; SD, stable disease; PD, progressive
disease; NE, not evaluated.
?95% confidence interval: 20.7-46.7%.

noncompletion were adverse events in 11 patients, disease
progression in 6 patients, and refusal and inadvertent skip-
ping in 3 patients. In this trial, it was possible to administer
S-1 without dose reduction 90.9% of patients (50 of 55).

Response and Survival

Table 2 shows the antitumor response (RECIST) in the
55 patients in phase II part of the study, as determined by the
central review. Response was 32.7% (18 of 55), and 95%
confidence interval (CI) was 20.7 to 46.7%.

In the 18 responding patients, the median time to 30%
reduction in tumor size was 38 days (range, 19-60 days). The
reduction occurred during the first cycle in three patients
(16.7%), second cycle in seven patients (38.9%), and third
cycle in eight patients (44.4%). Median time to confirmation
of partial response was 75.5 days (range, 51-95 days). This
occurred during the third cycle in 10 patients (55.6%), fourth
cycle in 6 patients (33.3%), and fifth cycle in 2 patients
(11.1%). The median response duration was 104 days (range,
57-176 days).

At the time of analysis, there were 32 cases of progres-
sion and 38 death events. MST of the 55 patients was 18.1
months (95% CI: 13.3-23.2 months), 1-year survival propor-
tion was 65.2%, and 2-year survival proportion was 34%. The
median follow-up at the time of analysis was 31.0 months
(range, 29.3-33.0 months). The median time to disease pro-
gression was 3.8 months (95% CI: 3.1-5.7 months). Kaplan-
Meier curves are shown in Figures 1 and 2.

Adverse Events

Major adverse events observed in this trial were my-
elosuppression, gastrointestinal toxicity, abnormal liver, or
renal function (Table 3). No treatment-related deaths were
observed in this trial.

DISCUSSION

This study was conducted to determine the optimal
dose of CDDP on dayl in combination with 14-day admin-
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FIGURE 2. Time to progression.

TABLE 3. Hematologic and Nonhematologic Toxicities (All
Cycles)

Phase II (Including 60 mg/m*

Phase I in Phase I)
CDDP (mg/m?) 70 80 60
No. of Patients 6 6 ' 55
Grade Grade Grade

Toxicity 1 2 3 423123 4=31234=3=3
Leukopenia 11213 112—21611 3— 3
Neutropenia 11123 12—11129 93 12
Anemia 311123 —2—2218 52 7
Thrombocytopenia 3 1 1 — 1 | — 1 — | 21 7 3 — 3
Aspartate 3 ——— — 3 ——— —13 131 2
aminotransferase

Alanine 21 ———2————17211 2
aminotransferase

Creatinine 2 1l -1 ————14 21— 1
Anorexia I 12 —2311—12812101 11
Vomiting Il ——— — — 3 —— —1610 3— 3
Diarrhea 3 —1'— 13— 1 —119 5 4—4
Stomatitis 2 —1—1—2—— 16 6 1— 1
Pigmentation 2 1l —-———3 —-—— —16——— —
Shock - 1 -1 - -
DIC - 1 -1 ————
Bloody stool @~ @0— — — — — — — l -1 —— — — —

“ This table shows no. of patients.
DIC, disseminated intravascular coagulation.

istration of S-1 as 3-week cycle and to evaluate efficacy and
safety of the regimen at RD in patients with advanced
NSCLC. In phase I part of the study, MTD and RD of CDDP
were defined as 70 mg/m” and 60 mg/m?, respectively. RD of
CDDP on day 1 was identical to day 8 administration of
CDDP used in the NSCLC phase II study by Ichinose et al.,'s
which was based on RD of CDDP in combination chemo-
therapy for gastric cancer reported by Koizumi et al.!?

The previous phase II study of 3-week administration
of S-1 combined with 60 mg/m? of CDDP on day 8 showed
objective response of 47%, MST of 11.2 months, and 1-year
and 2-year survival proportions of 45% and 17%, respec-
tively. Although we must be careful to historically compare,
objective response was numerically higher in the previous
study with CDDP on given day 8 than this study with CDDP
on given day 1. Phase II part of this study demonstrated
that response in 55 patients was 32.7% (18 of 55, 95% CI:
20.7-46.7%) and did not reach the predetermined thresh-
old level.

Although objective response did not meet the threshold
level, the results of survival were encouraging with a MST of
18.1 months, a 1-year survival proportion of 65.2%, and a
2-year survival proportion of 34%. The relatively good sur-
vival results might in part be due to second-line treatment
with third-generation antineoplastic agents and/or molecular-
targeted agents: 74.5% of patients received second-line che-
motherapy including endothelial growth factor receptor ty-
rosine kinase inhibitors as poststudy treatment.

Copyright © 2010 by the International Association for the Study of Lung Cancer 705

Copyright © 2010 by the International Association for the Study of Lung Cancer.



Kubota et al.

Journal of Thoracic Oncology ® Volume 5, Number 5, May 2010

Preclinical studies showed the strongest antitumor ef-
fect was produced by the treatment with tegafur-uracil ad-
ministered both before and after CDDP.'# In addition, Satou-
chi et al. conducted a randomized phase II study of two
different schedules of S-1 and gemcitabine in patients with
advanced NSCLC. S-1 was administered daily from day 1 to
14, and gemcitabine was given on days 1 and 8 or days 8 and
15. Objective response, median time to progression, and MST
were favored for gemcitabine on days 8 and 15 schedule.'
Optimum sequence of S-1 in combination with other agents
has not been determined; however, S-1 and CDDP or gem-
citabine trials suggest that day 8 administration of other
agents is more effective than day 1 administration in combi-
nation with S-1.

In conclusion, the RD of CDDP on day 1 was identical
to that of day 8 administration of CDDP in combination with
S-1 in patients with advanced NSCLC. We have chosen day
8 administration schedule of CDDP and S-1 from days 1 to 21
as experimental arm in the phase III trial currently underway.
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Successful Treatment With Erlotinib After
Gefitinib-Related Severe Hepatotoxicity

A 66-year-old nonsmoking woman presented with enlarged left
supraclavicular lymph nodes. She had no history of liver disease,
alcohol intake, or hepatitis. Baseline blood tests showed cell counts,
electrolytes, as well as renal and liver function to be normal. She had
not previously received medication for her condition. A chest x-ray
revealed a nodular shadow in the right upper lung field. A computed
tomography scan of the chest confirmed a solitary spiculated lesion in
the right upper lung lobe, disseminated nodules in the interlobar
fissures, and multiple pulmonary nodules. Core biopsy of left supra-
clavicular lymph nodes revealed adenocarcinoma, consistent with
metastasis from the primary non-small-cell lung carcinoma. Muta-
tion analysis of lung cancer specimens obtained before first-line
chemotherapy showed the presence of an exon 19 deletion of the
epidermal growth factor receptor gene, and gefitinib was administered
orally at a dose of 250 mg once daily. Eight weeks after the initiation of
treatment, computed tomography revealed marked tumor shrinkage,
which was categorized as a partial response. After 13 weeks of gefitinib
treatment, laboratory investigations showed a substantial increase in
serum transaminase levels (AST of 84 U/L, compared with a normal
range of lower than 40; ALT of 181 U/L, compared with a normal
range of lower than 35; Fig 1). Initiation of treatment with ursodeoxy-
cholic acid and ammonium glycyrrhizate resulted in a gradual de-
crease in transaminase levels (to values of 31 U/L and 35 U/L for AST
and ALT, respectively; Fig 1). Thirty-six weeks after the initiation of
daily gefitinib administration, the transaminase levels of the proband
had begun to increase again, reaching a pronounced high of 599 U/L
for ASTand 1,011 U/L for ALT at 37 weeks (Fig 1). Gefitinib treatment
was discontinued at 36 weeks. The patient had taken no other medi-
cations or supplements, and an abdominal ultrasound revealed a
normal liver with no other substantial abnormalities. A drug lympho-
cyte stimulation test yielded a strong positive result for gefitinib, sug-
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gesting that the hepatitis of the proband was attributable to drug
allergy rather than to dose-dependent toxicity. We therefore con-
cluded that gefitinib should not be administered further at any sched-
ule in this patient. In the 7 weeks after gefitinib withdrawal, the
patient’s liver function normalized but her lung cancer progressed
slightly. We initiated treatment with erlotinib accompanied by careful
monitoring of liver function, and the patient has continued daily oral
erlotinib (150 mg) for 15 weeks with no evidence of increased hepatic
toxicity or disease progression.

Gefitinib-induced hepatitis has received little attention to date,
even though phase I trials revealed hepatotoxicity as a dose-limiting
toxicity of the drug and the Tressa Dose Evaluation in Advanced Lung
Cancer (IDEAL 1) trial showed that 2% of patients receiving gefitinib
alone at a dose of 250 mg per day developed elevations of hepatic
enzymes of grade 3 or 4 that necessitated cessation of treatment.'
Exploration of new strategies for management of gefitinib-induced
severe hepatotoxicity is thus warranted. Resumption of gefitinib treat-
ment after its discontinuation as a result of the development of drug-
induced hepatitis has been reported in three cases. However, gefitinib
was again discontinued because of repeated elevation of serum
transaminase levels in two of three cases™’; the other case showed that
an intermittent schedule of gefitinib administration (250 mg/d every 5
days) reduced hepatotoxicity, although the response had been main-
tained for only 8 weeks at the time of report submission.* These
findings prompted us not to recommend resumption of gefitinib
treatment after the development of severe hepatotoxicity in this pa-
tient. Erlotinib acts in a manner similar to that of gefitinib and has
been shown to provide clinical benefit in patients with tumors positive
for epidermal growth factor receptor gene mutations. We thus treated
the proband of this study with erlotinib (150 mg once daily) as an
alternative to gefitinib after discontinuation of the latter drug,

With regard to the toxicity profiles of gefitinib and erlotinib, it is
important to clarify the mechanism responsible for drug-induced
hepatotoxicity. Gefitinib and erlotinib share a common chemical
backbone structure and exhibit similar disposition characteristics in
humans after oral administration. They manifest similar oral bioavail-
abilities and both undergo extensive metabolism primarily by cyto-
chrome P450 3A4, with more than 80% of the administered dose
being found in feces.>® Administration of erlotinib at the maximum-
tolerated dose and approved dose of 150 mg once daily resulted in a
steady-state plasma trough concentration that was approximately 3.5
times that for gefitinib administered at the recommended dose (ap-
proximately one third of the maximum tolerated dose) of 250 mg
once daily.”® This patient received no medications that influence
the pharmacokinetics of gefitinib or erlotinib, suggesting that the
plasma concentration of gefitinib per se did not give rise to the drug-
induced hepatotoxicity, although the toxicity of gefitinib has not been
directly compared with that of erlotinib alone. Instead, the positive
result of the drug lymphocyte stimulation test supports a diagnosis of
gefitinib-induced allergic hepatitis. Erlotinib and gefitinib share a
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4-anilinoquinazoline base structure, but differ in the substituents at-
tached to the quinazoline and anilino rings. Minor differences in the
chemical structures of these compounds may thus influence hepato-
toxicity. In conclusion, erlotinib is an effective and well-tolerated
treatment option for patients for whom gefitinib has been discontin-
ued because of severe hepatotoxicity. Clinical trials to evaluate the
administration of erlotinib after severe hepatotoxicity induced by
daily administration of gefitinib are warranted.
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CASE REPORT

Successful Treatment with Erlotinib after Gefitinib-Induced
Severe Interstitial Lung Disease

Masayuki Takeda, MD, PhD,* Isamu Okamoto, MD, PhD,* Chihiro Makimura, MD, *
Masahiro Fukuoka, MD, PhD,} and Kazuhiko Nakagawa, MD, PhD*

62-year-old woman with an 18-pack-year history of

smoking was found to have a solitary spiculated lesion
in the right upper lung lobe and multiple pulmonary
nodules on a computed tomography (CT) scan of the chest.
A transcutaneous CT-guided needle biopsy specimen of
the lung revealed adenocarcinoma. She received four cy-
cles of chemotherapy with docetaxel and cisplatin, after
which CT revealed marked tumor shrinkage. During fol-
low-up for 3 months, progressive disease was diagnosed
on the basis of the presence of an enhancement of cortical
sulci on a CT scan of the brain. Mutation analysis of the
lung cancer specimen showed the presence of an exon-19
deletion in the epidermal growth factor receptor (EGFR)
gene, and gefitinib was administered orally at a dose of 250
mg once daily (Figure 14). After 24 days of gefitinib, the
patient manifested acutely deteriorating dyspnea with fe-
ver and cough. A chest CT scan revealed extensive bilat-
eral ground-glass opacities throughout both lungs (Figure
1B). The results of sputum culture of bacteria or fungi and
general blood tests, including those for fungal antigen and
cytomegalovirus antigen, were negative. The patient had
no prior interstitial lung disease (ILD) or preexisting
collagen-vascular disease. Therefore, we concluded that
the clinical course and imaging results were consistent
with gefitinib-induced ILD. Gefitinib therapy was discon-
tinued, and the treatment with high-dose methylpred-
nisolone was initiated. Given that her symptoms and ra-
diologic findings of gefitinib-induced ILD improved, the
patient was discharged 14 days after discontinuation of
gefitinib. As a result of progression of brain metastasis
soon after discontinuation of gefitinib, whole-brain radia-
tion therapy was delivered. Three months after discontin-
uation of gefitinib, the patient again experienced neuro-
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logic progression because of the brain metastasis, and the
development of symptomatic brain metastasis was consid-
ered to be a contraindication for treatment with cytotoxic
agents. After receiving full informed consent for the risk of
recurrent ILD and high mortality rate after the onset of
ILD, we administered erlotinib at a dose of 150 mg/d
(Figure 1C). Nine weeks after the initiation of erlotinib
treatment, a chest CT scan revealed no evidence of ILD
and a reduction in the size of multiple pulmonary meta-
static nodules (Figure 1D). After 11 weeks of erlotinib
treatment, she developed meningeal carcinomatosis with
progressive neurologic symptoms and discontinued erlo-
tinib treatment. ILD has not been identified during the
course of treatment with erlotinib.

DISCUSSION

Gefitinib-induced ILD is the most problematic toxicity,
with an incidence reported to be approximately 4% in Japan
and with about one third of the cases being fatal.! The
predictive risk factors for ILD development include male sex,
smoking, and the existence of pulmonary fibrosis. The dis-
covery of somatic mutations in the tyrosine kinase domain of
EGFR and of the association of such mutations with a high
response rate to EGFR tyrosine kinase inhibitors (EGFR-
TKIs) such as gefitinib and erlotinib has had a profound
impact on the treatment of advanced non-small cell lung
cancer. Gefitinib-induced severe ILD has been reported only
rarely in EGFR mutation-positive patients, although the prev-
alence of EGFR mutations is estimated to be low in patients
with risk factors for ILD.2

The mechanism of gefitinib-induced ILD has not
been fully elucidated. The previous findings suggest that
inhibition of EGFR-mediated signaling by gefitinib im-
pairs the repair of and thereby exacerbates lung injury.>-
In the present case, the patient received oral erlotinib (150
mg) daily, which results in a steady-state plasma trough
concentration, that is approximately 3.5 times that for
gefitinib (250 mg), and tumor shrinkage was observed with
no evidence of ILD. These observations suggest that
blockade of the EGFR signaling pathway by EGFR-TKIs
is not necessarily associated with the incidence of drug-
related ILD. Erlotinib and gefitinib share a 4-anilinoquina-
zoline base structure but differ in the substituents attached
to the quinazoline and anilino rings. Minor differences in

1103
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A  Before gefitinib B Atter gefitinib (day 24)
FIGURE 1. Chest computed tomography (CT) scans of the patient before (A) and 24 days after initiation of treatment with

gefitinib (B). Bilateral pulmonary infiltrates on the chest CT were apparent on day 24 of gefitinib administration (B). After im-
provement of gefitinib-induced ILD, chest CT scans demonstrated that no ILD was observed in the patients receiving erlotinib

(C and D).

the chemical structure of these compounds may, thus,
influence lung toxicity.

We could successfully manage the patient who had
once developed gefitinib-induced ILD with a full dose of
erlotinib. The present case demonstrated that erlotinib may be
one of the treatment options in such patients when alternative
therapeutic options are limited. Because EGFR TKI-induced
ILD has a high associated mortality, a careful assessment of
clinical symptoms and radiographic findings and informed
consent are needed in this setting.

REFERENCES

1. Ando M, Okamoto I, Yamamoto N, et al. Predictive factors for
interstitial lung disease, antitumor response, and survival in non-

1104

small-cell lung cancer patients treated with gefitinib. J Clin Oncol
2006;24:2549-2556.

2. Tamura K, Okamoto I, Kashii T, et al. Multicentre prospective phase II
trial of gefitinib for advanced non-small cell lung cancer with epidermal
growth factor receptor mutations: results of the West Japan Thoracic
Oncology Group trial (WJTOG0403). Br J Cancer 2008;98:907-914.

3. Hardie WD, Prows DR, Leikauf GD, et al. Attenuation of acute lung
injury in transgenic mice expressing human transforming growth factor-
alpha. Am J Physiol 1999;277:L1045-L1050.

4. Hardie WD, Prows DR, Piljan-Gentle A, et al. Dose-related protection
from nickel-induced lung injury in transgenic mice expressing human
transforming growth factor-alpha. Am J Respir Cell Mol Biol 2002;26:
430-437.

5. Suzuki H, Aoshiba K, Yokohori N, et al. Epidermal growth factor
receptor tyrosine kinase inhibition augments a murine model of pulmo-
nary fibrosis. Cancer Res 2003;63:5054-5059.

Copyright © 2010 by the International Association for the Study of Lung Cancer

Copyright © 2010 by the International Association for the Study of Lung Cancer.



Research Article

Enhanced Anticancer Effect of the Combination of BIBW2992
and Thymidylate Synthase—-Targeted Agents in Non-Small
Cell Lung Cancer with the T790M Mutation of
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Abstract

Most non-small cell lung cancer (NSCLC) tumors with activating mutations of the epidermal growth factor
receptor (EGFR) are initially responsive to first-generation, reversible EGFR tyrosine kinase inhibitors (TKI)
such as gefitinib, but they subsequently develop resistance to these drugs through either acquisition of an
additional T790M mutation of EGFR or amplification of the proto-oncogene MET. We have now investigated
the effects of combination treatment with thymidylate synthase (TS)-targeting drugs and the second-
generation, irreversible EGFR-TKI BIBW2992 on the growth of NSCLC cells with the T790M mutation. The
effects of BIBW2992 on EGEFR signaling and TS expression in gefitinib-resistant NSCLC cells were examined
by immunoblot analysis. The effects of BIBW2992 and the TS-targeting agents S-1 (or 5-fluorouracil) or pe-
metrexed on the growth of gefitinib-resistant NSCLC cells were examined both in vitro and in vivo. The com-
bination of BIBW2992 with 5-fluorouracil or pemetrexed synergistically inhibited the proliferation of NSCLC
cells with the T790M mutation in vitro, whereas an antagonistic interaction was apparent in this regard be-
tween gefitinib and either of these TS-targeting agents. BIBW2992 induced downregulation of TS in the
gefitinib-resistant NSCLC cells, implicating depletion of TS in the enhanced antitumor effect of the combina-
tion therapy. The combination of BIBW2992 and either the oral fluoropyrimidine S-1 or pemetrexed also in-
hibited the growth of NSCLC xenografts with the T790M mutation to an extent greater than that apparent
with either agent alone. The addition of TS-targeting drugs to BIBW2992 is a promising strategy to overcome
EGFR-TKI resistance in NSCLC with the T790M mutation of EGFR. Mol Cancer Ther; 9(6); 1647—56. ©2010 AACR.

Introduction

Somatic mutations of the epidermal growth factor receptor
(EGFR) gene are associated with a therapeutic response
to EGFR tyrosine kinase inhibitors (TKI) in individuals
with non-small cell lung cancer (NSCLC; 1-3). However,
most such patients ultimately develop resistance to these
drugs. Among patients with NSCLC who develop resis-
tance to the first-generation EGFR-TKIs gefitinib or erlo-
tinib, ~50% have tumors with a secondary T790M
mutation in exon 20 of EGFR and ~20% have tumors that
manifest amplification of the proto-oncogene MET (4-6).
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The identification of strategies or agents capable of over-
coming acquired resistance to EGFR-TKIs is thus an
important clinical goal.

Gefitinib and erlotinib act as ATP mimetics and revers-
ible inhibitors at the tyrosine kinase domain of EGFR. In
contrast, second-generation, irreversible EGFR-TKIs not
only act as ATP mimetics but also covalently bind to
Cys”®” of EGFR, which allows them to inhibit EGFR
phosphorylation even in the presence of a T790M second-
ary mutation. Irreversible EGFR-TKIs including BIBW2992
have been found to be effective in inhibiting the growth of
NSCLC cells with the T790M mutation of EGFR both in vitro
and in vivo (7-9). On the basis of these preclinical evalua-
tions, various clinical trials are currently under way to
determine the efficacy of these drugs in NSCLC patients.

S-1 is an oral fluoropyrimidine derivative that is also
currently under evaluation for the treatment of NSCLC
as a thymidylate synthase (TS)-targeted agent (10-12).
A new antifolate drug, pemetrexed, has also been shown
to inhibit tumor growth by targeting TS and is widely
used in clinical settings (13, 14). We have previously
shown that gefitinib-induced downregulation of TS and
E2F1, a transcription factor that regulates expression of
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Table 1. IC5, values of BIBW2992 and gefitinib
for inhibition of the growth of NSCLC cells in vitro

Cell line ICso (umol/L)
BIBW2992 Gefitinib

T790M (-)

PC9 <0.001 0.031

HCC827 <0.001 0.011
T790M (+)

PC9/ZD 0.41 >5

H1975 0.22 >5

NOTE: Data are means of triplicates from representative
experiments repeated a total of three times.

the TS gene, is responsible for the enhanced antitumor
effect of combined treatment with S-1 (15, 16). However,
an enhanced antitumor effect of this combination therapy
on the growth of NSCLC cells harboring the T790M mu-
tation of EGFR was not apparent as a result of continu-
ous activation of EGFR and sustained expression of TS
during gefitinib exposure. We have now investigated
the potential efficacy of combined therapy with an irre-
versible EGFR-TKI and TS-targeted agents for the treat-
ment of NSCLC with the T790M mutation of EGFR.

Materials and Methods

Cell culture and reagents

The human NSCLC cell lines PC9, PC9/ZD, HCC827,
and NCI-H1975 (H1975) were obtained as described pre-
viously (16-18). All cells were cultured under a humidi-
fied atmosphere of 5% CO, at 37°C in RPMI 1640 (Sigma)
supplemented with 10% fetal bovine serum. BIBW2992 was
kindly provided by Boehringer Ingelheim Pharma; gefitinib
was obtained from AstraZeneca; and 5-fluorouracil
(5-FU), S-1, and pemetrexed were from Wako. U0126
and LY294002 were obtained from Cell Signaling Technology.

Growth inhibition assay in vitro

Cells were plated in 96-well flat-bottomed plates and
cultured for 24 hours before exposure to various concen-
trations of drugs for 72 hours. TetraColor One (5 mmol/L
tetrazolium monosodium salt and 0.2 mmol/L 1-methoxy-
5-methyl phenazinium methylsulfate; Seikagaku) 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 Multiskan Spectrum instrument
(Thermo Labsystems). Absorbance values were ex-
pressed as a percentage of that for untreated cells,
and the concentration of tested drugs resulting in
50% growth inhibition (ICso) was calculated. Data were
analyzed by the median-effect method (CalcuSyn soft-
ware, Biosoft) to determine the combination index (CI),

a well-established index of the interaction between two
drugs (19). CI values of <1, 1, and >1 indicate syner-
gistic, additive, and antagonistic effects, respectively.

Immunoblot analysis

Cells were washed twice with ice-cold PBS and then
lysed in a solution containing 20 mmol/L Tris-HCl (pH
7.5), 150 mmol/L NaCl, 1 mmol/L EDTA, 1% Triton X-
100, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L phenyl-
methylsulfonyl fluoride, and leupeptin (1 pg/mL). The
protein concentration of cell lysates was determined with
the Bradford reagent (Bio-Rad), and equal amounts of
protein were subjected to SDS-PAGE on a 7.5% gel. The
separated proteins were transferred to a nitrocellulose
membrane, which was then exposed to 5% nonfat dried
milk in PBS for 1 hour at room temperature before incuba-
tion overnight at 4°C with rabbit polyclonal antibodies to
human phosphorylated EGFR (pY1068, 1:1,000 dilution;
Cell Signaling Technology), phosphorylated AKT
(1:1,000 dilution; Cell Signaling Technology), AKT
(1:1,000 dilution; Cell Signaling Technology), phosphory-
lated extracellular signal-regulated kinase (ERK; 1:1,000
dilution; Santa Cruz Biotechnology), ERK (1:1,000 dilu-
tion; Santa Cruz Biotechnology), E2F1 (1:1,000 dilution;
Santa Cruz Biotechnology), TS (1:1,000 dilution; Santa
Cruz Biotechnology), or B-actin (1:500 dilution; Sigma)
or with mouse monoclonal antibodies to EGFR (1:1,000 di-
lution; Zymed). The membrane was then washed with
PBS containing 0.05% Tween 20 before incubation for
1 hour at room temperature with horseradish peroxidase—
conjugated goat antibodies to rabbit (Sigma) or mouse
(Santa Cruz Biotechnology) immunoglobulin G. Immune
complexes were finally detected with chemiluminescence
reagents (Perkin-Elmer Life Science).

.
.
.
&

Cell growth (% control)
3

3 1 2

(-]

10 102 10 100 100
BIBW2992 (umol/L)

Figure 1. Effect of BIBW2992 on the growth of NSCLC cell lines in vitro.
The indicated NSCLC cell lines were cultured for 72 h in complete
medium containing various concentrations of BIBW2992, after which cell
viability was assessed as described in Materials and Methods. Points,
mean of triplicates from experiments that were repeated a total of three
times with similar results; bars, SD.
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Combination Therapy with BIBW2992 and S-1 or Pemetrexed
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Figure 2. Effects of the combination of TS inhibitors (5-FU or pemetrexed) with EGFR-TKIs (gefitinib or BIBW2992) on the growth of gefitinib-sensitive
NSCLC cell lines in vitro. A and B, sensitizing EGFR mutation-positive NSCLC (PC9 and HCC827) cells were incubated for 72 h with gefitinib (A) or
BIBW2992 (B) together with 5-FU or pemetrexed at the indicated molar concentration ratios, after which cell viability was measured. The interaction
between the two drugs in each combination was evaluated on the basis of the Cl, which is plotted against fractional growth inhibition. Data are means of
triplicates from experiments that were repeated a total of three times with similar results. C, cells were incubated for 24 h with gefitinib or BIBW2992 at
the indicated concentrations in complete medium, after which cell lysates were prepared and subjected to immunoblot analysis with antibodies to
phosphorylated (p) or total forms of EGFR, AKT, or ERK as well as with those to E2F1, TS, or B-actin (loading control).
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Figure 3. Effects of the combination of TS inhibitors (5-FU or pemetrexed) with EGFR-TKIs (gefitinib or BIBW2892) on the growth of gefitinib-resistant
NSCLC cell lines in vitro. A and B, cells with a secondary T790M mutation of EGFR (PC9/ZD and H1975) were incubated for 72 h with gefitinib (A) or
BIBW2992 (B) together with 5-FU or pemetrexed at the indicated molar concentration ratios, after which cell viability was measured and Cl was plotted
against fractional growth inhibition. Data are means of triplicates from experiments that were repeated a total of three times with similar results. C, cells
were incubated for 24 h with gefitinib or BIBW2992 at the indicated concentrations in complete medium, after which cell lysates were prepared and
subjected to immunoblot analysis as in Fig. 2C.
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