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Abstract

EGFR tyrosine kinase inhibitors (TKI) are associated with
significant responses in non–small cell lung cancer (NSCLC)
patients harboring EGFR-activating mutations. However,
acquired resistance to reversible EGFR-TKIs remains a major
obstacle. In particular, although the second-generation irrevers-
ible EGFR-TKI afatinib is currently used for treating NSCLC
patients, the mechanisms underlying acquired afatinib resis-
tance remain poorly understood. Here, heterogeneous mechan-
isms of acquired resistance were identified following long-term
exposure to increasing doses of afatinib in EGFR-mutant lung
adenocarcinoma PC-9 cells. Notably, three resistant cell lines,
PC-9AFR1, PC-9AFR2, and PC-9AFR3 (AFR1, AFR2, and AFR3,
respectively) employed distinct mechanisms for avoiding EGFR
inhibition, with increased EGFR expression being detected in
all resistant cell lines. Moreover, an activating EGFR mutation
was partially lost in AFR1 and AFR2 cells. AFR1 cells exhibited
afatinib resistance as a result of wild-type KRAS amplification

and overexpression; however, these cells showed a progressive
decrease and eventual loss of the acquired KRAS dependence, as
well as resensitization to afatinib, following a drug holiday.
Meanwhile, AFR2 cells exhibited increased expression of insu-
lin-like growth factor-binding protein 3 (IGFBP3), which pro-
moted insulin-like growth factor 1 receptor (IGF1R) activity
and subsequent AKT phosphorylation, thereby indicating a
potential bypass signaling pathway associated with IGFR1.
Finally, AFR3 cells harbored the secondary EGFR mutation
T790M. Our findings constitute the first report showing
acquired wild-type KRAS overexpression and attenuation of
afatinib resistance following a drug holiday.

Implications: The heterogeneous mechanisms of afatinib resis-
tance should facilitate the development of more effective thera-
peutic strategies for NSCLC patients. Mol Cancer Res; 1–14. �2017
AACR.

Introduction
Administration of the EGFR tyrosine kinase inhibitors (TKI)

gefitinib and erlotinib has been shown to result in dramatic
tumor regression in non–small cell lung cancers (NSCLC)
involving EGFR-activating mutations, including exon-19 dele-
tions (dels) and the L858R point mutation (1). Notably,
however, the tumors of many patients develop resistance to
EGFR-TKIs within 9 to 15 months of treatment initiation (2, 3),
and such acquired resistance constitutes a major difficulty in

improving clinical outcomes. Intensive research has therefore
focused on clarifying the mechanisms associated with acquired
resistance to EGFR-targeted inhibitors (4, 5). The most com-
mon mechanism related to acquired resistance to first-genera-
tion EGFR-TKIs (i.e., the reversible ATP-competitive inhibitors
gefitinib and erlotinib) involves the presence of the secondary
mutation EGFR T790M, which was detected in >50% of tumors
(6, 7). Other resistance mechanisms, including bypass signals
to MET [also known as hepatocyte growth factor receptor
(HGFR)], insulin-like growth factor 1 receptor (IGF1R), and
HER2, transformation to SCLC, and induction of epithelial-to-
mesenchymal transition (EMT), were reported in preclinical
and clinical settings (8).

The second-generation EGFR-TKI afatinib is an irreversible drug
that covalently binds to EGFR at Cys797 and was shown in
preclinical studies to be more potent than first-generation
EGFR-TKIs against all EGFR variants, including wild-type (WT),
L858R, T790M, and those harboring exon-19 dels. In clinical
studies on patients harboring EGFR-activating mutations (exon-
19 del or L858R), afatinib was an effective first-line treatment and
resulted in significantly prolonged survival rates compared with
gefitinib treatment (9, 10). However, for patients with EGFR-
mutant lung cancers that exhibit disease progression during
treatment with gefitinib or erlotinib, the efficacy of treatment
with afatinib was limited (11). Although the secondary EGFR
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mutation T790M was frequently observed following the devel-
opment of resistance to afatinib in clinical samples, other resis-
tance mechanisms have yet to be fully confirmed (12, 13).

The emergence of acquired resistance remains a significant
obstacle for afatinib-treated patients. In vitro, FGFR1 activation
via a ligand of the FGF2-autocrine loop was reported as a
bypass signal in the human lung cancer cell line PC-9, indi-
cating that treatment with a combination of afatinib and an
FGFR inhibitor resulted in drug resensitization (14). In addi-
tion, PC-9 cells that are resistant to dacomitinib (another
irreversible EGFR-TKI) maintain PI3K/AKT signaling through
activation of insulin-like growth factor 1 receptor (IGF1R)
signaling, as mediated by downregulation of insulin-like
growth factor-binding protein 3 (IGFBP3; ref. 15). Moreover,
Eberlein and colleagues observed that PC-9 cells exhibit ampli-
fied KRAS or NRAS expression, resulting in afatinib resistance
(16). These PC-9AR_1 cells subsequently exhibited significant
decreases in ERK1/2 phosphorylation and cell proliferation
following KRAS knockdown. However, the mechanisms asso-
ciated with the development of acquired resistance to irrevers-
ible EGFR-TKIs remain uncharacterized.

Clinical reports suggest that retained sensitivity occurs upon
gefitinib or erlotinib re-administration following disease progres-
sion (17, 18), and several studies have indicated that re-treatment
with the EGFR-TKIs gefitinib or erlotinib might be effective
following a drug holiday in certain patients (19, 20). Although
the definitive rationale for the re-challenge of EGFR-TKIs remains
unclear, it may constitute a promising therapeutic approach
in NSCLC, particularly as subsequent lines of therapy remain
undefined.

Here, we established three cell lines, PC-9AFR1, PC-9AFR2, and
PC-9AFR3 (designated AFR1, AFR2, and AFR3, respectively),
exhibiting resistance to long-term treatment with afatinib. Nota-
bly, although each of these cell lines displayed enhanced EGFR
expression, this effect was mediated via three distinct mechan-
isms. Together, these results provide insight into the pharmaco-
logical basis underlying requirements for alternative treatment
strategies.

Materials and Methods
Cell lines, antibodies, and reagents

The PC-9 humanNSCLC cell line established from a previously
untreated patient was donated by K. Hayata (Tokyo Medical
College, Tokyo, Japan) during the 1980s and was cultured in
RPMI1640medium supplementedwith 10%FBS, penicillin (100
U/mL), and streptomycin (100 mg/mL) in a 5% CO2 incubator at
37�C.Cellswere passaged for<4months prior to renewal from the
frozen stock. Cell lines used in this study were authenticated by
short tandem-repeat analysis at the Japanese Collection of
ResearchBioresources cell bank in 2013. The following antibodies
were purchased from Cell Signaling Technology: total EGFR
antibody (#4267), phospho-EGFR (Y1068) antibody (#3777),
EGFR (E746-A750del) antibody (#2085), total HER2 antibody
(#4290), total ERBB3 antibody (#4754), total ERBB4 antibody
(#4795), total IGF1R antibody (#3018), phospho-IGF1R anti-
body (#3024), total MET antibody (#8198), phospho-MET
(Y1234/1235) antibody (#3077), total AKT antibody (#9272),
phospho-AKT (S473) antibody (#9271), total ERK1/2 antibody
(#9102), phospho-ERK1/2 antibody (#4370), phospho-MEK1/2
antibody (#2338), cleaved PARP antibody (#5625), b-actin anti-

body (#4970), and anti-rabbit IgGHRP-linked antibody (#7074).
Meanwhile, antibodies specific to KRAS (sc-30), HRAS (sc-29),
and NRAS (sc-31) were purchased from Santa Cruz Biotechnol-
ogy. Gefitinib and afatinib were provided by AstraZeneca Phar-
maceuticals and Boehringer-Ingelheim, respectively, and other
inhibitors were obtained from Selleck Chemicals.

Establishment of PC-9 cells with acquired resistance to afatinib
To obtain cell lines with acquired resistance, PC-9 cells were

exposed to increasing concentrations of afatinib in the growth
medium. Startingwith adose thatwasnearly one tenthof the IC50,
the dosage was progressively increased over 6 to 9 months to
1 mmol/L afatinib. The three resulting PC-9 afatinib-resistant cell
lines were designated AFR1, AFR2, and AFR3, and were main-
tained continuously in culture medium containing 1 mmol/L
afatinib.

Cell proliferation assay
Cell proliferation was measured using the MTT assay (Pro-

mega), as previously described (21). Briefly, cells (5 � 102/well)
were seeded in 96-well plates and incubated overnight, and assays
were performed on days 0, 1, 2, 3, 5, and 7. To inhibit cell
proliferation, 5 � 103 cells/well were seeded in 96-well plates
and incubated overnight, followed by continuous exposure to the
indicated concentrations of inhibitor for 72 hours. The optical
density at 570 nm (OD570) was then measured with a Powerscan
HT microplate reader (BioTek) and expressed as a percentage of
the value obtained from the control cells. We prepared 6 to 12
replicates, and the experiments were repeated at least three times.
Data were graphically displayed using GraphPad Prism version
5.0 software (GraphPad, Inc.).

Western blot analysis
Treated cells were washed twice with ice-cold PBS and lysed

withmodified RIPA buffer consisting of 50mmol/L Tris (pH 7.4),
150 mmol/L NaCl, 1 mmol/L EDTA, 1% Nonidet P-40, 0.25%
sodium deoxycholate, 0.1% SDS, and 1.0% protease- and phos-
phatase-inhibitor cocktails (Sigma-Aldrich). Cell suspensions
were centrifuged for 5 minutes at 1,200 rpm at 4�C, and protein
concentrations were determined using the bicinchoninic acid
assay (Sigma-Aldrich). Equal amounts of protein weremixed and
boiled in Laemmli buffer, and samples were separated by 8% to
12% SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes. Membranes were probed using the appro-
priate primary and secondary antibodies (diluted according to the
manufacturers' instructions, 1:1,000–2,000), and were subse-
quently treated with enhanced chemiluminescence solution and
exposed to film. b-Actin and at least one additional protein were
used as loading controls. All experiments were performed in
triplicate.

RAS pull-down assay
Pull-down assays were performed using a glutathione S-trans-

ferase fusion protein corresponding to the human RAS-binding
domain of RAF-1, which specifically binds to the GTP-bound
form of RAS (EMD Millipore). Western blots were developed
using an anti-KRAS antibody (F234; Santa Cruz Biotechnology).

RNA interference
Nontargeting (N/T) siRNA (controls) and SMARTpool siR-

NAs targeting EGFR (M003114), IGF1R (M003012), KRAS
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(M005069), and IGFBP3 (M004777) respectively, were pur-
chased from Dharmacon. Cells were seeded in 6-well plates in
RPMI1640 medium supplemented with 10% FBS but no anti-
biotics. The following day, cells were transfected with 100
pmol/well siRNA using Lipofectamine 2000 reagent (Life Tech-
nologies), according to the manufacturer's instructions, and
were analyzed at 72-hour posttransfection.

Real-time RT-PCR
Total RNA was isolated from cells using an RNeasy Mini kit

(Qiagen) according to themanufacturer's instructions. cDNAwas
then synthesized from each isolated RNA sample using random6-
mers and an RT-PCR Kit (Takara Bio). Meanwhile, genomic DNA
(gDNA) was extracted from cells using a QIAamp DNA Mini Kit
(Qiagen). cDNA and genomic DNA samples were amplified and
analyzed using Power SYBR Green PCR master mix (Applied
Biosystems) and a fluorescence-based RT-PCR-detection system
(GeneAmp 5700; Applied Biosystems). Specific primer sets are
shown in Supplementary Table S1.

EGFR- and KRAS-sequence analysis
Exons 19 to 21 of the EGFR gene and exons 2 to 4 of the KRAS

gene were amplified from genomic DNA via PCR. Products were
purified and sequenced by FASMAC. The primers used for PCR
and sequencing analysis are shown in Supplementary Table S1.

PCR analysis of EGFR exon 19
To analyzeWT EGFR and the 15-bp deletionmutation in exon

19, the EGFR gene was amplified using the following PCR
primers: WT, 50-CCGTCGCTATCAAGGAATTAAG-30; mutant,
50-TCCCGTCGCTATCAAAACATC-30; both WT and mutant, 50-
ATGTGGCACCATCTCACAATTGCC-30; reverse primer 50-CCA-
CACAGCAAAGCAGAAACTCAC-30. Amplification was per-
formed using TaKaRa ExTaq polymerase (22).

EGFR allele quantification by digital PCR analysis
Droplet digital PCR was performed using an LBx Probe for

the EGFR exon-19 del or T790M mutation, and samples were
quantified using a QX200 droplet reader (Bio-Rad Laboratories).
Distribution of the WT, exon-19 del, and/or T790M alleles was
determined by Riken Genesis.

Xenograft mouse studies
A suspension of 5� 106 cells was injected subcutaneously into

the flanks of 6- to-8-week-old female SCID mice. The care and
treatment of experimental animals were in accordance with
institutional guidelines. Mice were randomized (n ¼ 5) once the
mean tumor volume reached �230 to 300 mm3. Drugs were
administered once daily by oral gavage. Afatinib (6 mg/kg) was
suspended in 0.5% 2-hydroxyethyl cellulose/H2O. Tumors were
measured twice weekly using calipers, and tumor volume was
calculated using the following formula: length � length � width
� 0.5. According to institutional guidelines, mice were sacrificed
when their tumor volume reached 2,000 mm3.

Statistical analysis
Data are presented as means � SEM and were analyzed using

GraphPad Prism version 5.0 software (GraphPad, Inc.). Statis-
tical significance was evaluated by two-tailed Student t test and,
unless otherwise noted, P < 0.05 was considered statistically
significant.

Results
Characteristics of PC-9–derived cell lines with acquired
resistance to the irreversible EGFR-TKI afatinib

We established three afatinib-resistant PC-9 cell lines via
dose escalation of afatinib (up to 1 mmol/L) over 6 to 9 months
(Fig. 1A). Notably, unlike the parental PC-9 cells, none of the three
cell lines exhibited inhibition of cell proliferation following afa-
tinib treatment, as determined by MTT assay (Fig. 1B). However,
the proliferation rates of the three cell lines were slower than that
observed in parental PC-9 cells (Fig. 1C). Moreover, the afatinib-
resistant cell lines exhibited increased EGFR gene copy numbers
and protein expression, compared with the parental control cells
(Fig. 1D and E).

Allelic distribution analyses using WT and mutant (E746–
A750del) allele-specific PCR primers (22) detected a higher pro-
portion of mutant EGFR alleles than WT alleles in parental PC-9
cells; a similar ratio was also observed in AFR3 cells. Conversely,
AFR1 and AFR2 cells exhibited significantly higher proportions of
WT EGFR alleles, compared with the parental PC-9 cells (Fig. 1F).
Moreover, subsequent digital PCR analysis for quantification of
these distribution data detected significant decreases in both the
number of mutant EGFR alleles and their corresponding protein
expression levels in AFR1 and AFR2, compared with those
observed in parental PC-9 cells (Fig. 1E and G).

To determine the homoduplex (WT/WT or mutant/mutant) or
heteroduplex (WT/mutant) statusofEGFR exon19, this regionwas
amplified using specific primers. Notably, AFR1 and AFR2 primar-
ily harboredWT/WThomoduplexes in theEGFR gene,whereas PC-
9 and AFR3 cells contained both mutant/mutant homoduplexes
andWT/mutant heteroduplexes (Fig. 1H). Although afatinib-resis-
tant cell lines exhibited both increased copy numbers of EGFR and
increased protein expression, there were remarkable decreases in
the number of EGFR exon-19 del alleles in AFR1 and AFR2 cells,
compared with the control cells. Conversely, the copy number of
this allele was sustained in AFR3 cells.

Direct sequencing reveals no EGFR E746–A750 deletion in
AFR1 and AFR2 cells and a T790M point mutation in AFR3 cells

Direct sequencing analysis detected a deletion, encompassing
residues E746 to A750, within EGFR exon 19 in both PC-9 and
AFR3 cells; however, this particular activating mutation was not
evident in AFR1 or AFR2 cells. Indeed, these two strains harbored
WT EGFR alleles (Fig. 2A). Previous studies reported the complete
loss of alleles containing EGFR-activatingmutations in gefitinib- or
erlotinib-resistant cell lines (22, 23), and demonstrated that these
resistant cells evaded EGFR inhibition by initiating formation of an
ERBB receptor through HER2 and ERBB3 dimerization for survival
or induction of EMT features. In addition, the AFR3 cell line
harbored a T790M mutation in EGFR exon 20, which was not
detected in PC-9, AFR1, or AFR2 cells (Fig. 2A). The EGFR T790M
mutation represents the most frequent mutation associated with
resistance to afatinib (12). Because parental PC-9 cells did not
harbor this mutation (Fig. 2B), the presence of EGFR T790M in
AFR3 cells might be presumed to have emerged through an as yet
unclear evolutionary process, as has beenobserved previously (24).

Third-generation EGFR-TKIs effectively suppress AFR3 cell
proliferation

AFR3 cells were sensitive to the third-generation EGFR-TKIs osi-
mertinib and rociletinib, which target EGFR-activating mutations
and the EGFR T790Mmutation that confers drug resistance (Fig. 2C;

Acquired Irreversible EGFR-TKI Resistance Mechanism in NSCLC

www.aacrjournals.org Mol Cancer Res; 2017 OF3

on May 27, 2017. © 2017 American Association for Cancer Research. mcr.aacrjournals.org Downloaded from 

Published OnlineFirst March 13, 2017; DOI: 10.1158/1541-7786.MCR-16-0482 

http://mcr.aacrjournals.org/


refs. 25, 26). Indeed, we observed complete inhibition of EGFR
phosphorylation in AFR3 cells treated with 1 mmol/L osimertinib or
rociletinib, but not in cells treatedwith1mmol/L gefitinibor afatinib,
resulting in suppression of AKT and ERK1/2 phosphorylation and
induction of apoptosis (Fig. 2D and Supplementary Fig. S1). More-
over, co-administration of cetuximab, a chimeric monoclonal anti-
body targeting EGFR, and afatinib also led to drug sensitivity inAFR3
cells, according to MTT assay results and as previously reported
(Fig. 2E; ref. 27). These data indicate that survival of AFR3 cells
remains dependent on the EGFR signaling pathway.

Enhanced expression of WT KRAS promotes afatinib resistance
in AFR1 cells

Afatinib was administered to AFR1 cells at increasing con-
centrations, leading to dose-dependent inhibition of EGFR

phosphorylation and attenuation of downstream AKT and
ERK1/2 phosphorylation. However, this suppression of AKT
and ERK1/2 phosphorylation was modest (Fig. 3A) as com-
pared with the levels observed following administration of
0.01 mmol/L afatinib to parental PC-9 cells, which resulted in
complete inhibition of EGFR, AKT, and ERK1/2 phosphoryla-
tion (Fig. 3B). In addition, we observed elevated KRAS gene
copy numbers and KRAS protein expression levels in AFR1 cells,
but not in PC-9, AFR2, or AFR3 cells. Meanwhile, each of the
cell lines exhibited similar levels of NRAS and HRAS protein
expression (Fig. 3C and D). Together these data indicate that
EGFR inhibition did not affect KRAS, NRAS, or HRAS expres-
sion in the parental cells or in the AFR2 and AFR3 cell lines.
Meanwhile, pull-down assay analyses detected elevated KRAS
activity in AFR1 cells (Fig. 3E) but not constitutive mutational
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Figure 1.

Establishment of afatinib-resistant cell
lines from PC-9 cells. A, Schematic
model describing the process of
generating afatinib-resistant cell lines
from PC-9 cells. B, Cells were seeded
into 96-well plates at 5 � 103 cells/50
mL growth media/well, preincubated
overnight, and treated with afatinib at
the indicated concentrations for 72
hours. An MTT assay was then
performed, and OD570 values were
obtained. Data representmeans� SEM
of data obtained from 6 to 12 replicate
wells.C,Cellswere seeded into 96-well
plates at 5 � 102 cells/100 mL/well.
Following MTT assays, OD570 values
were obtained on days 0, 1, 2, 3, 5, and
7. D, Elevation of EGFR gene copy
number was measured by quantitative
PCR analysis of genomic DNA
extracted from PC-9, AFR1, AFR2, and
AFR3 cells; � , P < 0.01. E, Western blot
analysis of basal levels of EGFR, EGFR
exon-19 deletion (E746–A750del),
HER2, ERBB3, ERBB4, IGF1R, MET,
AKT, and ERK1/2 expression in PC-9,
AFR1, AFR2, and AFR3 cells. b-Actin
was included as a loading control. F,
Detection of WT and mutated
sequences using specific primers. G,
The proportion of EGFR exon-19 del
alleles, as measured by digital PCR
analysis. H, Proportions of
heteroduplexes (mut/WT) and
homoduplexes (mut/mut andWT/WT)
in EGFR among PC-9, AFR1, AFR2, and
AFR3 cells, as determined by PCR
analysis. H1975 cells harbored a WT
exon-19 variant, an L858R mutation in
exon 21, and a mutation in exon 20
resulting in EGFR T790M.
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activation of KRAS, which is indicative of a wild-type KRAS
exon 2 (ref. 28; Fig. 3F). In human cancers, mutations in RAS
genes occur primarily at residues G12, G13, or Q61. In lung

cancer, KRAS mutations occur primarily at codon 12 or 13.
Notably, such mutations are associated with a lack of response
to EGFR-TKIs (29). In this study, xenograft model mice
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Loss of exon-19 deletion (dels) in AFR1 and AFR2 cells and appearance of EGFR T790M mutation in an exon-20 of AFR3 cells. A, DNA sequence reads in
EGFR exons 19 and 20. B, The proportion of EGFR T790M alleles in each group, as measured by digital PCR analysis. C, AFR3 cells were seeded into
96-well plates at 5� 103 cells/50 mL growth media/well, preincubated overnight, and treated with osimertinib or rociletinib at the indicated concentrations for
72 hours. An MTT assay was then performed, and OD570 values were obtained. Data represent the means � SEM of the data obtained from 6 to 12
replicate wells. D, AFR3 cells were exposed to 1 mmol/L of gefitinib, afatinib, or osimertinib for 24 hours, and cell lysates were subjected to Western
blot analysis using antibodies specific to phosphorylated (Y1068) EGFR (P-EGFR)/EGFR, P-AKT (Ser473)/AKT, and P-ERK1/2/ERK1/2. b-Actin was included
as a loading control. Immunoblot analysis of PARP cleavage was used to screen for the induction of apoptosis. Blots are representative of three
independent experiments. E, AFR3 cells were seeded into 96-well plates, preincubated overnight, and treated with 1 mmol/L afatinib in the presence or
absence of the indicated concentrations of cetuximab for 72 hours. An MTT assay was then performed, and the OD570 values were obtained. Data represent the
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transplanted with AFR1 cells exhibited slower tumor growth
than those transplanted with PC-9 cells. Interestingly, although
administration of 6 mg/kg afatinib resulted in significant sup-
pression of parental PC-9-tumor growth, AFR1 tumors were
resistant to this treatment (Fig. 3G). These data are therefore
consistent with a previous report of increased WT-KRAS expres-
sion upon acquisition of afatinib resistance in PC-9 cells (16).
The elevated WT-KRAS activity dissociates EGFR from the
down-stream of ERK1/2 and AKT in AFR1 cells.

IGF1R activation serves as an alternative survival pathway in
AFR1 cells exhibiting increased expression of KRAS.

To characterize the mechanisms of afatinib resistance in AFR1
cells exhibiting increased KRAS expression, cells were treated with
KRAS-specific siRNA. Because KRAS is involved in the MAPK
pathway, KRAS silencing significantly attenuated ERK1/2 phos-
phorylation, but only modestly inhibited AKT phosphorylation
(Fig. 4A). Previously, Cepero and colleagues reported that
enhanced KRAS expressionmediated the acquisition of resistance
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Figure 3.

Elevation of KRAS expression in AFR1
cells. A and B, AFR1 cells (A) or PC-9
cells (B) were exposed to graded
concentrations of afatinib for 24
hours, and cell lysates were subjected
to Western blot analysis using the
indicated primary antibodies. b-Actin
was included as a loading control.
Immunoblot analysis for PARP
cleavage was used to screen for the
induction of apoptosis. C, The
expression of KRAS, NRAS, and HRAS
was determined by Western blot
analysis. b-Actin was included as a
loading control. D, Increases in KRAS
gene copy numberswere detected via
quantitative PCR analysis of genomic
DNA extracted from PC-9, AFR1,
AFR2, and AFR3 cells; � , P < 0.01. E,
Western blot analysis of KRAS
expression in AFR1 cells showed that
KRAS protein expression correlated
with the observed increases in active
KRAS, according to RAF-RBD pull-
down assay. F, DNA-sequence reads
of KRAS exon 2. G, Female SCID mice
were injected with PC-9 or AFR1 cells.
Once tumors reached a volume of
�230 to 300mm3, fivemice per group
were randomized to no therapy or
treatment with afatinib (6mg/kg daily
via orogastric gavage) groups.
Treatment was administered for 20
days. Tumors were measured twice
weeklywith calipers. Data in the figure
represent mean tumor volumes �
SEM; � , P < 0.01.
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Figure 4.

AFR1 cells are sensitive to cotreatment with MEK inhibitor and IGF1R inhibitor. A, AFR1 cells were transfected with N/T siRNA or siRNA directed against
KRAS, and KRAS knockdown was determined by Western blot analysis. Lysates were then subjected to immunoblot analysis using the indicated
primary antibodies; b-actin was included as a loading control. Blots are representative of three independent experiments. B, Transfected cells were
reseeded in the presence or absence of the indicated concentrations of afatinib. Following a 72-hour incubation, an MTT assay was performed and
OD570 values were obtained. Data represent the means � SEM of the data obtained from six replicate wells. (Continued on the following page.)
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to MET-TKI PHA665752 in gastric cancer cell lines, and that short
hairpin (sh)RNA-mediated silencing of KRAS resulted in
decreased cell viability (30). Although knockdown of KRAS
expression did not suppress cell proliferation in this study, even
in the presence of afatinib cotreatment (Fig. 4B), Western blot
analysis revealed that KRAS knockdown led to downregulation of
ERK1/2 phosphorylation, and that cotreatment with afatinib
resulted in complete inhibition of ERK1/2 phosphorylation.
Conversely, we detected no inhibition of AKT phosphorylation
in siRNA-treated cells, even following afatinib treatment (Fig. 4C),
which may have been due to the increase in IGF1R phosphory-
lation observed following KRAS silencing (Fig. 4A and C).

To determine the role of EGFR and IGF1R in AFR1 cells, cells
were treated with afatinib or the IGF1R inhibitor OSI906 in the
presence or absence of KRAS attenuation. Afatinib treatment
inhibited EGFR phosphorylation and partially inhibited ERK1/
2 phosphorylation, with further inhibition of ERK1/2 phos-
phorylation observed in KRAS-silenced AFR1 cells. Notably,
although no change in AKT phosphorylation was distinguished
upon KRAS attenuation, even following afatinib treatment,
administration of OSI906 resulted in complete inhibition of
AKT phosphorylation, but not of ERK1/2 phosphorylation,
regardless of KRAS status (Fig. 4D). These results indicate that
ERK1/2 phosphorylation is regulated by EGFR-KRAS signaling
and that AKT phosphorylation is regulated by IGF1R in AFR1
cells, whereas EGFR-KRAS signaling only partially affects AKT
activation.

Molina-Arcas and colleagues reported that inhibition of both
IGF1R and MEK activation in KRAS mutant lung cancer cell
lines resulted in marked decreases in cell proliferation (31).
Therefore, we treated AFR1 cells with increasing concentrations
of the MEK inhibitor selumetinib (0.1–1.0 mmol/L) in the
presence or absence of 1 mmol/L OSI906. Selumetinib treatment
alone inhibited ERK1/2 phosphorylation in a dose-dependent
manner, whereas OSI906 treatment alone inhibited AKT phos-
phorylation. Cotreatment of AFR1 cells with selumetinib and
OSI906 resulted in induction of apoptosis and suppression of
cell proliferation (Fig. 4E and F). These results indicate that
cotreatment with both a MEK and IGF1R inhibitor could be
used to effectively suppress AFR1 cell proliferation, as observed
in KRAS-mutant cells.

Attenuation of enhanced KRAS expression following cessation
of afatinib treatment

AFR1 cells were cultured in afatinib-free media for 2 weeks
(F2W), 1month (F1M), and 2months (F2M), and then evaluated
for alterations in KRAS expression. We observed gradual attenu-
ation of KRAS expression in F2M cells to levels comparable with
those detected in parental PC-9 cells (Fig. 5A and B). Although

KRAS expression was attenuated following removal of afatinib
treatment, we did not observe an increase in the prevalence of the
EGFR exon-19 del allele; WT EGFR remained the predominant
allele according to mutant-specific PCR, Western blot analysis,
and digital PCR analysis (Fig. 5C and Supplementary Fig. S2A and
S2B). In addition, F2W, F1M, and F2M cells each exhibited
significantly higher EGFR copy numbers than PC-9 cells
(Fig. 5D). F2M cells exhibiting levels of KRAS expression similar
to those of PC-9 cells showed renewed sensitivity to afatinib, with
treatment leading to inhibition of EGFR phosphorylation, sup-
pression of AKT and ERK1/2 phosphorylation, and induction of
apoptosis (Fig. 5E and F). Treatment of F2M cells with gefitinib
also suppressed cell proliferation, but to a lesser degree than that
observed upon treatment of PC-9 cells with gefitinib (Supple-
mentary Fig. S2C). In addition, although gefitinib treatment also
suppressed EGFR, AKT, and ERK1/2 phosphorylation and
induced apoptosis in F2M cells, these alterations occurred to
lesser degrees than those observed following afatinib treatment
(Supplementary Fig. S2D).

To determine the role of IGF1R in AKT phosphorylation, F2M
cells were transfected with siRNA against EGFR or IGF1R.
Although AKT phosphorylation was inhibited by IGF1R knock-
down in AFR1 cells, this activity was not inhibited in F2M cells,
indicating that IGF1R signaling was dissociated with AKT in F2M
cells. Thus, phosphorylation of both AKT and ERK1/2 was inhib-
ited by EGFR knockdown and resulted in induction of apoptosis
in F2M cells. Meanwhile, AFR1 cells exhibiting enhanced levels of
WT KRAS expression required IGF1R to initiate AKT phosphor-
ylation (Fig. 5G). These results indicate that, regardless of EGFR
allelic distribution, the observed increase in KRAS expression was
attenuated following cessation of afatinib treatment. Further-
more, the subsequent resensitization of cells to afatinib suggests
that enhanced KRAS expression resulted in afatinib resistance in
AFR1 cells.

Increased expression of IGFBP3 is required for IGF1Ractivation
as a bypass signaling pathway in AFR2 cells

As previously reported, PC-9 cells develop resistance to the
irreversible EGFR-TKI dacomitinib following continuous expo-
sure, and the resulting dacomitinib-resistant cells exhibited acti-
vation of IGF1R signaling as a bypass signaling pathway in
response to IGFBP3 downregulation (15). IGFBP3 is involved in
transporting IGF1 and IGF2 ligands within cells and modulating
IGF bioavailability and signaling (32). Compared with the paren-
tal PC-9 cells, AFR2 cells exhibited significant upregulation of
IGFPB3 mRNA expression, as well as increased levels of IGFBP3
protein within both cell lysates and conditioned media samples
(Fig. 6A and Supplementary Fig. S3A). In addition, MET expres-
sion was elevated in AFR2 cells relative to levels observed in PC-9

(Continued.) C, AFR1 cells were transfected with N/T siRNA or siRNA directed against KRAS for 48 hours and then treated with the indicated concentrations
of afatinib for 24 hours. KRAS knockdown was determined by Western blot analysis. Lysates were subjected to immunoblot analysis using the
indicated primary antibodies. b-Actin was included as a loading control. D, AFR1 cells were transfected with N/T siRNA or siRNA directed against KRAS for
48 hours and then treated with 1 mmol/L of afatinib or OSI906 for 24 hours. KRAS knockdown was determined by Western blot analysis. Lysates were
subjected to immunoblot analysis using the indicated primary antibodies. b-Actin was included as a loading control. E, AFR1 cells were exposed to
graded concentrations of selumetinib in the presence or absence of 1 mmol/L OSI906 for 24 hours, and cell lysates were generated and subjected to
immunoblot analysis using the indicated primary antibodies. Immunoblot analysis of PARP cleavage was used to screen for the induction of apoptosis. b-Actin
was included as a loading control. F, AFR1 cells were seeded into 96-well plates at 5 � 103 cells/50 mL growth media/well, preincubated overnight,
and treated with selumetinib at the indicated concentrations in the presence or absence of 1 mmol/L OSI906 for 72 hours. An MTT assay was performed,
and OD570 values were measured. Data represent the means � SEM for 6 to 12 wells.
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Figure 5.

Acquired increases in KRAS expression are attenuated following removal of afatinib. A, AFR1 cells were cultured in the absence of afatinib for 2 weeks (F2W), for 1
month (F1M), and for 2 months (F2M), and lysates were generated and subjected to Western blot analysis of KRAS protein expression. b-Actin was included
as a loading control. B, KRAS copy numbers were evaluated in PC-9, AFR1, F2W, F1M, and F2M cells by real-time PCR analysis; � , P < 0.01. C, Detection of WT and
mutant sequences using specific primers (top). Heteroduplexes (mut/WT) and homoduplexes (mut/mut and WT/WT) of the EGFR gene were detected by
PCR analysis (bottom). D, Elevated EGFR gene copy numbers were detected by quantitative PCR analysis of genomic DNA from PC-9, AFR1, F2W, F1M, and
F2M cells; � , P < 0.01. E, Cells were seeded into 96-well plates at 5 � 103 cells/50 mL growth media/well, preincubated overnight, and treated with afatinib at
the indicated concentrations for 72 hours. An MTT assay was performed, and OD570 values were measured. Data represent the means � SEM of the data
obtained from 6 to 12 replicate wells. F, F2M cells were exposed to graded concentrations of afatinib for 24 hours, and cell lysates were subjected to immunoblot
analysis using the indicated primary antibodies. b-Actin was included as a loading control. Immunoblot analysis of PARP cleavage was used to screen for the
induction of apoptosis. G, AFR1 and F2M cells were transfected with N/T siRNA or siRNA directed against EGFR or IGF1R, and knockdown of EGFR and IGF1R
expression was determined by Western blot analysis. Lysates were generated and subjected to immunoblot analysis using the indicated primary antibodies, and
PARP cleavage was used to screen for the induction of apoptosis. Blots are representative of three independent experiments.
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Figure 6.

IGFBP3 upregulation leads to increased IGF1R activation and AKT phosphorylation, resulting in afatinib resistance via bypass signaling by IGF1R in AFR2 cells. A,
Conditioned media samples from 2 � 106 PC-9 or AFR2 cells were collected after incubation for 24 hours and concentrated 20-fold by ultrafiltration. Conditioned
media samples or 20 mg whole-cell lysate proteins were subjected to immunoblotting with IGFBP3 or b-actin antibodies. (Continued on the following page.)
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cells (Fig. 1E). We previously reported that increased IGFBP3
expression enhances MET expression and promotes partial resis-
tance to the MET inhibitor PHA665752 in DR4 cells, resulting in
their dual resistance to gefitinib and PHA665752. Following
establishment of an IGF1R bypass signal, however, cotreatment
with the MET-TKI PHA665752 and an IGF1R inhibitor effectively
suppressed cell proliferation (33). In this study, AFR2 cells were
administered afatinib and/or the IGF1R inhibitor OSI906 to
assess alterations in AKT and ERK1/2 phosphorylation. We
observed that ERK1/2 phosphorylation was inhibited following
afatinib treatment; however, AKT phosphorylation was only
partially suppressed following treatment with either afatinib or
OSI906. Moreover, cotreatment with afatinib and OSI906
completely abrogated AKT phosphorylation, inhibited cell pro-
liferation, and induced apoptosis (Fig. 6B and C).

Given that IGF1R signaling in AFR2 cells might constitute a
mechanism for escaping EGFR inhibition via maintenance of
AKT phosphorylation, we determined the role of IGFBP3 in
AFR2 cells by siRNA-targeted silencing of IGFBP3. We observed
partial inhibition of cell proliferation in IGFBP3-silenced AFR2
cells, which also exhibited recovery of afatinib sensitivity based
on further inhibition of cell proliferation following cotreat-
ment with afatinib and OSI906 (Fig. 6D and E). Afatinib
treatment alone partially inhibited AKT and ERK1/2 phosphor-
ylation and induced apoptosis in IGFBP3-silenced AFR2
cells, whereas cotreatment with afatinib and OSI906 complete-
ly inhibited AKT phosphorylation and enhanced apoptosis
(Fig. 6F). Increased IGFBP3 expression resulted in enhanced
MET expression and ERK1/2 phosphorylation; however, treat-
ment with the MET inhibitor PHA665752 did not suppress
downstream signals associated with AKT and ERK1/2 phos-
phorylation (Supplementary Fig. S3B), indicating that, in AFR2
cells, IGFBP3 promotes afatinib resistance by sustaining AKT
phosphorylation. These results indicate that IGFBP3 attenua-
tion enhances afatinib sensitivity; however, the precise mechan-
isms associated with IGF1R activation related to afatinib resis-
tance remain unknown. Further studies, including an assess-
ment of IGFBP3-stimulated IGF1R activity, are needed to ade-
quately define the role(s) of IGFBP3 in EGFR-TKI resistance.

Discussion
In this study, we identified three distinct mechanisms of

acquired resistance to the irreversible EGFR-TKI afatinib. First,
we detected enhanced expression of WT KRAS in AFR1 cells,
which results in dissociation of signal transduction between
EGFR and the downstream effectors ERK1/2 or AKT. Notably,

however, there was a steady decrease in this enhanced expres-
sion upon removal of afatinib from the culture medium, with
KRAS expression levels reaching that of the parental PC-9 cells
within 2 months of cultivation in afatinib-free medium. More-
over, these cells exhibited resensitization to afatinib after this
time period. Second, we detected the utilization of an IGF1R
bypass signaling pathway along with increased IGFBP3 expres-
sion in AFR2 cells. Specifically, IGFBP3 upregulation resulted in
partial resistance to afatinib and enhanced IGF1R activity,
which was sufficient to sustain AKT phosphorylation. Finally,
AFR3 cells were found to harbor a secondary T790M mutation
in EGFR exon 20. Our results provide evidence of hetero-
geneity among drug-resistant cell lines and reflect the variable
nature of clinical resistance.

The afatinib-resistant PC-9 cell lines AFR1 and AFR2 partially
lost the mutant-EGFR allele, which also served as the driver
oncogene; therefore, cell proliferation might be expected to be
lower in these cells, compared with that observed in the parental
population (Fig. 1C). Although PCR screening for EGFR muta-
tions did not provide information regarding the number of EGFR-
mutation alleles, a partial loss of the mutant-EGFR allele was
detected by direct sequencing and digital PCR analysis (Figs. 1G
and 2A; Supplementary Table S2). Given that the target of EGFR-
TKI treatment is an EGFR activating mutation, it might be neces-
sary to monitor the target of this therapy. Similar results were
reported upon the loss of mutant alleles from gefitinib- and
erlotinib-resistant PC-9, HCC827, and 11–18 cells, which
involved bypass signals to HER2, ERBB3, or IGF1R or the induc-
tion of EMT with stem cell-like properties (22, 23). Furthermore,
in clinical samples from refractory patients administered EGFR-
TKI, loss of activating mutations in the EGFR gene was observed
(22). Here, however, the AFR1 and AFR2 cell lines expressed
significantly higher levels of EGFR than the parental PC-9 cells
and did not show EMT-like features, including decreased E-cad-
herin and increased Vimentin expression (Supplementary
Fig. S4). Interestingly, AFR1 cells with enhancedWT KRAS expres-
sion exhibited increased EGFR copy numbers, compared with the
parental control cells. However, although the expression of WT
KRAS decreased following cessation of afatinib treatment in AFR1
cells, there were no changes in EGFR copy number or EGFR
protein expression in these cells, and the ratio of mutant and WT
EGFR alleles remained unchanged (Fig. 5A–D; Supplementary
Fig. S2A). Thesefindingsmight indicate that an acquired elevation
in WT KRAS expression is separately regulated by the loss of a
mutant EGFR allele.

Oncogenic mutations in the KRAS gene occur in �26% and
�11% of NSCLC adenocarcinomas in Western and Asian

(Continued.) B, AFR2 cells were exposed to 1 mmol/L afatinib and/or OSI906 for 24 hours, and cell lysates were subjected to immunoblot analysis using
the indicated antibodies. b-Actin was included as a loading control. Immunoblot analysis of PARP cleavage was used to screen for the induction of
apoptosis. Blots are representative of three independent experiments. C, AFR2 cells were seeded into 96-well plates at 5 � 103 cells/50 mL growth media/well,
pre-incubated overnight, and treated with 1 mmol/L gefitinib and/or 1 mmol/L OSI906 for 72 hours. An MTT assay was then performed, and OD570

values were obtained. Data represent the means � SEM of the data obtained from 6 to 12 replicate wells; � , P < 0.01, compared with the control value. D,
AFR2 cells were transfected with N/T siRNA or siRNA directed against IGFBP3, and transfected cells were re-seeded. After a 72-hour incubation, an
MTT assay was performed and OD570 values were obtained. Data represent the means � SEM for six replicate wells; � , P < 0.01, compared with the
control value. E, AFR2 cells were transfected with N/T siRNA or siRNA directed against IGFBP3, and the transfected cells were reseeded in the presence
or absence of 1 mmol/L afatinib and/or OSI906. After a 72-hour incubation, an MTT assay was performed and OD570 values were obtained. Data
represent the means � SEM for six replicate wells; � , P < 0.01, compared with the control value. F, AFR2 cells were transfected with N/T siRNA or
siRNA directed against IGFBP3. After a 48-hour transfection, AFR2 cells were treated with 1 mmol/L afatinib or OSI906 for 24 hours, and IGFBP3
knockdown was determined by Western blot analysis. Lysates were subjected to immunoblot analysis using the indicated primary antibodies.
Immunoblot analysis for PARP cleavage was used to screen for the induction of apoptosis. b-Actin was included as a loading control.
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populations, respectively, and are associated with poor prognosis
(34). Moreover, KRAS mutations are predictive of a lack of
response to EGFR inhibition in lung and colorectal cancers
(35, 36). In this study, AFR1 cells exhibited elevated WT KRAS
copy numbers, leading to increased expression and activation of
the KRAS protein (Fig. 3C–F). Few reports have described KRAS
amplification in malignant tumors (30, 37, 38). Cepero and
colleagues reported that WT KRAS amplification leads to MET-
TKI resistance with MET amplification, and that elevated KRAS
and MET levels were decreased following cessation of MET-TKI
PHA665752 treatment in the gastric cancer cell line GTL16 (30).
Meanwhile, PHA665752-resistant GTL16 cells showed dose-
dependent increases in MET and KRAS expression, suggesting
that amplification of MET and KRAS expression constituted an
adaptive process in response to the MET inhibitor. In AFR1 cells,
although the KRAS copy number decreased under afatinib-free
conditions, partial loss of themutantEGFR allele and sustainment
of the ratio of WT to mutant EGFR alleles was observed during
this period. Therefore, these results suggested that AFR1 cells were
not selected from preexisting clones, and that genetic alterations
occurredduring the course of inhibitor treatment. Themechanism
underlying this rapid loss of KRAS copy number remains unclear.
However, it is conceivable that removal of the inhibitor results in
excessive signal transduction, which can lead to cellular stress
and loss of extrachromosomal DNA, including amplified KRAS
gene copies, which are typically extrachromosomal. Cells that
have lost KRAS would subsequently be at an advantage and
predominate in the absence of afatinib (39, 40).

We discovered that IGF1R activation maintained AKT phos-
phorylation inWTKRAS-amplifiedAFR1 cells (Fig. 4A andC). The
specific inhibitors for mutant KRAS showed little clinical efficacy;
therefore, it was necessary to target this downstreamKRAS effector
protein, which is involved in the MAPK pathway. Notably, how-
ever, MEK inhibitors have limited activity in patients with KRAS-
mutant lung cancer (41). Because lung and colorectal cancer cells
harboring KRAS mutations exhibit increased dependence on
IGF1R signaling, cotreatment with aMEK inhibitor and an IGF1R
inhibitor enhances cell death (31). Consistent with previous
reports, treatment of AFR1 cells exhibiting enhanced WT KRAS
expression with the MEK inhibitor selumetinib resulted in dose-
dependent suppression of ERK1/2 phosphorylation, but no
changes in AKT phosphorylation (Fig. 4E). Conversely, siRNA-
mediated KRAS knockdown resulted in partial suppression of
both AKT and ERK1/2 phosphorylation, as well as slight increases
in IGF1R phosphorylation (Fig. 4A and C). Despite the pheno-
typic differences observed between cells harboring KRAS muta-
tions or amplified KRAS expression, cotreatment with selumeti-
nib and the IGF1R inhibitor OSI906 induced apoptosis and
suppressed cell proliferation in AFR1 cells (Fig. 4E and F). In
previous studies, WT KRAS-amplified resistant cell lines (e.g., PC-
9AR_1 and resistant GTL16 cells) exhibited reduced viability only
after attenuation of KRAS expression (16, 29). Meanwhile, in this
study, IGF1R signaling led to PI3K/AKT activation in AFR1 cells.
Therefore, in these cells, only KRAS knockdown failed to suppress
proliferation.

This is the first report elucidating the mechanisms associated
with effective EGFR-TKI re-challenge following acquisition of
resistance. Our findings suggest that this process involves drug-
holiday-mediated tumor resensitization to afatinib throughKRAS
attenuation. Small-scale clinical trials and case reports indicated
that retreatment with EGFR-TKIs might benefit limited numbers

of patients that had previously undergone EGFR-TKI treatment
(e.g., gefitinib or erlotinib; refs. 17, 20, 42). However, the partic-
ular characteristics of these patients and the duration of the drug
holiday were unknown. Here, our results indicate that KRAS-
amplified AFR1 cells recovered sensitivity to afatinib within
2 months following decrease of KRAS expression to levels com-
parablewith those of parental PC-9 cells (Fig. 5A andB). Repeated
biopsy is required for clinical definitions of acquired resistance to
EGFR-TKIs in NSCLC. Therefore, comprehensive research using
clinical samples derived from patients who regained sensitivity
after exhibiting EGFR-TKI resistance is needed to confirm our
hypothesis.

IGF bioavailability is regulated by a family of six IGFBPs, of
which IGFBP3 is themajor IGF-carrier protein in serum. Although
IGFBP3 can exert stimulatory or inhibitory effects on IGF bioac-
tivity, little is known regarding these biological switches. Regard-
ing the mechanism associated with EGFR-TKI resistance, down-
regulation of IGFBP3 leads to IGF1R activation through enhance-
ment of ligand-related activity as a bypass signaling pathway
(15, 43). Upregulation of IGFBP3 also potentiates IGF bioactivity.
Similar studies of fibroblasts and mammary epithelial cells indi-
cated that IGFBP3 possibly potentiates IGF activity through
modulation of IGF1R activation and AKT-signaling pathways
(44, 45). In afatinib-resistant AFR2 cells, IGFBP3 expression
significantly increased, according to mRNA and protein levels,
resulting in IGF1R activation as a bypass signaling pathway
(Fig. 6A and Supplementary Fig. S3A). IGFBP3-mediated IGF1R
activation as a bypass signal constitutes a novel mechanism for
EGFR-TKI resistance. Furthermore, NSCLC tumor tissues exhibit-
ing elevated expression of IGFBP3 show significant activation of
IGF1R (46). However, the precise mechanisms related to IGF
activation in the presence of increased IGFBP3 levels remain
unclear. Previously, we reported that increased IGFBP3 expression
stimulates IGF1R activation as a bypass signal in PC-9 cells
resistant tobothMET-TKI PHA665752 and the EGFR-TKI gefitinib
(33).Moreover, in the current study, siRNA silencing of IGFBP3 in
AFR2 cells resulted in inhibition of AKT phosphorylation and cell
proliferation and induction of apoptosis following afatinib
administration (Fig. 6E and F). These results suggest that increased
IGFBP3 levels prevent afatinib-mediated inhibition of PI3K/AKT
and sustain AKT phosphorylation through an IGF1R activity.
However, further studies are required to elucidate the mechan-
isms associated with IGFBP3 potentiation of IGF1R activity in
EGFR-TKI-resistant cells.

In summary, we elucidated novel mechanisms related to afa-
tinib resistance using lung adenocarcinoma PC-9 cells. Three
afatinib-resistant cell lines, AFR1, AFR2, and AFR3, exhibiting
different mechanisms of resistance were generated, implying that
afatinib resistance observed in patients might be heterogeneous
in nature. AFR1 cells exhibited enhanced expression of WT
KRAS, which was reversible following a drug holiday. Subsequent
recovery of afatinib sensitivity provides a rationale for EGFR-TKI
rechallenge. Moreover, we observed that the bypass signaling
pathway associated with IGF1R was dependent upon IGFBP3
expression. In AFR2 cells, increased IGFBP3 levels modulated
IGF1R and sustained AKT phosphorylation, resulting in recovery
of afatinib sensitivity via IGFBP3 silencing. These novel resistance
mechanisms should be evaluated in clinical samples following
reacquisition of sensitivity to afatinib or other EGFR-TKIs. Finally,
a secondary mutation, EGFR T790M, was detected in AFR3 cells,
which was sensitive to third-generation EGFR-TKIs and to
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cotreatment with afatinib and cetuximab. Together, our findings
provide insight into next-generation therapeutics for patientswith
NSCLC harboring EGFR-activating mutations (Supplementary
Fig. S5).
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Acquired Resistance Mechanisms to Combination
Met-TKI/EGFR-TKI Exposure in Met-Amplified
EGFR-TKI–Resistant Lung Adenocarcinoma
Harboring an Activating EGFR Mutation
Toshimitsu Yamaoka1, Tohru Ohmori1, Motoi Ohba1, Satoru Arata1,2,
Yasunari Kishino3, Yasunori Murata3, Sojiro Kusumoto3, Hiroo Ishida4,
Takao Shirai3, Takashi Hirose3, Tsukasa Ohnishi3, and Yasutsuna Sasaki4

Abstract

Met-amplified EGFR-tyrosine kinase inhibitor (TKI)-resistant
non–small cell lung cancer (NSCLC) harboring an activating
EGFR mutation is responsive to concurrent EGFR-TKI and
Met-TKI treatment in a preclinical model. Here, we determined
that Met-amplified gefitinib-resistant cells acquire dual resis-
tance to inhibition of EGFR and Met tyrosine kinase activities.
PC-9 lung adenocarcinoma cells harboring 15-bp deletions (Del
E746_A750) in EGFR exon 19 were treated with increasing
concentrations of the Met-TKI PHA665752 and 1 mmol/L gefi-
tinib for 1 year; three resistant clones were established via Met
amplification. The three dual-resistance cell lines (PC-9DR2, PC-
9DR4, and PC-9DR6, designated as DR2, DR4, and DR6, respec-
tively) exhibited different mechanisms for evading both EGFR
and Met inhibition. None of the clones harbored a secondary

mutation of EGFR T790M or aMetmutation. Insulin-like growth
factor (IGF)/IGF1 receptor activation in DR2 and DR4 cells acted
as a bypass signaling pathway. Met expression was attenuated to
a greater extent in DR2 than in PC-9 cells, but was maintained in
DR4 cells by overexpression of IGF-binding protein 3. In DR6
cells, Met was further amplified by association with HSP90,
which protected Met from degradation and induced SET and
MYND domain-containing 3 (SMYD3)-mediated Met transcrip-
tion. This is the first report describing the acquisition of dual
resistance mechanisms in NSCLC harboring an activating
EGFR mutation to Met-TKI and EGFR-TKI following previous
EGFR-TKI treatment. These results might inform the develop-
ment of more effective therapeutic strategies for NSCLC treat-
ment. Mol Cancer Ther; 15(12); 3040–54. �2016 AACR.

Introduction
EGFR-tyrosine kinase inhibitors (EGFR-TKI) such as gefiti-

nib, erlotinib, and afatinib are highly effective in patients with
non–small cell lung cancer (NSCLC) harboring activating
EGFR mutations in exons 19 and 21 (1). However, nearly all
of these patients exhibit tumor regrowth within a year as a
result of acquired resistance to EGFR-TKI. Several resistance
mechanisms have been proposed including acquisition of a
T790M mutation in EGFR exon 20, transformation to SCLC,
and the emergence of bypass signaling pathways such as Met,

HER2 (also known as erbB-2), insulin-like growth factor 1
receptor (IGF1R), and Axl (2–4).

Secondary T790M mutation and Met amplification are the
two major causes of EGFR-TKI resistance. Several drugs target-
ing EGFR T790M are currently being tested in clinical trials for
their ability to overcome this resistance (5, 6). A drug that can
overcome Met amplification–associated resistance is also being
tested clinically in combination with EGFR-TKI and Met-TKI in
patients with NSCLC and acquired resistance to EGFR-TKI
treatment (ClinicalTrials.gov identifier NCT02468661). It is
not known whether NSCLC can acquire resistance to the com-
bination of EGFR-TKI and Met-TKI in Met-amplified, EGFR-
TKI–resistant NSCLC.

The expression of Met, a receptor tyrosine kinase (RTK) for
hepatocyte growth factor, is dysregulated in many tumors; as
such, Met is a major target for cancer therapy. Met amplifica-
tion is observed in lung, breast, prostate, renal, esophageal,
and gastric cancers (7), and Met-amplified cancer cells, which
proliferate in the absence of ligand, are dependent on Met
signaling for survival; their proliferation is therefore effectively
suppressed by Met-TKI treatment (8–11). However, some
preclinical studies have reported acquired resistance to initial
Met-TKI treatment. EGFR activation (which functions as a
bypass signaling mechanism that acts via aberrant TGFa
expression) and the emergence of a Met Y1230H mutation
(which increases Met activity and reduces its affinity for
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Figure 1.

PC-9MET1000 cells were treated with increasing concentrations of Met-TKI PHA665752 in combination with 1 mmol/L gefitinib to establish dual-resistant
clones. A, Schema of generating dual-resistance: DR clones from PC-9MET1000 cells. B, Cells were seeded into 96-well plates at 5 � 103 cells/50 mL
growth media/well, then preincubated overnight and treated with PHA665752 at the indicated concentrations under 1 mmol/L gefitinib exposure for 72 hours.
An MTT assay was performed and the OD570 measured. Data are the means � SEM for 6–12 wells. C, Anchorage-independent proliferation in soft
agar. Cells (1 � 104) resuspended with 0.3% agar containing 10% FBS were seeded into 6-well plates precoated with 0.6% soft agar. The following day, cells
were treated with gefitinib and PHA665752 and then incubated for 14–21 days. Colonies were stained with 0.005% crystal violet for 1 hour. D, Cells
were seeded into 96-well plates at 5 � 102 cells/100 mL/well. Following an MTT assay, the OD570 was measured at days 0, 1, 2, 3, 5, and 7. E, A
human phospho-RTK array was used to determine the candidates for bypass pathways by comparison of PC-9, MET100, DR2, DR4, and DR6 cell
lysates. F, In PC-9, MET1000, DR2, DR4, and DR6 cells, the basal expression of EGFR, EGFR ex19 del, HER2, ERBB3, Met, IGF1R, Insulin receptor (InsR),
AKT, and ERK1/2 was determined by Western blot analysis. b-Actin was included as a loading control.
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Figure 2.

IGF1R phosphorylation protects DR2 and DR4 cells from apoptosis under gefitinib and PHA665752 exposure. A, DR2 and DR4 cells were seeded into
96-well plates at 5 � 103 cells/50 mL of growth media/well, then preincubated overnight and treated with gefitinib, PHA665752 (PHA665), and/or OSI906
with the indicated concentrations for 72 hours. An MTT assay was performed and the OD570 measured. Data are the means � SEM for 6–12 wells.
� , P < 0.01 for comparison of the indicated pairs. B, DR2 and DR4 cells were transfected with nontargeting (N/T) siRNA or siRNA directed against
Met and IGF1R. Met and IGF1R knockdown was determined by Western blot analysis. (Continued on the following page.)
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PHA665752) have been observed in SNU638 gastric cancer
cells (12). In addition, Met gene amplification resulted in
resistance to Met-TKIs (PHA665752 and JNJ38877605) along
with wild-type KRAS amplification in GTL-16 gastric cancer
cells (13).

The combination of Met-TKI and EGFR-TKI has been
shown to overcome Met-amplified EGFR-TKI resistance in
HCC827GR cells (14, 15). HCC827EPR cells developed by
treating HCC827 cells with increasing concentrations of erlo-
tinib and 1 mmol/L PHA665752 and harboring an activating
EGFR mutation in exon 19 resulted in EGFR T790M mutation
without Met gene amplification, whereas erlotinib-resistant
HCC827 (HCC827ER) cells exhibited a gain in Met gene copy
number (16). However, there have been no reports of dual
resistance to sequential EGFR-TKI and Met-TKI treatment (i.e.,
EGFR-TKI followed by Met-TKI plus EGFR-TKI) in conjunction
with Met amplification.

We previously reported that PC-9 lung adenocarcinoma cells,
which harbor a 15-bp deletion (Del E746_A750) in exon 19 of
EGFR, developed gefitinib resistance caused by Met amplifica-
tion with continuous dose escalation up to 1 mmol/L gefitinib
for a year; this cell line was designated as PC-9MET1000
(or simply MET1000; ref. 17). Cell proliferation was suppressed
in these cells upon concurrent treatment with Met-TKI and
EGFR-TKI.

In this study, we established the independent dual resistance
clones PC-9DR2, PC-9DR4, and PC-9DR6 (designated as DR2,
DR4, and DR6, respectively) from MET1000 cells using increas-
ing concentrations of Met-TKI PHA665752 with concurrent
1 mmol/L gefitinib treatment. None of the clones had secondary
mutation of EGFR T790M or a mutation in Met, and harbored
only the original 15-bp deletion in EGFR exon 19. The dual
resistance mechanisms were of two types. The IGF/IGF1R
pathway was activated as bypass signaling in DR2 and DR4
cells, as evidenced by IGF-binding protein (IGFBP) down- and
upregulation, respectively. In addition, overamplification of
Met in association with HSP90 was detected in DR6 cells.
These findings provide insight into the development of
acquired resistance induced by EGFR and Met inhibition, and
are expected to serve as a basis for improved therapeutic
strategies. This is also the first report of acquired resistance to
concurrent treatment with Met-TKI and EGFR-TKI in Met-
amplified NSCLC with acquired resistance to previous
EGFR-TKI treatment.

Materials and Methods
Cell lines, antibodies, and reagents

The PC-9 human NSCLC cell line established from a previ-
ously untreated patient was donated by K. Hayata (Tokyo
Medical College, Tokyo, Japan) during the 1980s and cultured
in RPMI1640 medium supplemented with 10% FBS, penicillin
(100 U/mL), and streptomycin (100 mg/mL) in a 5% CO2

incubator at 37�C. The gefitinib-resistant PC-9MET1000 cell
line was established in our laboratory (17). A recombinant
mouse cell line expressing human IGF1R was provided by
Dr. Vigneri in 2015 (University of Catania, Catania, Italy;
ref. 18). Cells were passaged for less than 4 months before
renewal from the frozen stock. Cell lines used in this study were
authenticated by short tandem repeat analysis at the Japanese
Collection of Research Bioresources (JCRB) cell bank in 2013.
All antibodies were purchased from Cell Signaling Technology
with the exception of antibodies against IGFBP2, IGFBP3,
IGFBP4, and HSP90 (Santa Cruz Biotechnology). Gefitinib and
BI836845 were provided by AstraZeneca Pharmaceuticals and
Boehringer-Ingelheim, respectively, and other inhibitors were
obtained from Selleck Chemicals.

Establishment of PC-9MET1000 clones with acquired
resistance to the Met-TKI PHA665752 under 1 mmol/L
gefitinib exposure

To obtain clones with acquired resistance, MET1000 cells
were exposed to increasing concentrations of the Met-TKI
PHA665752 in growth medium containing 1 mmol/L gefitinib.
Starting with a dose that was approximately 1/10 of the half-
maximal inhibitory concentration (IC50), the dose was pro-
gressively increased over 1 year to 1 mmol/L PHA665752. Three
PC-9 dual-resistant (PC-9DR) clones were obtained and des-
ignated as DR2, DR4, and DR6. The established resistant cell
lines were maintained in continuous culture medium contain-
ing the achieved dose of inhibitor.

Cell proliferation and soft agar colony formation assays
Cell proliferation was measured with the 3-(4,5-dimethylthia-

zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Pro-
mega) as described previously (17). Cells (5 � 102/well) were
seeded in 96-well plates and incubated overnight, and the assay
was carried out on days 0, 1, 2, 3, 5, and 7. To inhibit cell
proliferation, 5 � 103 cells/well were seeded in 96-well plates
and incubated overnight, and then continuously exposed to the
indicated concentrations of inhibitor for 72 hours. The optical
density at 570 nm (OD570) was measured with a Powerscan HT
microplate reader (BioTek) and is expressed as a percentage of
the value of control cells. We prepared 6–12 replicates and the
experiments were repeated at least three times. Data were graph-
ically displayed using GraphPad Prism v.5.0 software (GraphPad
Inc.). For the soft agar colony formation assay, 1 � 104 cells
resuspended in 0.3% agar containing 10% FBS were seeded in
6-well plates precoated with 0.6% soft agar. The following day,
cells were treated with the indicated inhibitors for 14–21 days;
colonies were stained with crystal violet.

Phospho-RTK profiling
The Human Phospho-RTK Array (R&D Systems) was used to

measure relative levels RTK tyrosine phosphorylation. Mem-
branes contained spotted antibodies corresponding to 49 distinct

(Continued.) Immunoblot analysis for PARP cleavage demonstrates the induction of apoptosis. Blots are representative of three independent
experiments. b-Actin was included as a loading control. C and D, DR2 and DR4 cells were exposed to graded concentrations (0.1–1.0 mmol/L) of OSI906 (C)
or PHA665752 (D) for 24 hours and cell lysates were immunoblotted for phosphorylated Y 1068 EGFR (P-EGFR), phosphorylated Y1234/1235 Met (P-Met),
phosphorylated Y 1135/1136 IGF1R/insulin receptor-b (tyr1150/1151; P-IGF1R/InsR), phosphorylated AKT (Ser473; P-AKT), and phosphorylated ERK1/2
(P-ERK1/2). E, Schematic of the signaling in MET1000, DR2, and DR4 cells with respect to the association of the receptors (Met and IGF1R) and their
downstream targets (ERK1/2 and AKT).
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RTKs as well as positive and negative controls. Cell lines were
cultured to subconfluence and protein was then isolated accord-
ing to the manufacturer's protocol.

Western blot analysis
Treated cells were washed twice with ice-cold PBS and lysed

with modified radioimmunoprecipitation assay (RIPA) buffer
consisting of 50 mmol/L Tris (pH 7.4), 150 mmol/L NaCl,
1 mmol/L EDTA, 1% Nonidet P-40, 0.25% sodium deoxycho-
late, 0.1% SDS, and 1.0% protease and phosphatase inhibitor
cocktails (Sigma-Aldrich). Cell suspensions were centrifuged
and protein concentration was determined using the DC Pro-
tein assay (Bio-Rad). Equal amounts of protein were mixed and
boiled in Laemmli buffer. Samples were separated by 8%–10%
SDS-PAGE, blotted on a polyvinylidene difluoride membrane,
treated with enhanced chemiluminescence solution, and
exposed to film. b-Actin and at least one additional protein
were used as loading controls. All experiments were repeated
three times.

RNA interference
Nontargeting siRNA (controls) and SMARTpool siRNAs tar-

geting EGFR, ERBB3, Met, IGF1R, insulin receptor (InsR),
IGFBP3, dual specificity phosphatase (DUSP)4, and SET and
MYND domain–containing (SMYD)3 were purchased from
Dharmacon. Cells were seeded in 6-well plates with RPMI1640
medium supplemented with 10% FBS without antibiotics. The
following day, the cells were transfected with 100 pmol/well
siRNA using Lipofectamine 2000 (Life Technologies) accord-
ing to the manufacturer's instructions, and then analyzed
72 hours later.

Cell-based IGF1R phosphorylation assay
IGF bioactivity was measured using mouse embryonic fibro-

blasts (MEF) derived from IGF1R-deficient mice and engi-
neered to overexpress human IGF1R (MEF-IGF1R). MEFs were
maintained in DMEM supplemented with 10% FBS, 1 mmol/L
sodium pyruvate, 0.075% sodium bicarbonate, nonessential
amino acids (Gibco/Life Technologies), and 0.3 mg/mL puro-
mycin at 37�C and 5% CO2. MEF-IGF1R cells (1 � 104) were
seeded in 96-well plates and incubated for 24 hours, starved in
medium containing 0.5% FBS overnight, then exposed to either
IGF1 (80 ng/mL) as a positive control, or MET1000 or DR2 cell

culture medium for 30 minutes at 37�C. MEF-IGF1R cells were
fixed in 4% formaldehyde, quenched by treatment with 1.2
wt% hydrogen peroxide, blocked with 5% BSA, and then
incubated with phospho-IGF1R-b (Tyr1135/1136)/insulin
receptor-b (Tyr1150/1151) antibody overnight, followed by
secondary antibody and tetramethylbenzidine solution. The
reaction was terminated by adding 1 mol/L phosphoric acid,
and the absorbance at OD450 was measured with a Powerscan
HT microplate reader.

Reverse transcription real-time PCR
Total RNA was isolated via the guanidium isothiocyanate

method using the RNeasy Mini kit (Qiagen) according to the
manufacturer's instructions, and used to prepare cDNA with
random 6-mers and a reverse transcription PCR kit (TaKaRa Bio).
EGFR, ERBB3,Met, IGF1R, IGF2R, InsR, IGF1, IGF2, and IGFBP1–6
mRNA levels were quantified with a fluorescence-based RT-PCR
detection system (GeneAmp 5700; Applied Biosystems) using the
primer sets shown in Supplementary Table S1A.GAPDHwas used
as an internal control.

EGFR and Met sequence analysis
Exons 14–21 of the Met gene were amplified from genomic

DNA by PCR. The products were purified and sequenced by
FASMAC. Cycleave PCR (19) was carried out by SRL to detect
EGFR mutations including G719X, deletion of exon 19, T790M,
L858R, and L861Q. The primers used for PCR and sequencing are
shown in Supplementary Table S1B.

Dual-luciferase reporter assay
Cells were seeded in a 6-well plate and transfected with

4 mg Met promoter-luciferase plasmid (pGL4-phMET; Riken
BRC DNA Bank) and 0.2 mg Renilla luciferase. After 24 hours,
the HSP90 inhibitor AUY992 (0.01–0.1 mmol/L) was
added to the cells for 24 hours. Luciferase activity was
evaluated using the Dual-Luciferase Reporter assay system
(Promega) according to the manufacturer's instructions.
Data are shown as the means � SEM of 6 wells, and P <
0.01 relative to the control value was considered statistically
significant. Data are representative of three independent
experiments.

Figure 3.
IGFBP downregulation leads to increased bioactivity of IGF1R ligands (IGF-1 or IGF-2) and induces IGF1R activation as acquired resistance to gefitinib
and PHA665752 in DR2 cells. A, In mouse embryonic fibroblasts (MEF) engineered to express human IGF1R (MEF-IGF1R), IGF1 (80 ng/mL)
effectively phosphorylated human IGF1R and was thus used as a positive control, whereas the assay medium (0.5% FBS) did not and was used as
a negative control. MET1000 and DR2 cells were seeded at 2 � 105 cells/well and incubated for 48 hours, whereupon the medium was collected.
The conditioned culture medium was then exposed to MRF-IGF1R cells and the stimulation of IGF1R phosphorylation was determined by ELISA.
� , P < 0.01 for comparison of the indicated pairs. Results presented are representative of three independent experiments. B, DR2 cells were exposed
to graded concentrations of BI836845, a humanized mAb for IGF1 and IGF2, in the presence or absence of gefitinib and/or PHA665752 for 24 hours
and cell lysates were immunoblotted for the indicated primary antibodies. b-Actin was included as a loading control. C, MET1000 and DR2 cellular
mRNA transcripts were quantified by real-time RT-PCR and normalized to GAPDH. Data are presented relative to MET1000 values, as means � SEM
(n ¼ 8). D, The conditioned medium from 2 � 106 cells was collected after 24-hour incubation and concentrated 20-fold by ultrafiltration.
Conditioned media or whole-cell lysate proteins were subjected to immunoblotting with IGFBP2, IGFBP3, IGFBP4, or AKT antibodies. E and G, DR2
cells were exposed to human recombinant IGFBP2 (1 mg/mL) or IGFBP4 (1 mg/mL) in the presence or absence of 1 mmol/L gefitinib and 1 mmol/L
PHA665752 for 24 hours. b-Actin was included as a loading control. F and H, DR2 cells were seeded into 96-well plates at 5 � 103 cells/50-mL growth
media/well, then preincubated overnight and treated with 1 mg/mL IGFBP2 or IGFBP4 in the presence or absence of 1 mmol/L gefitinib and 1 mmol/L
PHA665752 for 72 hours. The number of cells was counted by a TC10 automated cell counter (Bio-Rad). Data are the means � SEM for 6–12 wells.
� , P < 0.01 for comparison of the indicated pairs.
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IGFBP levels in cell culture supernatants
Serum-free conditioned medium from 2 � 106 cells grown

for 24 hours was concentrated using centrifugal filter devices
(Millipore) and analyzed by Western blotting using antibodies
against IGFBP2, IGFBP3, and IGFBP4. The IGFBP3 level in the
culture medium was measured by ELISA (Abcam).

Statistical analysis
Data are presented as the means � SEM and were analyzed

using GraphPad Prism v.5.0 software. Statistical significance
was evaluated with the two-tailed Student t test, and unless
otherwise noted, a P < 0.05 was considered statistically
significant.

Results
Characteristics of PC-9MET1000 clones with acquired
resistance to the Met-TKI PHA665752 under 1 mmol/L
gefitinib exposure

We established gefitinib-resistant PC-9 cells (designated as
MET1000). This cell line showed Met amplification instead of
a T790M secondary mutation in EGFR exon 20 (Fig. 1F;
Supplementary Table S2A). Other groups have reported that
PC-9 cells invariably develop the T790M mutation during
acquisition of EGFR-TKI resistance (20–24). The discrepancy
between these previously reported findings and our results,
which both incorporated PC-9 cells, is unclear. In cases of
EGFR-TKI resistance owing to Met amplification, the combi-
nation of EGFR-TKI and Met-TKI was effective in overcoming
this resistance. To identify mechanisms of extreme resistance,
we treated MET1000 cells with increasing concentrations
of the Met-TKI PHA665752 up to a concentration of
1 mmol/L under 1 mmol/L gefitinib for 1 year. Three indepen-
dent cell lines designated as DR2, DR4, and DR6 were estab-
lished (Fig. 1A), which were resistant to a combination of
gefitinib and PHA665752, as determined by the MTT and
colony formation assays (Fig. 1B and C). The proliferation
rate of DR6 cells was similar to that of parental MET1000 cells;
however, growth was slower in DR2 and DR4 cells (Fig. 1D). A
mutation analysis of EGFR and Met by direct sequencing
and cycleave PCR found no acquired mutations in any of
the cell lines (Supplementary Table S2A and S2B), leading us
to speculate that a bypass signaling mechanism was activated.
Indeed, a phospho-RTK array revealed activation of IGF1R and
InsR under gefitinib and PHA665752 treatment in DR2
and DR4 cells (quantitated by densitometric analysis; Supple-
mentary Fig. S1A), whereas RTK phosphorylation patterns

were similar between MET1000 and DR6 cells (Fig. 1E). Met
expression was downregulated and that of EGFR was upregu-
lated relative to baseline in DR2 cells. The levels of these
receptors were comparable with and higher than those in
MET1000 in DR4 and DR6 cells, respectively (Fig. 1F).

Activation of IGF/IGF1R signaling is required for the
survival of DR2 and DR4 cells under EGFR-TKI and
Met-TKI treatment

The phospho-RTK array indicated that the activation of IGF1R
and/or InsR signaling is required for DR2 and DR4 cell survival
(Fig. 1E and Supplementary Fig. S1A). To confirm this possibility,
the cells were treated with OSI906, a TKI that targets IGF1R and
InsR, in the presence of 1 mmol/L gefitinib and 1 mmol/L
PHA665752. DR2 and DR4 cell proliferation was suppressed by
this treatment (Fig. 2A), but not by the combination of 1 mmol/L
gefitinib and other Met-TKIs (Supplementary Fig. S1B). Both the
IGF1R and InsR genes are expressed in many cancers and this
tyrosine kinase class of membrane receptors forms homo- and
heterodimers, then activates downstream signals. We then inves-
tigated whether IGF1R or InsR is required for bypass signaling by
siRNA-mediated knockdown. Loss of IGF1R but not InsR resulted
in AKT dephosphorylation in bothDR2 andDR4 cells, suggesting
that IGF1R was activated as a bypass signal (Supplementary Fig.
S1C and S1D). Apoptosis was induced upon the suppression of
IGF1R and Met in DR2 and DR4 cells (Fig. 2B). To clarify the
association between these receptors and downstream AKT and
extracellular signal-regulated kinase (ERK)1/2 signaling,
MET1000 and DR2 cells were exposed to PHA665752 and/or
OSI906 in the presence or absence of gefitinib. In MET1000 cells,
PHA665752 inhibited the phosphorylation of Met, EGFR, and
ERBB3 and inhibited AKT and ERK1/2 (Supplementary Fig. S2A
and S2B). DR2 and DR4 cells were next exposed to increasing
concentrations of PHA665752 and/or OSI906. IGF1R phosphor-
ylation was attenuated in a dose-dependent manner by OSI906
treatment, resulting in the inhibitionofAKT inDR2andDR4 cells.
Furthermore, ERK1/2 activation was partly suppressed byOSI906
in DR2 cells (Fig. 2C). Met phosphorylation was decreased in a
dose-dependent matter, whereas ERK1/2 was inhibited by
PHA665752 treatment, although AKT remained activated in both
DR2 and DR4 cells (Fig. 2D). These results suggest that two
distinct signaling pathways, Met-ERK1/2 and IGF1R-AKT, func-
tion in DR2 and DR4 cells (Fig. 2E).

Total Met expression was decreased, whereas EGFR expres-
sion was increased in DR2 cells (Fig. 1F). Upon treatment with
PHA665752, Met and ERBB3 phosphorylation was attenuated,
resulting in decreased ERK1/2 activation via growth factor

Figure 4.
IGFBP3 upregulation leads to increased Met expression via Smad2/3 activation and results in Met-TKI resistance accompanying bypass signaling of
IGF1R in DR4 cells. A, DR4 cells were exposed to graded concentrations of BI836845, a humanized mAb for IGF1 and IGF2, in the presence or absence
of gefitinib and/or PHA665752 for 24 hours and the cell lysates immunoblotted for the indicated primary antibodies. b-Actin was included as a
loading control. B, MET1000 and DR4 cellular mRNA transcripts were quantified by real-time RT-PCR and normalized to GAPDH. Data are
presented relative to MET1000 values, as means � SEM (n ¼ 8). C, The conditioned medium from 2 � 106 MET1000 or DR4 cells was collected after 24-hour
incubation and concentrated 20-fold by ultrafiltration. These conditioned media or 20-mg whole-cell lysate proteins were subjected to immunoblotting
with IGFBP3 or b-actin antibodies (1). 2, Human IGFBP3 ELISA was performed with MET1000 and DR4 cell culture medium. � , P < 0.01 for comparison
of the indicated pairs. D, MET1000 and DR4 cells were transfected with nontargeting (N/T) siRNA or siRNA directed against IGFBP3. IGFBP3
knockdown was determined by Western blot analysis. Immunoblot analysis for EGFR, ERBB3, Met, IGF1R, Smad2/3, and phosphorylated Smad2/3 is
shown. b-Actin was included as a loading control. Blots are representative of three independent experiments. E, MET1000 and DR4 cellular IGFBP3
and Met mRNA transcripts were quantified by real-time RT-PCR and normalized to GAPDH. Data are presented relative to MET1000 values as
means � SEM (n ¼ 8).
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Figure 5.

Expression of overamplified Met leads to Met-TKI resistance in DR6 cells. A, MET1000 and DR6 cells were transfected with nontargeting (N/T) siRNA or siRNA
directed against EGFR, ERBB3, or Met. Knockdown of EGFR, ERBB3, and Met was determined by Western blot analysis. Immunoblot analysis for PARP
cleavage demonstrates the induction of apoptosis. Blots are representative of three independent experiments. B, DR6 cells were seeded into 96-well plates at
5 � 103 cells/50-mL growth media/well, then preincubated overnight and treated with PHA665752 (PHA665), crizotinib, JNJ38877605 (JNJ388), or
GSK1363089 (GSK136) at the indicated concentrations under 1 mmol/L gefitinib exposure for 72 hours. (Continued on the following page.)
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receptor-binding protein 2-associated binding protein (GAB)2,
a scaffolding protein that mediates interactions with down-
stream effectors such as Src homology domain (SH) protein 2,
p85, phospholipase C-g , SH2-containing transforming protein,
and SH2-containing inositol phosphatase (25). GAB2 plays a
critical role in signal transduction to MAPK and PI3K-AKT
pathways. Moreover, OSI906 inhibited IGF1R phosphoryla-
tion and suppressed AKT activation via the adaptor protein
insulin receptor substrate (IRS)1 (Supplementary Fig. S2A and
S2B), resulting in PI3K binding and activation. This indicated
that Met-ERK1/2 and IGF1R-AKT act via GAB2 and IRS1,
respectively, in the acquisition of EGFR and Met inhibitor
resistance (Fig. 2E).

In DR4 cells, AKT and ERK1/2 activation was suppressed by
concurrent treatment with PHA665752 and OSI906 (Fig. 2C
and D). Because Met expression was not attenuated, Met
phosphorylation was difficult to suppress with PHA665752;
thus, AKT and ERK1/2 were not fully inhibited up to the
concurrent treatment of 1mmol/L each of PHA665752 and
OSI906. At that point, the cells remained partly resistant to
Met and IGF1R inhibition compared with DR2 cells (Fig. 2A,
C, and D).

IGFBP2 and IGFBP4 suppression is required for IGF/IGF1R
bypass signaling in DR2 cells

To clarify the mechanism of IGF1R activation in DR2 cells,
we first measured the bioactivity of IGF1R in the culture
medium of DR2 as compared with MET1000 cells with the
cell-based IGF1R phosphorylation assay using MEF-IGF1R, for
which IGF1R phosphorylation can be quantified by ELISA (26).
The culture medium of DR2 cells phosphorylated IGF1R to a
greater degree than that of MET1000 cells (Fig. 3A). When the
IGF1R ligands IGF1 and IGF2 were neutralized by treatment
with the humanized mAb BI836845 (26), IGF1R phosphory-
lation and AKT activation were attenuated in a dose-dependent
manner. Furthermore, apoptosis was induced by a combination
of BI836845 and PHA665752 (Fig. 3B). These results indicate
that the increased bioactivity of IGF1 and/or IGF2 lead to
IGF1R phosphorylation to bypass Met and EGFR inhibition.
Although IGF1 and IGF2 mRNA levels were not higher in DR2
than in MET1000 cells, IGFBP2, IGFBP4, and IGFBP5 expres-
sion was downregulated, as determined by RT-PCR (Fig. 3C).
Moreover, IGFBP2 and IGFBP4 protein expression was marked-
ly decreased in the cell lysate and culture medium of DR2 as
compared with MET1000 cells (Fig. 3D). IGFBPs transport IGF1
and IGF2 in the circulation and within cells and modulate IGF
bioavailability and signaling (27). When DR2 cells were treated
with human recombinant IGFBP2 or IGFBP4, IGF1R phosphor-
ylation was inhibited, leading to suppression of AKT. In addi-
tion, combined treatment with PHA665752 and IGFBP2 or
IGFBP4 blocked AKT and ERK1/2 activation and cell prolifer-
ation (Fig. 3E–H).

Increased IGFBP3 enhances Met expression via Smad2/3
activation, leading to partial Met-TKI resistance in DR4 cells

As in DR2 cells, combined treatment of DR4 cells with
BI836845 and PHA665752 inhibited AKT and ERK1/2 activa-
tion, thereby decreasing cell proliferation and the induction
of apoptosis; this indicated that IGF/IGF1R was activated as
a bypass signal (Fig. 4A). However, in contrast to DR2 cells,
Met expression was not attenuated to a greater degree than in
MET1000 cells, and a higher concentration of PHA665752 was
required to inhibit Met phosphorylation and downstream sig-
naling (Fig. 2C and D). Therefore, we assessed the mRNA
expression of factors that potentially modulate IGF/IGF1R activ-
ity, such as ligands, receptors, and IGFBPs. IGF1 and IGFBP3
mRNA expression was upregulated in DR4 cells (Fig. 4B),
whereas IGFBP3 levels were increased in cell lysates and condi-
tioned medium (Fig. 4C, 1 and 2). IGFBP3 reportedly activates
TGFb-Smad2/3 signaling independent of IGF/IGF1R (28), and
the Met promoter region contains putative Smad2/3-binding
sites (29). This suggests that increased IGFBP3 expression might
stimulate TGFb-Smad2/3 signaling and enhance Met expression.
siRNA-mediated knockdown of IGFBP3 expression suppressed
Smad2/3 activation and Met expression in DR4 cells, and
moreover Smad2/3 knockdown also attenuated Met expression
(Supplementary Fig. S3A), suggesting that IGFBP3–Smad2/3
signaling regulates Met expression and leads to acquisition
of partial Met resistance (Fig. 4D). Furthermore, Met mRNA
(Fig. 4E) but not EGFR or IGF1R mRNA and protein (Fig. 4D
and Supplementary Fig. S3B and S3C) expression was attenu-
ated by IGFBP3 knockdown.

Overamplified Met expression leads to Met-TKI resistance and
ERK1/2 activation through negative feedback via DUSP4-
induced proliferation in DR6 cells

Met expression was upregulated in DR6 and MET1000 cells
relative to PC-9 cells (Fig. 1F). A phospho-RTK array revealed
activation of Met, IGF1R, and InsR; this phosphorylation pat-
tern was similar to that observed in MET1000 cells (Fig. 1E). To
determine whether Met activation is required for cell survival,
Met expression was knocked down by siRNA in MET1000 and
DR6 cells. This led to a marked induction of apoptosis in DR6
as compared with MET1000 cells (Fig. 5A), indicating a further
requirement for Met expression in cell survival. To overcome
Met overamplification, we treated cells with various Met inhi-
bitors including crizotinib, GSK1363089, and JNJ38877605.
Proliferation of DR6 cells was enhanced by combined treat-
ment with PHA665752 and gefitinib; however, it was inhibited
by crizotinib, a Met/ALK-TKI, at concentrations over 1 mmol/L,
and completely suppressed by GSK1363089 and JNJ38877605
even at lower concentrations (Fig. 5B). No additional muta-
tions in the Met kinase domain involving the Met activation
loop were identified in DR6 cells that might account for the
selective resistance to PHA665752 (Supplementary Fig. S4A;

(Continued.) An MTT assay was performed and the OD570 measured. Arrows indicate the peak of proliferation for each treatment. C–F, PC-9, MET1000,
and DR6 cells were exposed to 1 mmol/L gefitinib and/or 1 mmol/L PHA665752 (C), DR6 cells were exposed to graded concentrations of
GSK1363089 (GSK136) in the presence of 1 mmol/L gefitinib (D), MET1000 and DR6 cells were exposed to graded concentrations of crizotinib in
the presence of 1 mmol/L gefitinib (E), and DR6 cells were pretreated to graded concentrations of U0126 for 30 minutes and then treated with 1 mmol/L
gefitinib and crizotinib (F) for 8–12 hours and cell lysates were immunoblotted for the indicated primary antibodies. b-Actin was included as a
loading control. G, Schematic of the signaling in DR6 cells illustrating the action of negative feedback on ERK1/2 activation via DUSP4 (left)
following partial (0.03–0.1 mmol/L GSK136; center) or complete (0.3–1.0 mmol/L GSK136; right) Met dephosphorylation.
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Supplementary Table S2). In MET1000 cells, PHA665752
inhibited the phosphorylation of Met as well as that of EGFR
and ERBB3, thereby blocking AKT and ERK1/2 activation and
inducing apoptosis (Fig. 5C). However, the combination of
PHA665752 and gefitinib did not inhibit Met, EGFR, and
ERBB3 phosphorylation in DR6 cells (Fig. 5C). On the other
hand, GSK1363089 treatment inhibited the phosphorylation
of all three proteins in a dose-dependent manner, thereby
suppressing the downstream activation of AKT and ERK1/2
(Fig. 5D). Notably, ERK1/2, but not MEK1/2, which is
upstream of ERK1/2, was activated by treatment with 0.03–
0.1 mmol/L GSK1363089 (to decrease Met phosphorylation by
degrees). As DUSPs are known to inhibit ERK (30), this result
suggested the presence of negative feedback regulation of
ERK1/2 via the DUSP4 induced by suppression of Met phos-
phorylation (Fig. 5D). Consistent with this model, reduction of
DUSP4 expression was shown to occur upon Met inhibition
followed by further activation of ERK1/2 in gastric cancer cells
(31). Accordingly, the reduction of DUSP4 expression in DR6
cells treated with 1 mmol/L crizotinib and gefitinib resulted in
ERK1/2 phosphorylation (Fig. 5E). On the other hand, ERK1/2
phosphorylation was blocked by treatment with the MEK
inhibitor U0126 (Fig. 5F). Furthermore, ERK1/2 activation via
reduction of DUSP4 enhanced DR6 cell proliferation (Fig. 5B,
indicated by arrows). However, because GSK1363089 treat-
ment from 0.3–1 mmol/L led to complete inhibition of
MEK1/2 phosphorylation in addition to DUSP4 downregula-
tion (loss of negative feedback), ERK1/2 was completely inhib-
ited, leading to the induction of apoptosis in DR6 cells (Fig. 5D
and G). This suggested that the negative feedback-mediated
ERK1/2 activation via DUSP4 is likely inferior to the signals of
MEK1/2 to ERK1/2 and might be insufficient to promote
resistance to Met-TKI.

Met overexpression is mediated by HSP90 via Met
stabilization and SMYD3-associated transcriptional
regulation in DR6 cells

It was previously reported that Met gene amplification med-
iates Met inhibitor resistance (known as inhibitor addiction)

in GSK-45, EBC-1, and GTL16 cancer cell lines (13, 32),
although the precise mechanisms of Met amplification are
unclear. In the current study, DR6 cells exhibited Met gene
amplification (Supplementary Fig. S4B). HSP90 is a molecular
chaperone that regulates the stability of various oncogenic
kinases (33). Upon exposure to increasing concentrations of
the HSP90 inhibitor AUY992, proliferation was suppressed in
DR6 cells in the presence of PHA665752 and gefitinib,
although the effect was modest in MET1000 cells even in the
presence of gefitinib (Fig. 6A). Treatment of MET1000 cells with
increasing concentrations of AUY992 in the presence or absence
of 1 mmol/L gefitinib slightly attenuated EGFR and Met expres-
sion and phosphorylation but had no effect on AKT and ERK1/
2 signaling or induction of apoptosis (Supplementary Fig.
S5A). In contrast, in DR6 cells, treatment with 0.1 mmol/L
AUY992 attenuated EGFR and Met expression and phosphory-
lation, thereby decreasing AKT and ERK1/2 activation
and inducing apoptosis. Moreover, in the presence of gefitinib
and PHA665752, the induction of apoptosis by AUY992 was
enhanced (Fig. 6B).

Because of the increased phosphorylation of Met in DR6
cells, the interaction between Met and HSP90 was increased,
leading to Met stabilization in these cells (Fig. 6C); this com-
plex was dissociated by AUY992 treatment (Fig. 6D), an effect
that was blocked by the proteasome inhibitor MG132, which
preserved Met expression in a dose-dependent manner in the
presence of AUY992 (Fig. 6E). The association between the CBL
ubiquitin ligase and Met was also preserved by MG132 treat-
ment, indicating that AUY992 enhances Met degradation via
CBL by disrupting the HSP90–Met complex (Fig. 6F).

In addition to its role in Met stabilization, HSP90 promotes
SMYD3 histone H3-lysine 4 methyltransferase activity and
plays an important role in transcriptional regulation as a
constituent of the RNA polymerase complex (34). SMYD3-
binding sites are present in the Met promoter region (35). We
found that AUY992 inhibited Met gene promoter activity in
DR6 cells, although the activity was maintained up to the
concentrations of 0.1 mmol/L AUY992 in MET1000 cells (Fig.
6G and Supplementary Fig. S5B). Basal SMYD3 expression

Figure 6.
HSP90 protects against Met degradation by CBL and enhances transcriptional regulation by SMYD3, leading to increased Met expression in DR6 cells.
A, MET1000 and DR6 cells were seeded into 96-well plates at 5 � 103 cells/50-mL growth media/well, then preincubated overnight and treated with
AUY992 at the indicated concentrations under 1 mmol/L gefitinib and/or 1 mmol/L PHA665752 exposure for 72 hours. An MTT assay was performed and
the OD570 measured. Data are the means � SEM for 6–12 wells. B, DR6 cells were exposed to graded concentrations of AUY992 in the presence or
absence of gefitinib and/or PHA665752 for 24 hours and cell lysates were immunoblotted (IB) for the indicated primary antibodies. b-Actin was included as
a loading control. C, interaction between Met and HSP90. MET1000 and DR6 cells were lysed and subjected to immunoprecipitation (IP) with an
anti-Met antibody followed by IB with anti-HSP90, anti-Met, and anti-phosphorylated Met (P-Met) antibodies. D, HSP90 inhibitor disrupts Met-HSP90
interactions. DR6 cells were incubated with increasing concentrations of AUY992 for 24 hours, lysed, and subjected to IP with an anti-Met antibody followed
by IB with anti-HSP90 and anti-Met antibodies. E, AUY992-stimulated Met degradation is mediated by the proteasome. DR6 cells were treated with the
proteasome inhibitor MG132 1 hour before treatment with 0.1 mmol/L AUY992 for an additional 24 hours. Cells were collected, lysed, and subjected to
immunoblotting with anti-Met antibodies. F, HSP90 inhibition results in enhanced Met ubiquitination. DR6 cells were treated with MG132 1 hour before
treatment with 0.1 mmol/L AUY992 for an additional 6 hours. Cells were collected, lysed, and subjected to IP with an anti-Met antibody followed by
immunoblotting with anti-CBL and anti-Met antibodies. G, Met promoter-luciferase (pGL4-phMET) and pRL-TK plasmids were cotransfected into DR6 cells
and treated with AUY992 for 24 hours, and the luciferase activities were determined 48 hours after transfection. Firefly luciferase activity was
normalized with that of Renilla luciferase and Met promoter activity was indicated as relative luciferase units (RLU; dual luciferase system, Promega).
Data are the means � SEM for 6 wells. � , P < 0.01 for comparison with the control value. Data are representative of three independent experiments. H and I,
DR6 cells were transfected with nontargeting (N/T) siRNA or siRNA directed against SMYD3. H, after 48 hours of transfection, DR6 cells were treated
with the indicated concentrations of PHA665752 (PHA665) in the presence of 1 mmol/L gefitinib for 24 hours. SMYD3 knockdown was determined by
Western blot analysis. Immunoblot analysis for the indicated primary antibodies is shown. b-Actin was included as a loading control. I, transfected cells
were reseeded in the presence or absence of the indicated inhibitors, then after 72-hour incubation, an MTT assay was performed. Data are the means � SEM
for 6 wells. �, P < 0.01 for comparison with the control value.
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level was markedly higher in DR6 than in MET1000 cells
(Supplementary Fig. S5C). siRNA-mediated knockdown of
SMYD3 attenuated basal Met expression and phosphorylation.
Furthermore, treatment with PHA665752 and/or gefitinib
suppressed AKT and ERK1/2 activation and induction of apo-
ptosis, whereas in MET1000 cells, there was no inhibition of
Met or induction of apoptosis even in the presence of gefitinib
(Fig. 6H and Supplementary Fig. S5D). SMYD3 knockdown
partly restored the sensitivity of DR6 cells to the combination
of gefitinib and PHA665762 but not that of MET1000 cells to
gefitinib (Fig. 6I and Supplementary Fig. S5E). These results
demonstrate that Met overexpression was induced by HSP90
via inhibition of CBL degradation and by transcriptional
regulation via SMYD3.

Discussion
The results of this study demonstrate the mechanisms of dual

resistance to the Met-TKI PHA665752 and the EGFR-TKI gefi-
tinib in cells previously treated with EGFR-TKI. We identified
two distinct resistance mechanisms, namely, the activation of
IGF/IGF1R as bypass signals in DR2 and DR4 cells and the
overamplification of Met caused by HSP90 activity in DR6 cells.
It is unclear how the presence of an activating EGFR mutation
predisposes to this dual resistance. Nonetheless, these findings
indicate the existence of IGF/IGF1R bypass signaling through
either an increase or decrease of IGFBPs and of Met amplifi-
cation through protection from CBL-mediated degradation or
transcriptional regulation by SMYD3 as underlying resistance
mechanisms. Our results thus provide evidence for heteroge-
neity among drug-resistant cell lines that reflects the variable
nature of clinical drug resistance.

Decreased IGFBP3 production led to increased IGF/IGF1R
activation as a bypass signal in some EGFR-TKI resistant cancer
models such as A431GR (36), PC-9WZR, and PC-9PFR (3)
cells. These reports support our finding that IGFBP attenuation
leads to IGF/IGF1R activation in response to TKI, indicating
that IGF1R activation is ligand-dependent (Fig. 3A and C).
Therefore, treatment with BI836845, a humanized antibody
for IGF1 and IGF2, might be effective in inhibiting the bypass
signaling of IGF/IGF1R. BI836845 along with the EGFR-TKI
afatinib is presently under evaluation in a clinical trial for
patients with EGFR-mutant NSCLC who exhibit cancer pro-
gression following EGFR-TKI treatment (ClinicalTrials.gov
identifier NCT02191891). We demonstrate that increased
IGFBP3 production also resulted in bypass IGF/IGF1R activa-
tion and promoted the expression of Met via Smad2/3 in DR4
cells (Fig. 4D and E). It is important to note that either
increased or decreased IGFBP production results in the acti-
vation of IGF/IGF1R signaling as a bypass mechanism. Further
studies on the events leading to IGF/IGF1R activation are
required to further confirm the role of IGFBP3 in TKI
resistance.

We observed in this study that Met overexpression requires
HSP90 activity (Fig. 6A). The HSP90 inhibitor ganetespib
shows synergy with the Met-TKI crizotinib in cells overexpres-
sing wild-type Met (37). This is consistent with our finding that
the HSP90 inhibitor AUY992 combined with gefitinib/
PHA665752 had a greater inhibitory effect than AUY992
treatment alone in DR6 cells (Fig. 6A). Clarifying the mech-
anism of Met overamplification might provide more detailed

insight into the development of Met-TKI resistance. This is the
first report demonstrating the role of SMYD3 in the acquisition
of resistance to Met-TKI and EGFR-TKI treatment. HSP90
enhanced the activity of SMYD3, a histone lysine methyltrans-
ferase that functions in transcriptional activation as part of the
RNA polymerase complex and is implicated in different types
of cancer including hepatocellular carcinoma and colorectal
cancer (34). There are two SMYD3 binding sites in the Met
promoter region (35). Silencing of the SMYD3 gene decreased
Met expression, whereas application of PHA665752/gefitinib
induced apoptosis and suppressed cell proliferation (Fig. 6H
and I). HSP90 is a molecular chaperone that stabilizes and
activates many mutated or overexpressed oncoproteins (38),
and HSP90 inhibitors have been reported to destabilize Met
(39) as well as mutated EGFR (40). This is in agreement with
our finding that treatment with the HSP90 inhibitor AUY992
reduced the expression of Met and of mutated EGFR in DR6
cells (Fig. 6B).

This is also the first report to demonstrate that activation of
IGF/IGF1R-IRS1-AKT signaling contributes to the acquired
resistance to both Met-TKI and EGFR-TKI (Fig. 2C and D
and Supplementary Fig. S2A and S2B). Previous studies have
shown that PI3K-AKT signaling must be suppressed for TKIs
to work effectively (36, 41, 42). For example, loss of PTEN
contributes to erlotinib resistance in EGFR-mutant lung can-
cer via Akt activation (41). Furthermore, gefitinib-resistant
EGFR-overexpressing A431GR cells show resistance to EGFR
inhibitors via IGF1R activation, even when ERK1/2 activation
is inhibited by gefitinib (36). The GAB2 adaptor protein
couples Met to the RAS-MAPK pathway, while the scaffold
protein GAB1 indirectly links Met to PI3K-AKT signaling
(43). Consistent with these observations, Met signaling
was transduced via GAB2 to activate RAS-MAPK signaling in
DR2 cells.

ERK1/2 activation through the reduction of DUSP4 expres-
sion was observed upon partial Met dephosphorylation fol-
lowing treatment with low-dose Met-TKIs, with concomitant
enhancement of cell proliferation at specific concentrations in
DR6 cells (Fig. 5B and D). DUSP4 dephosphorylates ERK1/2 in
the nucleus. Its expression is downstream of growth factor
stimulation and is thought to be stimulated via MAPK signal-
ing as part of a negative feedback loop (44). Our results show
that ERK1/2 phosphorylation increased in association with
decreased DUSP4 abundance resulting from treatment with
the Met-TKI crizotinib or GSK1363089 plus gefitinib (Fig. 5D
and E). Furthermore, application of the MEK1/2 inhibitor
U0126 or DUSP4 knockdown suppressed this negative feed-
back-regulated phosphorylation of ERK1/2 (Fig. 5F and Sup-
plementary Fig. S6). Consistent with this finding, DUSP4
protein decrease in gastric cancer cell lines has been shown
to be primarily dependent on MEK-ERK signaling (31). There-
fore, complete inhibition of Met phosphorylation leads to
dephosphorylation of MEK-ERK upon downregulation of
DUSP4 protein levels. Resistance to Met-TKIs in GLT-16 gastric
cancer cells can occur via formation of a BRAF fusion protein
or KRAS amplification promoting ERK signaling (13, 45).
Thus, MEK-ERK activation can induce resistance to Met
inhibitors.

In summary, we elucidated an important mechanism of dual
resistance to Met-TKI PHA665752 and EGFR-TKI gefitinib in
the context of sequential drug treatment; that is, gefitinib
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treatment in PC-9 cells with an activating EGFR mutation
followed by PHA665752 plus gefitinib for Met-amplified gefi-
tinib-resistant MET1000 cells. In addition, three DR cell lines
showed variable mechanisms of acquired resistance. These
novel observations provide insight into the basis of tumor
recurrence through development of resistance to TKIs.
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Syndecan-4 (SDC4) is a cell-surface proteoglycan associated with cell adhesion, motility, and intracellular
signaling. Here, we present that SDC4 functions as a positive regulator of the transforming growth factor
(TGF)-β1-induced epithelial to mesenchymal transition (EMT) via Snail in lung adenocarcinoma, A549
cells. TGF-β1 up-regulated the expression of SDC4, accompanied by the induction of EMT. Wound-
healing and transwell chemotaxis assay revealed that SDC4 promoted cell migration and invasion. SDC4
knockdown recovered the E-cadherin and decreased vimentin and Snail expression in EMT-induced
A549 cells. However, depletion of SDC4 resulted in little change of the Slug protein expression and
mesenchymal cell morphology induced by TGF-β1. The double knockdown of SDC-4 and Slug was re-
quired for reversal of epithelial morphology; it did not occur from the SDC4 single knockdown. These
findings suggest that Snail is a transcriptional factor downstream of SDC4, and SDC4 regulates TGF-β1-
induced EMT by cooperating with Slug. Our data provide a novel insight into cellular mechanisms,
whereby the cell-surface proteoglycan modulated TGF-β1-induced EMT in lung adenocarcinoma, A549
cells.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lung cancer is one of the most commonly diagnosed cancers, and
the leading cause of death worldwide. Of these deaths, nearly 60% of
patients progress into advanced stages with metastasis [1]. Che-
motherapy is an important therapeutic strategy for advanced non-
small cell lung cancer (NSCLC). However, most patients treated with
chemotherapy frequently acquire the resistance to anti-cancer drugs
[2]. Therefore, the mechanisms of the biologic processes that drive
metastasis and drug resistance need to be elucidated.

Accumulating evidence suggests that the acquisition of epi-
thelial-to-mesenchymal transition (EMT) is one of the cause of
chemo-resistance of NSCLC [3]. Furthermore, EMT is associated
with the invasiveness and metastasis [3]. EMT is a complex pro-
cess, which involves cytoskeletal remodeling and cell–cell and
cell–matrix adhesion, leading to the transition from a polarized,
epithelial phenotype to a highly motile mesenchymal phenotype
[4]. A major hallmark of EMT is the down-regulation of cell–cell
adhesion molecule, E-cadherin [5], and the up-regulation of sev-
eral transcriptional factors such as Snail, Slug and Twist, which
repress the transcription of E-cadherin [5].
B.V. This is an open access article u
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In particular, it has beenwell documented that Snail and Slug (a
closely related member of the Snail family) regulate several genes
involved in cell adhesion and cell junctions [6]. Despite many si-
milarities between Snail and Slug, they have different biological
functions via their target genes in cancer cells [7,8]. However, little
is known about the upstream molecules that modulate the ex-
pression of Snail and Slug, which is a cause of subsequent occur-
rence of EMT.

Syndecans (SDCs) are evolutionary conserved transmembrane
heparan sulfate proteoglycan. They are composed of four genes
(SDC1-4), and act as receptors and co-receptors of cytokines,
growth factors and extracellular matrix components. They parti-
cipate in regulation of cell–cell and cell–extracellular matrix (ECM)
adhesion, cell migration, and growth factor activity. Among them,
SDC4 is concentrated into focal adhesions together with integrins,
which cooperate in generating the signals for the formation of
focal adhesion and actin-stress fibers, resulting in the organization
of both morphology and cell migration [9]. To date, up-regulation
of SDC4 has been identified in the hepatocellular carcinomas and
malignant mesotheliomas [10,11]. Nevertheless, it is not clear
whether SDC4 play a role in tumor progression and metastasis
including EMT.

In the present study, we investigated the role of SDC4 in the
control of EMT elicited by transforming growth factor (TGF)-β1 in
human lung adenocarcinoma, A549 cells. We found that SDC4 is
implicated in the regulation of TGF-β1-induced EMT via Snail. In
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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addition, both SDC4 and Slug is required for completion of TGF-β1-
induced EMT in A549 cells.
2. Materials and methods

2.1. Cell culture and reagents

The human lung adenocarcinoma A549 cell line was obtained
from Riken Gene Bank (Tsukuba, Japan) and NCI-H292 cell line was
purchased from ATCC. A549 cells were maintained in Dulbecco's
modified Eagle's medium (DMEM), and NCI-H292 cells were cul-
tured in RPMI-1640 medium supplemented with 10% fetal bovine
serum (FBS) in a humidified atmosphere of 5% CO2 at 37 °C. TGF-
β1 was purchased from R&D Systems (Minneapolis, MN, USA).

2.2. RNA interference

Small interfering (si) RNAs for SDC4, Snail, Slug and control
scramble siRNA were obtained from Sigma-Aldrich (MISSIONs siRNA,
St. Louis, MO, USA). siRNAs with the following sense and antisense
sequences were used: SDC4, 5′-GUAUCUCCAGCUCUGAUUATT-3′
(sense), 5′-UAAUCAGAGCUGGAGAUACTT-3′ (antisense); SNAIL, 5′-
GCCUUCAACUGCAAAUACUTT-3′ (sense), 5′-AGUAUUUGCAGUU-
GAAGGCTT-3′ (antisense); SLUG, 5′-GCAUUUGCAGACAGGUCAATT-3′
(sense), 5′-UUGACCUGUCUGCAAAUGCTT-3′ (antisense); control
scramble, 5′-CAGUGAAAUUUAUCCACAATT-3′ (sense), 5′-UU-
GUGGAUAAAUUUCACUGTT-3′ (antisense). For transient RNA inter-
ference, the siRNA were transfected at a concentration of 100 pmol
per well with Lipofectamine RNAi MAX (Life Technologies Inc.,
Carlsbad, CA, USA) according to themanufacturer's protocol. Depletion
of the targeted genes was confirmed with Western blot, Dot blot
analysis, or the real-time reverse transcriptase PCR (RT-PCR).

2.3. RNA purification and real-time RT-PCR analysis

RNA was isolated with the RNeasy Mini Kit (Qiagen, Valencia,
CA, USA). First-strand cDNA was synthesized with the Prime Script
RT reagent kit (Takara Bio Inc., Otsu, Japan), and gene expression
was quantified with the SYBR Green method of real-time PCR with
the StepOne Real-Time PCR System (Life Technologies Inc.). Primer
sequences are provided in Supplementary Table S1. Relative
messenger (m) RNA levels, after normalization with GAPDH, were
assessed with the 2�ΔΔCt method. The experiments were per-
formed in triplicate.

2.4. Western blot and dot blot analysis

Whole cell lysates were prepared by lysing the cells in a buffer
containing 50 mM Tris–HCl (pH 7.5), 0.15 M NaCl, 0.1% sodium
dodecylsulfate, 1% sodium deoxycholate, 1% Triton X-100, and
proteinase and phosphatase inhibitor cocktails (Sigma-Aldrich).
Lysates were centrifuged for 10 min at 4 °C and an equal amount of
protein 25–50 μg from the supernatants was used for SDS-PAGE
and immunoblotting.

For Western blot analysis, the primary antibodies were as fol-
lows: E-cadherin (BD Biosciences, San Jose, CA, USA); N-cadherin,
Snail and Slug (Cell Signaling Technology); integrin α5, β1, and β3
(BD Biosciences); GAPDH (EMD Millipore, Bedford, MA, USA) and
SDC4 (Sigma-Aldrich). For Dot blot analysis, the conditioned
medium from A549 cells was collected after 24 h of TGF-β1 sti-
mulation, and blotted onto PVDF membranes. Then the membrane
was probed with SDC4-specific antibody and visualized with ECL
detection reagent.
2.5. Immunofluorescent staining

Cells grown on a glass slide (Poly-D-Lysine 8-well Culture
Slides, BD Biosciences) were fixed in 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100. After washing with PBS, the
cells were blocked with 1% bovine serum albumin in PBS, and
incubated with primary antibodies against SDC4 (1:50) overnight.
The cells were then incubated in Alexa Fluor 488-conjugated anti-
rabbit IgG (Life Technologies Inc.). For phalloidin staining, the cells
were incubated for 20 min at room temperature with Alexa Fluor
594 Phalloidin (Life Technologies Inc.) diluted with PBS and 0.1%
BSA. After immunostaining, the slides were stained with 4',
6-diamidino-2-phenylindole (DAPI) and mounted.

2.6. Wound-healing assay

Cells were seeded in triplicate on 24-well culture plates at
2�104 cells/well. A scratch through the central axis of the plate
was gently made using 200-μl micropipette tip 48 h after the cells
had been transfected with control non-specific, SDC4 or Slug siR-
NA. The cells were washed with PBS to remove any loose cells, and
fresh media were added with or without TGF-β1 (5 ng/ml). The
images were obtained immediately after wounding and after 20 h
of incubation. The percentage (%) change in restitution was de-
termined by comparing the difference in wound width (n¼3).

2.7. Transwell chemotaxis assay

The chemotactic response was assessed with the BD Falcon
FluoroBlok system (BD Biosciences) with pore sizes of 8.0 μm in 24-
well inserts. Cells (2�104 cells) transfected with control, SDC4 or Slug
siRNA were loaded into the inserts in 200 ml of DMEM medium con-
taining 0.5% FBS in the presence or absence of TGF-β1 (5 ng/ml).
Lower wells of the plate were filled with 800 ml of DMEM supple-
mented with 10% FBS as an attractant. After 24 h, the lower side of the
membrane were fixed with methanol and mounted on glass slides for
DAPI staining. DAPI-positive migrated cells were counted with a
fluorescent microscope. Assays were performed in triplicate with
3 separate microscope fields per membrane.

2.8. Cell proliferation assay

Cells were transfected with control or SDC4 siRNA at a con-
centration of 100 pmol per well. After transfection for 48 h, cells
(5�103 cells/well) were detached and re-seeded in a 96-well plate
in the presence or absence of TGF-β1. After 72 h incubation, the
MTT (Cell Titer 96 assay kit, Promega, Madison, WI) assay was
performed following the manufacturer's instruction. All experi-
mental points were set up in 6–12 wells and all experiments were
repeated at least 3 times.
3. Statistical analysis

Statistical analysis was carried out using a two-tailed Student's
t-Test. P valueso0.05 were considered significant.
4. Results

4.1. Up-regulation of SDC4 expression in TGF-β1-induced EMT

A549 cells have been frequently used as a model of inducible
TGF-β1-mediated EMT in lung cancer. As shown in Fig. 1A, treat-
ment with TGF-β1 induced a spindle-like mesenchymal mor-
phology characteristic of EMT in A549 cells. This morphological
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or absence of TGF-β1 (5 ng/ml) for 48 h then images were obtained. B, E-cadherin,
N-cadherin and Snail protein expression were determined byWestern blot analysis.
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indicates statistically significant (Po0.05). Right: the images of SDC4 expression by
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change was accompanied by decrease of E-cadherin expression
and increased expression of mesenchymal marker, N-cadherin and
EMT-related transcriptional factor, Snail and Slug (Fig. 1B, Fig. 1D).
These data indicated that A549 cells exhibit phenotype consistent
with EMT. In parallel with the occurrence of EMT, TGF-β1
significantly induced the expression of SDC4 at both protein and
mRNA levels (Fig. 1C, left panel, Fig. 1D). Immunofluorescence
analysis revealed the punctate localization of SDC4 in the TGF-β1–
treated A549 cells (Fig. 1C, right panel). Similar results were ob-
tained from the experiments in another human lung adenocarci-
noma cell lines, NCI-H292. SDC4 was induced in NCI-H292 cells by
the treatment of TGF-β1, accompanied by the changed expression
of some of EMT-related genes including E-cadherin, vimentin and
Snail (Fig. S4).

4.2. SDC4 partially contributes to TGF-β1-induced EMT via the up-
regulation of Snail

To clarify the role of SDC4 in TGF-β1-induced EMT, we examined
the effects of SDC4 siRNA on the EMT phenotype. As shown in Fig. 1D,
SDC4 knockdown partially restored the protein expression of E-cad-
herin, and decreased vimentin. RT-PCR analysis also showed that
SDC4 knockdown upregulated the expression of E-cadherin, regard-
less of whether or not TGF-β1 was present (Fig. 2C). mRNA induction
of mesenchymal markers, vimentin and N-cadherin, by TGF-β1
treatment was reduced in the SDC4-siRNA expressed A549 cells (Fig.
S6). Furthermore, SDC4 overexpression enhanced the induction of
EMT-related genes by the stimulation of TGF-β1 in the both A549 and
NCI-H292 cells (Fig. S5). These data show that SDC4 up-regulates the
process of TGF-β1-induced EMT. However, the spindle-shaped me-
senchymal morphology evoked by TGF-β1 remained in SDC4-knocked
down A549 cells (Fig. 2D), indicating that the SDC4 knockdown is
insufficient to restore the epithelial morphology. In addition, the
SDC4-overexpressing A549 and NCI-H292 cells remained the cobble-
stone appearance, a characteristic epithelial morphology (Fig. S5A).
These results suggest that SDC4 is not involved in the morphological
changes accompanied by EMT. Therefore, we investigated how SDC4
knockdown affected the expression of Snail and Slug. The knockdown
of SDC4 repressed the expression of Snail at both mRNA and protein
levels (Fig. 1D and 2A). In contrast, the expression of Slug protein was
not significantly changed by SDC4 knockdown (Fig.1D). Rather, Slug
mRNA was increased by SDC4 depletion, as opposed to Snail expres-
sion (Fig. 2A and B). In addition, we further addressed the effects of
Snail-forced expression in A549 cells (Fig. S2). Single overexpression of
Snail, however, did not induce the EMT phenotype. Above findings
raise the possibility that SDC4 partially contributes to TGF-β1-induced
EMT via the up-regulation of Snail, but additional molecules including
Slug is necessary for the completion of EMT in A549 cells.

4.3. Double knockdown of SDC4 and Slug restores epithelial mor-
phology of A549 cells

This notion mentioned above is supported by the experiments
using double knockdown of SDC4 and Slug. In the double-knock-
down A549 cells, E-cadherin mRNA increased approximately twice
as high as those with either SDC4 or Slug single-knockdown
(Fig. 2C). Knockdown of both SDC4 and Slug genes restored the
epithelial morphology from spindle shape of A549 elicited by TGF-
β1 (Fig. 2D). Moreover, phalloidin staining showed TGF-β1 in-
duced the actin stress fibers formation, a feature of EMT. Single
knockdown of SDC4 did not affect this actin remodeling. However,
when both SDC4 and Slug were silenced, actin filaments organi-
zation completely restored the epithelial morphology (Fig. 2E).
These results indicated that the expression of both SDC4 and Slug
is necessary for TGF-β1-induced EMT.

4.4. SDC-4 enhances TGF-β1-stimulated cell migration and
proliferation

The acquisition of more motile phenotype is important con-
sequences of EMT. In response to TGF-β1, A549 cells exhibited
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enhanced migratory ability, as shown by the wound-healing and
transwell chemotaxis assays (Fig. 3A and B). Knockdown of SDC4
resulted in a decreased migration ability with wound-closure rate
of 75.1% compared to control siRNA-transfected cells (97.6% wound
closure) in the presence of TGF-β1 (Fig. 3A, lane3, 4). A similar
result was observed in the transwell chemotaxis assay. SDC4



Y. Toba-Ichihashi et al. / Biochemistry and Biophysics Reports 5 (2016) 1–76
knockdown significantly blocked the cellular chemotaxis com-
pared with the control siRNA-treated cells, regardless of whether
or not TGF-β1 was present (Fig. 3B). However, we didn't find a
synergistic effect of the combination of Slug and SDC4 siRNA on
cell motility (Fig. 3A and B). Moreover, SDC4 increased the pro-
liferation of A549 cells as shown in Fig. 3C. These results indicate
that SDC4 accelerates the cell migration in the context of EMT.

4.5. Ectodomain shedding of SDC4 does not affect TGF-β1-induced
EMT

SDC4 is known to be shed by proteolytic cleavage, yielding a
variety of physiological reactions including cancer progression.
Therefore, we examined the effects of the shed SDC4 on EMT.
However, the quantity of shed SDC4 was not changed after ex-
posure of TGF-β1 (Fig. S1A). The addition of cell culture super-
natant from A549 cells didn’t compensate for the decrease of
E-cadherin and Snail mRNA expression by SDC4 siRNA (Fig. S1B).
These indicate that the SDC4 ectodomain is not functional for TGF-
β1-induced EMT.

4.6. SDC4 is required for retaining the inherent β1 and β3 integrin
expression pattern

SDC4 acts cooperatively with integrins in the processes of cell
spreading, focal adhesion formation and actin stress fiber assem-
bly. Therefore, we investigated the relationship between the ex-
pression of SDC4 and integrin in the process of EMT. By treatment
with TGF-β1, the expression of α5 integrin was significantly up-
regulated, whereas both β1 and β3 integrin expression were
down-regulated (Fig. 4A). When SDC4 was knocked down, α5
integrin expression was slightly decreased, while the expression of
β1 and β3 integrin was increased (Fig. 4A), suggesting partial re-
verse to the inherent phenotype of A549 cells. In addition, double
knockdown of SDC4 and Slug induced the decreased β1 integrin
expression and a further increase of β3 integrin expression
(Fig. 4A). These results suggest that the expression of β1 and β3
integrin are independently regulated by SDC4 and Slug, agreeing
with the results of actin filaments remodeling shown in Fig. 2E.
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Fig. 4. SDC4 are required for retaining the inherent β1 and β3 integrin expression
pattern. A, α5, β1, and β3 integrin expressions were determined by Western-blot
analysis. Forty-eight hours after transfection with indicated siRNA, A549 cells were
exposed with or without TGF-β1 (5 ng/ml) for 48 h. GAPDH was used as loading
control. B, Schema of simplified signal transduction pathways, regulating E-cad-
herin expression via SDC4, Snail and Slug, and consequent actin remodeling.
5. Discussion

In this study, we demonstrated a correlation between the up-
regulation of SDC4 expression and TGF-β1-induced EMT in human
lung adenocarcinoma, A549 cells. SDC4 is an upstream molecule of
Snail, and subsequently modulates the expression of EMT-related
genes and promotes cell migration. However, SDC4 didn't upre-
gulate Slug expression in EMT. Both SDC4 and Slug expression are
required for the TGF-β-induced EMT in A549 cells.

SDC4 is a focal adhesion component in a range of cell types,
adherent to several different matrix molecules, activating protein
kinase C-alpha, focal adhesion kinase (FAK), and small GTPase Rho
to promote cell adhesion and motility. The SDC4 overexpressing
cells showed larger and denser focal adhesions, and correlated to
stronger attachment and decreased cell motility [12], whereas
SDC4 null cells are deficient in phosphorylated FAK and show
impaired cell motility [13,14]. E-cadherin is a mediator cell–cell
adhesion in epithelial tissue, and loss of E-cadherin can promote
invasive and metastatic behavior in many epithelial tumors [15].
Our study revealed that the SDC4 knockdown significantly in-
hibited Snail expression and induced E-cadherin. Conversely, Kato
et al. reported that loss of syndecan-1 resulted in the mesenchy-
mal phenotype accompanied by the decrease of E-cadherin [16].
Therefore, this is the first report that SDC4 is involved in TGF-β1-
induced EMT via Snail signaling.

Snail and Slug are key regulators of TGF-β1-induced EMT in a
variety of cancers. Several studies have shown that the induction
of both Snail and Slug in the response to TGF-β is mediated by
common transcriptional factor, Smad3, which binds to the pro-
moter and activates its transcription of these genes [17–19]. In our
study, however, SDC4 raised the expression of Snail and repressed
Slug (Fig. 1D, 2A and B). Similar results have been reported in
estradiol/estrogen α-induced EMT in breast cancer cell lines [20].
In that paper, the transcription of Slug gene was modulated by the
epigenetic histone modification or phosphoinositide 3-kinase/
protein kinase B signaling [20]. Furthermore, in pancreatic cancer,
Snail and Slug have different functions on cell motility and Rho
signaling [21]. Snail, but not Slug, promotes cell migration by β1
integrin [21]. Thus, molecular mechanisms by which the tran-
scription of Snail and Slug is inversely regulated in TGF-β-induced
EMT in A549 cells need further elucidation.

Silencing of SDC4 upregulated the E-cadherin expression even
in the absence of TGF-β1 (Fig. 2C), though the Snail level was not
changed significantly (Fig. 2A). One interpretation of these results
is that SDC4 regulates E-cadherin expression via other repressors
of E-cadherin expression (e.g. ZEB1/2, Twist1/2 and E47/TCF3 etc)
than Snail under the condition without TGF-β1. SDC4 is a multi-
functional proteoglycan, which functions as a co-receptor for
several growth factors, an independent receptor for FGF or PDGF, a
physical connector to extra cellular matrix, and a regulator of Wnt
signaling. Therefore, SDC4 might control the expression of E-cad-
herin through the various and complex signaling in basal
condition.

The shed SDC4 ectodomain by proteolytic cleavage is also an
important regulatory mechanism for altering pathophysiological
conditions, including the processes of tumor development, pro-
gression, and metastasis [25–29]. Our study shows that exposure
to the conditioned media from A549 cells, including the shed SDC4
ectodomain, is insufficient to disrupt expression of the EMT mar-
kers E-cadherin and Snail in response to TGF-β1 in SDC4-atte-
nuated A549 cells (Fig. S1). These findings suggest that the cyto-
plasmic domain of SDC4 is required for TGF-β–induced EMT.

SDC4 functions as a co-receptor for chemokine and growth
factor including TGF-β, vascular endothelial growth factor and fi-
broblast growth factors [22,23]. SDC4 facilitates binding of such
growth factors to their receptors through the heparan sulfate
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chains, and enhances the signal evoked by these receptors [24].
Our data showed that TGF-β induced SDC4 expression, followed by
the progression of EMT. Possibly, the induced SDC4 protein might
further promote EMT by the acceleration of binding TGF-β to the
receptor in a positive feedback manner.

In addition, SDC4 is involved in focal adhesion formation and
actin stress fibers by cooperating with integrins in a Rho– and
protein kinase Cα–dependent manner [25]. A recent study showed
that TGF-β signaling enhances Smad3 binding to the β1 integrin
promoter, triggering an up-regulation of β1 integrin gene ex-
pression [26]. Another study also reported that TGF-β induced to
increase both mRNA and protein of β3 integrin subunit in human
lung fibroblasts via Src-, and p38 MAPK-dependent pathway [27].
Generally, raised expression of α5β1 and αvβ3 integrin is favorable
for cell movement via the attachment to extracellular matrix
(ECM) such as fibronectin and vitronectin. However, in human
lung adenocarcinoma, A549 cells, TGF-β induced the α5 integrin,
but reduced β1/β3 integrin slightly (Fig. 4A). Additionally, SDC4
knockdown led to further increase of both β1 and β3 integrin,
although its knockdown inhibited EMT (Fig. 1 and 4). This finding
is contrary to previous reports described above [24, 25]. SDC4 is
known to interact with ECM identically to integrins and a full cell-
adhesion to ECM requires engagement of both types of receptors.
Therefore, the increased expression of β1/β3 integrin by SDC4
knockdown may have resulted from a compensation for the atte-
nuated binding between SDC4 and ECM.

SDC4 knockdown could not change the mesenchymal mor-
phology associated with TGF-β1-induced EMT (Fig. 2D and E).
Double knockdown of SDC4 and Slug make it possible to revert to
the epithelial morphology. Furthermore, single knockdown of
SDC4 repressed the cellular restitution and chemotaxis, while
double knockdown of SDC4 and Snail exhibited no synergistic
effects on the cell migration (Fig. 3). These data suggest that Snail
is a regulator of cell motility downstream of SDC4, and Slug is a
modulator of the cytoskeletal changes and actin remodeling in
TGF-β1-induced EMT in A549 cells. Moreover, single over-
expression of Snail could not induce any EMT phenotypes in A549
cells (Fig. S2), suggesting that the progression of TGF-β1-induced
EMT is required for more additional factors, e.g. Zeb and Twist
family genes.

In conclusion, we have identified a novel role for SDC4 and a
new regulatory mechanism during TGF-β1-mediated EMT in lung
adenocarcinoma, A549 cells. A549 cells are the typical model of
TGF-β-induced EMT. It is necessary to generalize the involvement
of SDC4 in EMT using other NSCLC cell lines. Further studies about
the regulatory mechanisms of TGF-β-induced EMT via SDC4
should be carried out, thereby disclosing the aspects of cell mo-
tility, cell adhesion, and actin filament remodeling in cancer cell
invasion and metastasis.
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Abstract. Background: Acute chemotherapy-associated
exacerbation of interstitial lung disease (ILD) can occur in
patients with non-small cell lung cancer (NSCLC). The
safety and efficacy of cytotoxic chemotherapy has not yet
been established for NSCLC with ILD. Thus, patients with
advanced NSCLC with ILD usually receive only best
supportive care. The aim of this study was to assess the
safety and efficacy profiles of the combination chemotherapy
of vinorelbine and a platinum agent in patients with
advanced NSCLC with ILD. Patients and Methods: Nineteen
patients with advanced NSCLC with ILD treated with
vinorelbine and a platinum agent, either cisplatin or
carboplatin, were retrospectively reviewed to examine acute
exacerbation of ILD, toxicity, response rate, and survival
time. Additionally, possible predictive factors for acute
chemotherapy-associated exacerbation of ILD were
analyzed. Results: The response rate was 42.1%, the
progression-free survival time was 4.4 months, the median
survival time was 7.4 months, and the one-year survival rate
was 36.8%. Neutropenia was the most frequent grade 3 to 4
toxicity and it occurred in 63.2% of patients. Acute
chemotherapy-associated exacerbation of ILD occurred in
three patients (15.8%) and caused the death of one of these
patients (5.3%). No variables were identified as being
predictive factors for acute chemotherapy-associated

exacerbation of ILD. Conclusion: The combination
chemotherapy with vinorelbine and a platinum agent can be
considered as a treatment option for patients with advanced
NSCLC with ILD, with careful management after sufficient
evaluation of the risks and the benefits. 

Various interstitial lung diseases (ILDs) have been reported to
be risk factors for lung cancer (1). In particular, the incidence
of lung cancer in patients with idiopathic pulmonary fibrosis
(IPF) has been reported to be high and ranges from 4.4 to 38%
(1-3). In patients with lung cancer, the prevalence of IPF is
2% to 8% (3). ILDs are typically chronic conditions and
gradually cause respiratory insufficiency. However, some
patients with ILD have acute exacerbations characterized by
acute progressive and severe respiratory failure, with newly-
appearing ground-glass opacity or consolidation on computed
tomography (CT) of the chest (4-9). Acute exacerbation of
ILD can cause death in weeks to months.

Acute exacerbation of ILD can occur with surgery,
chemotherapy, or thoracic radiotherapy in patients with lung
cancer with ILD (10-14). Retrospective studies have found
rates of acute chemotherapy-associated exacerbation of ILD
in patients with lung cancer with ILD to be 20.0% to 37.9%
(12-15). However, few studies have evaluated the safety,
efficacy, and rate of acute exacerbation of ILD associated
with specific chemotherapy regimens in patients with lung
cancer with ILD. Recently, in a retrospective study, the
combination chemotherapy of monthly or weekly carboplatin
and weekly paclitaxel was reported to have caused grade 3
or greater pneumonitis in four out of 15 patients (27%) with
advanced non-small cell lung cancer (NSCLC) with ILD
(15). On the other hand, Minegishi et al. reported that
combination chemotherapy of carboplatin and weekly
paclitaxel caused acute exacerbation of ILD in only one out
of 18 patients (5.6%) with advanced NSCLC with ILD (16).
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For patients with advanced NSCLC with ILD, the indication
for chemotherapy has not yet been evaluated and a standard
regimen has not been established because such patients have
been excluded from almost all clinical trials. Thus, patients
with advanced NSCLC with ILD usually receive only best
supportive care, which is comfort-oriented.

The combination chemotherapy of vinorelbine and a
platinum agent, either cisplatin or carboplatin, is a standard
chemotherapy regimen for patients with advanced NSCLC.
Several studies have shown that this regimen achieves
promising survival times and response rates in these
patients (17-19). However, to our knowledge, combination
chemotherapy of vinorelbine and a platinum agent has not
been evaluated in patients with advanced NSCLC with ILD.
Therefore, the aims of the present study were to examine
the safety, efficacy, and associated rate of acute
exacerbation of ILD of the combination chemotherapy of
vinorelbine and a platinum agent, either cisplatin or
carboplarin, in patients with advanced NSCLC with ILD
and to identify factors predicting acute chemotherapy-
associated exacerbation of ILD.

Patients and Methods

Patients. From July 2000 through April 2009, 28 patients with
advanced NSCLC with ILD were examined at our institution. Out of
these 28 patients, 19 (67.9%) met the criteria mentioned below and
underwent combination chemotherapy with vinorelbine and cisplatin
or carboplatin. Data of these 19 patients were retrospectively
analyzed. Out of another 9 patients, 6 received only best supportive
care, 2 received single-agent chemotherapy, and 1 received other
combination chemotherapy. The criteria for treatment with this
regimen were as follows: histologically- or cytologically-proven
NSCLC, unresectable stage III or IV disease, a measurable lesion,
and adequate bone marrow function (neutrophil count of 1,500/μl
or more, platelet count of 100,000/μl or more, and hemoglobin level
of 9.0 g/dl or more), renal function (serum creatinine levels less than
1.5 mg/dl and creatinine clearance rate of 50 ml/min or more), and
hepatic function (total serum bilirubin level less than the upper limit
of the normal range, aspartate aminotransferase and alanine
aminotransferase levels less than or equal to twice the upper limits
of the normal ranges). Patients who had ILD-related collagen
vascular disease were included. Patients who had unstable or acute
ILD were excluded. In addition, patients were excluded if they had
active infections, severe heart disease, pleural effusion or pericardial
effusion that required drainage, or symptomatic brain metastasis.
This study protocol for retrospective analysis was approved by the
Ethics Committee of Showa University School of Medicine.

Treatment. The treatment regimen consisted of vinorelbine at a dose
of 20 or 25 mg/m2 and of cisplatin at a dose of 80 mg/m2 or
carboplatin with a target area under the plasma concentration versus
time curve of (AUC) of 5 mg min/ml using the Calvert formula.
Cisplatin or carboplatin was administered on day 1, and vinorelbine
was administered on days 1 and 8. These agents were administered
every three weeks. Chemotherapy was discontinued for grade 3 or
higher non-hematological toxicity, except for nausea/vomiting,

anorexia, constipation, diarrhea, alopecia, and fatigue; serum
creatinine levels greater than 2.0 mg/dl; or a treatment outcome of
progressive disease at any time. Vinorelbine was not given on day 8
of treatment if the neutrophil count was less than 1,000/μl or if the
platelet count was less than 75,000/μl. Full doses of vinorelbine
were then given on day 15 of treatment. If the serum creatinine level
was 1.5 to 2.0 mg/dl, cisplatin or carboplatin was withheld. The
doses of these agents during the next course were reduced by 20%
of the previous doses for grade 4 neutropenia lasting three days or
longer, grade 3 or 4 neutropenia associated with a fever greater than
38˚C, or grade 4 thrombocytopenia.

Definition of ILD and acute exacerbation. ILD was classified as
showing an IPF pattern and a non-IPF pattern. Diagnosis of the IPF
pattern was made with high-resolution CT of the chest and clinical
features according to the American Thoracic Society/European
Respiratory Society criteria (20). Typical chest CT findings of the
IPF pattern were as follows: basal predominant, sub-pleural reticular
abnormality with traction bronchiectasis, honeycomb cysts, and no
atypical features of IPF (21, 22). The CT scans were reviewed by
two physicians. Acute exacerbation of ILD was diagnosed when the
following criteria had been fulfilled within one month; i)
exacerbation of dyspnea; ii) decline in arterial oxygen tension
(PaO2) of 10 mmHg or more under the same conditions; iii)
exacerbation of consolidation or ground-glass opacity on CT scan;
and iv) heart failure, pulmonary infection, pulmonary embolism, or
pneumothorax had been excluded (4-6).

Clinical evaluation. Evaluation for staging before treatment included
chest radiography, CT of the chest and abdomen, magnetic
resonance imaging or CT of the brain, and radionucleotide bone
scanning. During chemotherapy, complete blood cell counts with
differential and routine chemistry profiles were determined at least
once a week, and chest radiography was performed once per week.
In 15 patients, the percent age vital capacity (%VC) and percent age
diffusing capacity for carbon monoxide (%DLCO) were evaluated
before chemotherapy.

We investigated serum C-reactive protein (CRP), lactate
dehydroxygenase (LDH), Klebs von den Lungen (KL)-6, surfactant
protein D (SP-D), and PaO2, arterial carbon oxygen tension
(PaCO2), and alveolar-arterial PaO2 difference (AaDO2) in arterial
blood while the patient breathed room air before chemotherapy. We
compared these variables between patients with and without acute
exacerbation of ILD. 

Tumor response was classified according to the Response
Evaluation Criteria in Solid Tumors criteria version 1.0 (23). The
toxicity was evaluated according to the National Cancer Institute
Common Terminology Criteria for adverse events 3.0 (24).

Statistical methods. Overall survival time was measured from the start
of the present treatment until death or last follow-up. Progression-free
survival (PFS) time was measured from the start of treatment to the
identifiable time of progression. The Kaplan-Meier method was used
to construct survival curves. Survival differences between subgroups
were compared by means of the log-rank test. The chi-square test was
used to determine the significance of differences of laboratory
variables between patients with and without acute exacerbation of ILD.
Differences with a p-value <0.05 were considered statistically
significant. Statistical analyses were performed using the Stat View 5.0
software package (SAS Inc., Chicago, IL, USA). 
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Results

Patients’ characteristics. Of the 19 patients, 16 were men and
three were women, with a mean age of 69 years (range=52-79
years; Table I). Sixteen patients had a IPF pattern and three
patients a non-IPF pattern. Five patients underwent
chemotherapy to treat recurrent disease after surgery (one
patient) or thoracic radiotherapy (four patients). Additionally,
one patient underwent chemotherapy after palliative thoracic
radiotherapy because of stenosis of a main bronchus. The
median number of cycles of chemotherapy was 2 (range=1-4).

The mean serum levels of CRP, LDH, KL-6, and SP-D were
2.9 mg/dl, 292.7 IU/l, 912.8 U/ml, and 101.5 ng/ml, respectively.
Mean PaO2, PaCO2, and AaDO2 were 81.1 mmHg, 38.5 mmHg,
and 20.7 mmHg, respectively. Mean %VC and %DLCO were
89.6% and 64.5%, respectively.

Treatment response and survival. Out of the 19 patients, none
achieved a complete response, eight achieved a partial response,
six had stable disease, four had progressive disease, and one was
not evaluable: the overall response rate was 42.1% (95%
confidence interval=20.3%-66.5%) and the disease control rate
was 73.7% (95% confidence interval=48.8%-90.9%).

Survival analysis was performed when the median follow-
up time of all patients was 7 months. At the time of analysis,
two patients (10.5%) were alive, and one patient had been

lost to follow-up. The median PFS time was 4.4 months
(range=1-44 months; Figure 1). The median survival time
(MST) was 7.4 months (range=1-44 months), and the one-
year survival rate was 36.8% (Figure 2).

At the time of evaluation, one patient was alive without
recurrence, and three patients had died without cancer
recurrence. Out of the 15 other patients who had recurrence,
six (40%) received second-line chemotherapy: five (33.3%)
received cytotoxic chemotherapy-alone, one (6.7%) received
both cytotoxic chemotherapy and an epidermal growth factor
receptor (EGFR) tyrosine kinase inhibitor. The other nine
patients received only best supportive care.

Acute exacerbation of ILD and other toxicities. Acute
chemotherapy-associated exacerbation of ILD occurred in
three patients (15.8%) and caused the death of one of these
patients (5.3%). The patient who died of acute exacerbation
of ILD was a 56-year-old man with adenocarcinoma and an
IPF-pattern ILD. He underwent three cycles of chemotherapy
with cisplatin and vinorelbine and achieved a partial
response. However, he had high fever 21 days after the
completion of the third cycle of chemotherapy and
consequently had dyspnea. A CT scan of the chest showed
newly-diffuse ground-glass opacity in both lungs. Although
corticosteroid pulse therapy (1000 mg of methylprednisolone
per day for three days) was administered, the respiratory
failure did not resolve, and the patient died of acute
exacerbation of ILD. Another patient with IPF-pattern ILD
had acute exacerbation of ILD unrelated to chemotherapy 
30 months after the completion of chemotherapy. Although
she received corticosteroids and immunosuppresive therapy,
respiratory function worsened, and she died of her
respiratory failure 45 months after the completion of
chemotherapy without cancer recurrence.

Of the toxicities other than acute exacerbation of ILD,
neutropenia was the most frequent grade 3 to 4 toxicity and
occurred in 63.2% of patients (Table II). Infection was the
most frequent grade 3 to 4 non-hematological toxicity and
occurred in 21.1% of patients. There was one treatment-related
death due to enterocolitis accompanied by severe diarrhea.

Markers for predicting acute exacerbation of ILD. We
evaluated possible markers (CRP, LDH, KL-6, SP-D, PaO2,
and AaDO2) for predicting acute chemotherapy-associated
exacerbation of ILD (Table III). However, none were
significantly correlated with chemotherapy-associated
exacerbation of ILD.

Discussion

Acute exacerbation of various types of ILD has been reported
to occur in patients without lung cancer (4-9). Acute
exacerbation of IPF, non-specific interstitial pneumonia, and
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Table I. Patients’ characteristics.

Total numbers of patients 19
Gender (male/female) 16/3
Median age in years (range) 69 (52-79)
Smoking status

Current 13
Former 5
Never 1

Performance status (0/1/2/3) 2/12/4/1
Stage (IIIA/IIIB/IV) 4/6/9
Histological type

Squamous cell carcinoma 7
Adenocarcinoma 10
Other 2

ILD pattern
IPF pattern 16
Non-IPF pattern 3

Combined with emphysema (yes/no) 6/13
Treatment before chemotherapy

Surgery 1
Thoracic radiotherapy 5
None 13

Treatment regimen
Carboplatin+vinorelbine 9
Cisplatin+vinorelbine 10

ILD: Interstitial lung disease; IPF: idiopathic pulmonary fibrosis.



ILD related to collagen vascular disease in the year after
diagnosis have been reported to occur at rates of 5% to 19%,
4.2%, and 1.3% to 3.3%, respectively (4, 7-9). On the other
hand, in patients who have lung cancer without ILD, lung
injury associated with anticancer chemotherapy has been
reported to occur at rates of 0.5% to 2.5% (25, 26). Such lung
injury is more common in patients with ILD than in those
without (25). Additionally, the frequency of acute exacerbation
of ILD is higher in Japanese patients than in patients from
other countries, due, perhaps, to a genetic difference (25).

Retrospective studies in patients with lung cancer with ILD
have found acute chemotherapy-associated exacerbation of

ILD at rates of 20.0% to 37.9% (12-15). Recent prospective
or retrospective Japanese studies have reported that
combination chemotherapy of carboplatin and weekly
paclitaxel causes acute exacerbation of ILD in 5.6% to 27%
of patients with advanced NSCLC with ILD (15, 16). In the
present study, combination chemotherapy of vinorelbine and
a platinum agent caused acute exacerbation of ILD in three
of 19 patients (15.8%) with advanced NSCLC with ILD. This
rate was equivalent to or lower than rates in previous
retrospective and prospective studies in Japan (12-16).
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Figure 1. Progression-free survival (PFS) time estimated with the
Kaplan-Meier method. The median PFS time was 4.4 months (range=1-
44 months).

Figure 2. Overall survival estimated with the Kaplan-Meier method. The
median survival time was 7.4 months (range=1-44 months).

Table II. Toxicity according to the National Cancer Institute-Common
Terminology Criteria (ref. 24)

Toxicity Grade

1 2 3 4 5 3-5 (%)

Neutropenia 1 4 3 9 0 63.2
Thrombocytopenia 4 6 4 3 0 36.8
Anemia 5 0 1 0 0 5.3
Infection 0 2 3 0 1 21.1
Renal dysfunction 1 0 0 0 0 0
Elevation of aminotransferase 1 2 0 0 0 0
Nausea 7 2 0 0 0 0
Diarrehea 0 0 0 0 1 5.5
Peripheral neuropathy 5 0 0 0 0 0
Arthralgia 2 0 0 0 0 0
Shortness of breath 3 1 1 0 0 0
Pneumonitis 0 0 1 1 1 15.8
Hypoxia 0 1 4 1 0 26.3

Table III. Variables before chemotherapy associated with acute
exacerbation of interstitial lung disease.

Laboratory  Cut-off Acute p-Value
data value exacerbation

Yes No

CRP (mg/dl) >1 3 9 0.15
<1 0 7

KL-6 (U/ml) >500 2 13 0.57
<500 1 3

SP-D (ng/ml) >120 0 8 0.11
<120 3 8

LDH (IU/l) >350 1 2 0.36
<350 2 14

PaO2 (mmHg) >70 2 16 0.46
<70 1 3

AaDO2 (mmHg) >20 3 8 0.11
<20 0 8

CRP: C-Reactive protein; LDH: lactate dehydroxygenase; KL-6: Klebs
von den Lungen; SP-D: surfactant protein D; PaO2: arterial oxygen
tension; AaDO2: alveolar-arterial PaO2 difference.



Considering that acute exacerbation of ILD can occur without
chemotherapy, the combination chemotherapy of vinorelbine
and a platinum agent could be administered to patients with
advanced NSCLC with ILD, with careful management after
sufficient evaluation of the risks and the benefits.

In recent Japanese studies, the response rate with
combination chemotherapy of carboplatin and weekly
paclitaxel for patients with advanced NSCLC with ILD was
33% to 61%, the median PFS time was 2.5 to 5.3 months,
and the MST was 7.0 to 10.6 months (15, 16). In the present
study, the response rate was 42.1%, the PFS time was 4.4
months, and the MST was 7.4 months. Response rates and
PFS times in patients with advanced NSCLC with ILD in
these two earlier studies and the present study were
equivalent to those in previous randomized phase III studies
of patients with advanced NSCLC without ILD, but the
MSTs were inferior (19, 27, 28). The inferior MSTs despite
equivalent response rates and PFS times in patients with
advanced NSCLC with ILD could be due to some patients
having acute exacerbation of ILD both associated and not
associated with chemotherapy. In addition, such patients
were less likely to receive second-line chemotherapy than
patients without ILD, despite the fact that docetaxel,
pemetrexed, or EGFR tyrosine kinase inhibitor is
recommended as a second-line therapy for relapsed or
refractory advanced NSCLC (29). Although patients with
advanced NSCLC with ILD have usually received best
supportive care because a standard chemotherapy regimen
has not been established, our present results and the results
of previous studies suggest that chemotherapy would be
beneficial for patients with advanced NSCLC with ILD.

Markers have not been established for predicting acute
chemotherapy-associated exacerbation of ILD in patients
with NSCLC with ILD. Isobe et al. reported that smoking
index, but not LDH, KL-6, SP-D, PaO2, %VC, or %DLCO,
is the only predictive marker for acute exacerbation of IPF
associated with cancer therapy (13). Minegishi et al. reported
that CRP, but not KL-6, SP-D, PaO2, or %VC, is the only
predictive marker for acute exacerbation of ILD associated
with chemotherapy (12). In the present study, none of the
evaluated markers, including CRP, LDH, KL-6, SP-D, PaO2,
and AaDO2, was identified as a predictive marker for acute
chemotherapy- associated exacerbation of ILD.

Our study has several limitations. Firstly, patient
characteristics were heterogeneous, because this study was
retrospective. This study included five patients who underwent
chemotherapy when they had recurrences after surgery or
thoracic radiotherapy and one patient who underwent
chemotherapy after palliative thoracic radiotherapy. Previous
therapies could have affected the development of acute
chemotherapy-associated exacerbation of ILD. Secondly, the
number of patients was too small to precisely determine the
safety and efficacy of chemotherapy and to identify predictive

markers for acute chemotherapy-associated exacerbation of
ILD. Performing a large prospective study of specific
chemotherapy regimens in patients with advanced NSCLC with
ILD is difficult because few patients have both these conditions.

In conclusion, to our knowledge, the present study is the
first to evaluate platinum doublet chemotherapy with
vinorelbine in patients with advanced NSCLC with ILD. In
this study, the efficacy and the rate of acute exacerbation of
ILD compared favorably with those of other platinum
doublet regimens for patients with advanced NSCLC with
ILD. Therefore, combination chemotherapy with a platinum
agent and vinorelbine can be considered as a treatment
option for patients with advanced NSCLC with ILD, with
careful management after sufficient evaluation of the risks
and the benefits. Large prospective studies are warranted to
evaluate the safety and efficacy of chemotherapy in patients
with advanced NSCLC with ILD.
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Abstract

Purpose: CYP2D6 is the key enzyme responsible for the
generation of the potent active metabolite of tamoxifen,
"endoxifen." There are still controversial reports questioning
the association between CYP2D6 genotype and tamoxifen
efficacy. Hence, we performed a prospective multicenter study
to evaluate the clinical effect of CYP2D6 genotype on tamoxifen
therapy.

Experimental Design:We enrolled 279 patients with hormone
receptor–positive and human epidermal growth factor receptor 2-
negative, invasive breast cancer receiving preoperative tamoxifen
monotherapy for 14 to 28 days. Ki-67 response in breast cancer
tissues after tamoxifen therapy was used as a surrogate marker for
response to tamoxifen.Weprospectively investigated the effects of
allelic variants of CYP2D6 on Ki-67 response, pathological
response, and hot flushes.

Results: Ki-67 labeling index in breast cancer tissues signifi-
cantly decreased after preoperative tamoxifen monotherapy (P ¼
0.0000000000000013). Moreover, proportion and Allred scores
of estrogen receptor–positive cells in breast cancer tissues were
significantly associated with Ki-67 response (P ¼ 0.0076 and
0.0023, respectively). Although CYP2D6 variants were not asso-
ciated with pathologic response nor hot flushes, they showed
significant association with Ki-67 response after preoperative
tamoxifen therapy (P ¼ 0.018; between two groups, one with at
least onewild-type allele and the otherwithout awild-type allele).

Conclusions: This is the first prospective study evaluating the
relationship between CYP2D6 variants and Ki-67 response after
tamoxifen therapy. Our results suggest that genetic variation in
CYP2D6 is a key predictor for the response to tamoxifen in patients
with breast cancer. Clin Cancer Res; 23(8); 2019–26. �2016 AACR.

Introduction
Tamoxifen has been mainly used for the treatment or preven-

tion of recurrence in patientswith estrogen receptor (ER)–positive
breast cancers. Five-year tamoxifen therapy was reported to
improve the risk of its relapse at least for 15 years, particularly
for estrogen receptor–positive invasive tumors in premenopausal
women (1). However, in the result of the ATLAS trial (Adjuvant
Tamoxifen Longer Against the Shorter), the risk of recurrence

during years 5 to 14 was >20% in the patients treated with
adjuvant tamoxifen therapy (2). Despite many studies being
conducted, the mechanisms underlying the response to this drug
in a subset of the patients are not fully identified. 4-Hydroxyta-
moxifen and endoxifen (4-hydroxy-N-desmethyltamoxifen),
which are representative metabolites of tamoxifen, are known to
be active therapeutic moieties (3, 4). These two metabolites have
100- fold greater affinity to ER and 30- to 100-fold greater potency
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in inhibiting estrogen-dependent cell growth compared with a
parent compound, tamoxifen (3–5). Hence, it has been consid-
ered that the differences in the formation of these active meta-
bolites could affect the interindividual variability in the response
to tamoxifen. Cytochrome P450 2D6 (CYP2D6) is one of the key
enzymes for the generation of the potent active metabolites of
tamoxifen, "4-hydroxytamoxifen" and "endoxifen" (6). Many
studies indicated that decreased—or null-function—alleles of
CYP2D6 were associated with poor clinical outcome of breast
cancer patients treated with tamoxifen (7–12). Genotype-guided
dose-adjustment study of tamoxifen provides the evidence that
dose adjustment is useful for the patients carrying the reduced or
null allele of CYP2D6 to maintain the effective endoxifen level
(13, 14). However, there are several reports claiming the lack of
association between CYP2D6 genotypes and tamoxifen efficacy
(15–19), although these studies have been criticized for multiple
issues as the cause of false-negative results, including inappropri-
ate patients population, inappropriate DNA sources, and incom-
plete genotyping analysis (20). Hence, it is critically important to
perform prospective studies to clarify the clinical significance of
CYP2D6 genotypes in tamoxifen therapy (21, 22).

Expression levels of Ki-67 protein, a proliferation biomarker,
have been known as a predictive marker for the prognosis of
cancer patients (23–25). Although clinicopathologic factors such
as baseline Ki-67 and tumor size are unlikely to be associatedwith
clinical response to tamoxifen (1, 25), higher Ki-67 expression
after short-term (2 weeks) endocrine therapy is suggested to be
significantly associated with lower recurrence-free survival in
patients with breast cancer (24, 25). Hence, a change in the
expression of Ki-67 after short-term tamoxifen therapy could be
a promising surrogate biomarker of tamoxifen efficacy (24, 25).
Here, we conducted the first prospective association study
between Ki-67 response after short-term (14–28 days) preoper-
ative tamoxifen therapy and CYP2D6 variants in breast cancer
patients and evaluated the effect of CYP2D6 genotypes on tamox-
ifen therapy.

Materials and Methods
Patients

The primary objective of this study was to examine the asso-
ciation between CYP2D6 genotypes and clinical response mea-

sured by Ki-67 expression levels in breast cancer tissues in patients
who are treated with tamoxifen preoperatively. The secondary
objective was to determine the effect of CYP2D6 genotype on
pathologic response and adverse event (hot flushes). According to
the previous report (26), Ki-67 labeling index decreased by 59.5%
and76.0%after 2weeks of preoperative tamoxifen and aromatase
inhibitor treatment, respectively. Suppose Ki-67 response after
tamoxifen therapy in patients with CYP2D6 wt/wt correspond to
those after aromatase inhibitor therapy, sample size required in
this study is approximately 280 patients under the following
conditions; statistical power >80%, significance level P < 0.05,
standard deviation (d) ¼ 50. Two hundred seventy nine patients
with primary breast cancer were prospectively recruited from July
2012 to July 2014 at Showa University, Nippon Medical School,
Tokyo Medical University, Saitama Cancer Center, Hirosaki
Municipal Hospital, Sapporo Medical University, Sapporo Breast
Surgical Clinic, Nakagami Hospital, Sagara Hospital, Yokohama
City University Medical Center, Yokohama Minato Red Cross
Hospital, St. Marianna University School of Medicine Hospital,
Tan Tock SengHospital, andNational University Cancer Institute,
Singapore. All patients were women who were pathologically
diagnosed with ER-positive (>10%), human epidermal growth
factor receptor 2 (HER2)-negative, invasive breast cancer without
distant spread. ER statuswas evaluatedby immunohistochemistry
at each site. HER2 negativity was defined as <2þ immunohisto-
chemical staining or 2þ immunohistochemical staining without
gene amplification by FISH test. After the definitive diagnosis of
breast cancer, all patients received 20 mg/day of tamoxifen for 14
to 28 days (in the waiting period for radical operation) until the
day before the operation for the primary breast cancer.

Core-needle biopsy samples for diagnosis of the primary tumor
were obtained before the first dose of tamoxifen, and tumor
tissues after tamoxifen treatment were obtained at the time of
surgery. Tissue samples were fixed in 10% neutral-buffered for-
malin for <48 hours before being embedded in paraffin. Serial
sections (4 mm)were cut and immunostained withmousemono-
clonal antibody to Ki-67 (clone Mib-1, 1/200 dilution; Dako) for
30 minutes at room temperature with an automatic immunos-
tainer (Autostainer; Dako). Ki-67 labeling index was recorded as
the percentage of immunoreactive cells over the total number of
invasive neoplastic cells or over at least 2,000 tumor cells in
hotspot of each of the invasive carcinoma in the core-needle
biopsy and surgical specimen. Automated recognition and count-
ing of the tumor and immunoreactive cells were carried out using
the Pathology Decision Support System "e-Pathologist" (NEC
Corporation, Tokyo). Pathologic response to tamoxifen was
assessed by using a 6-grade scale as follows: grade 0, no response;
grade 1a, mild response; grade 1b, mild to moderate response;
grade 2a, moderate to marked response; grade 2b, marked to
almost complete response; grade 3, almost complete response.

International Union Against Cancer TNM classification was
used to determine the tumor and nodal status. This study was
approved by the Institutional Review Boards of the National
Cancer Center (Tokyo, Japan) and each participating institution.
Written informed consent was obtained from all patients.

Genotyping
Genomic DNA was extracted from peripheral blood using a

Qiagen DNA extraction kit (Qiagen). Genotyping for key poly-
morphisms for CYP2D6�4 (1846G>A), CYP2D6�6 (1707delT),
CYP2D6�10 (100C>T), CYP2D6�14 (1758G>A), CYP2D6�18

Translational Relevance

Although many investigations on tamoxifen pharmacoge-
nomics have been performed, there are still inconsistencies
with regard to the association results between efficacy of
tamoxifen and genetic polymorphism of CYP2D6, which is
the rate-limiting enzyme responsible for the metabolism of
tamoxifen to its active metabolite, endoxifen. The data from
our first prospective tamoxifen-CYP2D6 study show that
CYP2D6 variants are significantly associated with Ki-67
response, a surrogate marker for efficacy of tamoxifen, after
tamoxifen therapy. Integration of genotypes of CYP2D6 and
the other genes, which are identified as novel predictors for
efficacy of tamoxifen, could be the future approach to improve
the ability of physicians to select the right drug for the estrogen
receptor–positive breast cancer and provide a better quality of
life to patients with breast cancer.
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(4125_4133dupGTGCCCACT), CYP2D6�21 (2573_2574insC),
CYP2D6�36 (gene conversion to CYP2D7 in exon 9), and
CYP2D6�41 (2988G>A) was performed using Taqman Drug
Metabolism Genotyping Assays (Thermo Fisher Scientific)
according to the manufacturer's instructions. Determination of
copy number of the CYP2D6 gene was performed using TaqMan
Copy Number Assays (Thermo Fisher Scientific). The whole-gene
deletion (CYP2D6�5) was detected following reported protocols
(27, 28). Multiplication alleles, which consisted of CYP2D6�10
and CYP2D6�36 (i.e., CYP2D6�10-�36 and CYP2D6�10-�36-�36),
were defined as CYP2D6�10 because the enzymatic activity of
protein encodedbyCYP2D6�36hasbeen reported tobenegligible
(29, 30). To evaluate the effects of all CYP2D6 alleles tested in
this study, we defined all decreased and null alleles (�4, �5, �10,
�10-�10, �14, �10-�18, �18, �21, and �41) as allele V, and �1 and
�1-�1 alleles as allele wt.

Statistical analysis
All polymorphisms evaluated in this study were tested for

deviation from Hardy–Weinberg equilibrium with the use of a
c2 test. The differences in the Ki-67 labeling index amongCYP2D6
genotypes were evaluated by the Kruskal–Wallis test. The Mann–
WhitneyU test was used for the evaluationof the differences in the
Ki-67 labeling index before and after preoperative tamoxifen
therapy, and in change of Ki-67 among the proportion of ER-
positive cells. We investigated the association of the CYP2D6
allele with pathologic response and adverse event using the Fisher
exact test under allelic, dominant-inheritance, and recessive inher-
itance models. Statistical tests provided two-sided P values, and a
significance level of P < 0.05 was used. Statistical analyses were
carried out using SPSS (version 17.0; SPSS) and the Ekuseru-
Toukei 2015 (Social Survey Research Information Co., Ltd.).

Results
Patient characteristics

To examine the effect of tamoxifen on change in the Ki-67
labeling index in breast cancer tissues, we recruited 279 patients
receiving preoperative tamoxifen monotherapy for 14 to 28
days. Table 1 shows the characteristics of these 279 patients who
were pathologically diagnosed to have an ER-positive, HER2-
negative, invasive breast cancer. Their median age at the time of
surgery was 56 years old (range, 25–91 years). Among the char-
acteristics listed in Table 1, the proportion of ER-positive cells and
the Allred score of ER, which is a semi-quantitative system that
takes into consideration the proportion of positive cells and
staining intensity, showed significant association with Ki-67
response after preoperative tamoxifen therapy in the Mann–
Whitney U test (P ¼ 0.0076 and 0.0023, respectively, Supple-
mentary Fig. S1).

Associations of CYP2D6 genotypes with pathological response
and adverse events

We determined CYP2D6 genotypes of these 279 patients
(Table 2). The allele frequency ofCYP2D6�10, which is considered
to have decreased enzymatic activity and is known to be present at
a relatively high frequency in Asian populations, was 32.3%. The
frequencies of the alleles observed in this study were comparable
to those reported previously (28, 30). We defined all of the
CYP2D6 decreased and null alleles as a "V" allele and �1 as a
"wt" allele as described in "Materials and Methods." We then

examined association of CYP2D6 genotypes with pathologic
response and hot flushes in breast cancer patients who received
short-term (14–28 days) preoperative tamoxifen treatment
(Table 3). We observed no significant association of CYP2D6
genotypes with pathological response or hot flushes.

Associations between Ki-67 response and tumor response after
preoperative tamoxifen therapy

As a primary endpoint of this study, we used Ki-67 response
which could be a promising surrogate biomarker of tamoxifen
efficacy because duration of the preoperative treatment is very
short (14–28 days) for accurate evaluation of tamoxifen efficacy
by the tumor size change by an ultrasound test. Ki-67 labeling
index was measured by using an automated recognition
and counting system as described in Materials and Methods,"
and representative Ki-67–stained images in patients withCYP2D6
wt/wt andCYP2D6V/V are shown in Fig. 1. Ki-67 labeling index in
post-treatment tissues (median, 4.6% (0–83.5%)) was signifi-
cantly lower than that in baseline tissues (median: 9.9% (0.1-
78.9%)) as shown in Fig. 2A (P ¼ 0.0000000000000013). The
changes in Ki-67 for patients withwt/wt, wt/V, andV/V ofCYP2D6
before and after preoperative tamoxifen treatment are shown
in Fig. 2B, respectively. Of the 279 patients enrolled in this study,
224 patients showed a decrease of Ki-67 index, and 55 patients

Table 1. Patient demographics and clinical characteristics

Characteristic
Total (N ¼ 279)
No. of patients (%)

Age at registration, years
Median 56
Range 25–91

Menopausal status
Premenopausal 121 (43.4)
Postmenopausal 156 (55.9)
Unknown 2 (0.7)

Tumor size, cm
�2 163 (58.4)
>2 108 (38.7)
Unknown 8 (2.9)

Nodal status
Negative 238 (85.3)
Positive 36 (12.9)
Unknown 5 (1.8)

ER status
<1% 0 (0)
1%–10% 0 (0)
10%–32% 6 (2.1)
33%–67% 15 (5.4)
>67% 258 (92.5)

Allred score (ER)a

<8 16 (5.8)
8 129 (46.2)
Unknown 134 (48.0)

PR status
<1% 30 (10.8)
1%–10% 21 (7.5)
11%–32% 34 (12.2)
33%–67% 26 (9.3)
>67% 160 (57.3)
Unknown 8 (2.9)

Her-2
Negative 89 (31.9)
1þ 146 (52.3)
2þ (without amplification) 44 (15.8)

aComposite of the percentage of cells that stained (scored on a scale of 0–5) and
the intensity of their staining (scored on a scale of 0–3).
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showed an increase. We investigated the association between
Ki-67 response and tumor response measured by ultrasound.
However, we could not observe a significant association between
them(R¼ - 0.12; Supplementary Fig. S2).We also investigated the
association between Ki-67 response and pathological response
after pre-operative tamoxifen treatment. Patients without any
pathological response (grade 0) showed significantly poorer Ki-
67 response compared to those showing � grade 1a pathological
response (P ¼ 0.029; Supplementary Fig. S3).

Associations between CYP2D6 genotypes and Ki-67 response
after pre-operative tamoxifen therapy

We compared the after/before ratio of the Ki-67 index (when it
is below 1, the proportion of Ki-67–positive cells is decreased) in

two groups, one treated for less than 21 days and the other treated
for 21 days or more, but found no significant difference between
these two groups (P ¼ 0.67, data not shown). To prospectively
analyze the effects of CYP2D6 genotypes on response to tamox-
ifen, we conducted an association study between CYP2D6 geno-
types and the after/before ratio of the Ki-67 index. Using the
Kruskal–Wallis test, CYP2D6 genotypes were significantly associ-
ated with Ki-67 response after tamoxifen treatment (after/before
ratio of the Ki-67 index) as shown in Fig. 3A (P ¼ 0.045). The
patients with homozygous variant alleles (V/V) showed a smaller
decrease of Ki-67 positivity than those carrying at least one wild-
type allele (P ¼ 0.018; Fig. 3B), suggesting that tumors in the

Table 2. Genotype frequency of CYP2D6

CYP2D6 genotype N (%)
�1/�1 96 (34.4)
�1/�5 24 (8.6)
�1/�10 97 (34.8)
�1/�10-�10 1 (0.4)
�1/�10-�18 1 (0.4)
�1/�14 2 (0.7)
�1/�18 1 (0.4)
�1/�21 1 (0.4)
�1/�41 9 (3.2)
�5/�10 7 (2.5)
�5/�21 1 (0.4)
�41/�41 1 (0.4)
�10/�10 35 (12.5)
�10/�10-�10 1 (0.4)
�10/�41 2 (0.7)

Table 3. Association of CYP2D6 variants with pathological response and hot
flush after short-term tamoxifen therapy

Pathologic
response (þ)a

Pathologic
response (�)a

Hot
flush (þ)

Hot
flush (�)

Number of patients
wt/wt 36 (0.44) 32 (0.33) 12 (0.32) 78 (0.34)
wt/V 36 (0.44) 45 (0.47) 14 (0.38) 117 (0.51)
V/V 10 (0.12) 19 (0.20) 11 (0.30) 36 (0.15)

Fisher test P values
wt/wt vs 0.170 1.000
V/V vs 0.220 0.059
wt vs V 0.080 0.250

Odds ratio (95 % CI)b

wt/wt vs 1.57 (0.85–2.88) 0.94 (0.45–1.97)
V/V vs 1.78 (0.77–4.08) 0.44 (0.19–0.96)

aPathological response (þ), grade 1a or more; pathological response (�),
grade 0.
bOdds ratios and confidence intervals (CI) are calculated using the CYP2D6 V/V
and Wt/V or CYP2D6 V/V as reference.

A
Posttreatment (Ki-67: 3.5%)Pretreatment (Ki-67: 43.4%)

x100x40x100x40

Pretreatment (Ki-67: 0.8%) Posttreatment (Ki-67: 15.2%)

B

x100x40x100x40

CYP2D6 wt/wt

CYP2D6 V/V

Figure 1.

Representative Ki-67–stained images in patients with CYP2D6 wt/wt and CYP2D6 V/V. A, Posttreatment tissues showed a lower Ki-67 labeling index (3.5%)
than pretreatment tissues (43.4%) in patients with CYP2D6 wt/wt. B, Posttreatment tissues showed higher Ki-67 labeling index (15.2%) than pretreatment tissues
(0.8%) in patients with CYP2D6 V/V.
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former patients had poorer response to tamoxifen treatment. We
further investigated the association of all CYP2D6 genotypes with
Ki-67 and ER in pretreatment tissue, whichmight be confounding
factors, but observed no significant association between them
(Supplementary Fig. S4 and Supplementary Table S1).

Discussion
Tamoxifen treatment significantly improves survival in patients

with ER-positive breast cancer (1, 2, 31, 32). Tamoxifen has
revealed inferiority to aromatase inhibitors as an adjuvant therapy
for breast cancer (33); however, some reports have indicated that
the risk of certain adverse events including osteoporosis is higher
in patients receiving aromatase inhibitors than tamoxifen. Hence,
tamoxifen keeps being a key therapeutic drug for ER-positive
breast cancer.We previously reported thatCYP2D6 variant alleles,
which decrease or lose its enzymatic activity, such as �4, �5, �10,
�10-�10, �14, �21, �36-�36, and �41, were significantly associated
with clinical outcome of patients with breast cancer receiving
adjuvant tamoxifen monotherapy (30). Consistent with this
previous report, many studies have reported a significant associ-
ation between the CYP2D6 genotypes and clinical outcome of
breast cancer patients receiving the tamoxifen therapy in the
adjuvant setting (7–12, 30, 34–41). However, discordant results
have also been reported (15–19, 42, 43).

Although several critical issues or errors described below could
explain these false-negative results (20, 44, 45), it is also quite
obvious that the quality of genotyping could be one of the key
issues in the pharmacogenomics study. The accuracy of genotyp-

ing methods, coverage of allele (genotype; ref. 46) and source of
DNAhave been reported to influence the quality of genotype data
(20). The studies using low-quality genomic DNA extracted from
formalin-fixed paraffin-embedded tumor tissues (in some cases,
DNAs were extracted from cancer cells) without genotyping
CYP2D6�5 (deletion of the entire CYP2D6 gene) are likely to
lead to the misgenotyping results (20). Moreover, most of studies
showing the null association included the patients who were
treated with tamoxifen combined with anticancer drugs. To adapt
these essential conditions and prospectively clarify the effect of
CYP2D6 as a pharmacogenomic predictor of tamoxifen efficacy,
we genotypedwide coverage ofCYP2D6 alleles using high-quality
genomic DNA extracted from blood samples of the patients
receiving tamoxifenmonotherapy, andobtained the resultswhich
could prove the clinical significance of CYP2D6 genotyping in
tamoxifen therapy.

In this study, we observed significant decreases in the Ki-67
labeling index with short-term preoperative tamoxifen treatment.
The Ki-67 response was significantly associated with the expres-
sion level of ER (Supplementary Fig. S1), which is the established
target of tamoxifen and also a predictive marker for the response
to tamoxifen (47). Moreover, Ki-67 response was also associated
with a pathologic response in breast cancer tissues after tamoxifen
treatment (Supplementary Fig. S3). AlthoughKi-67 response after
tamoxifen treatment has not yet been awell-established predictive
marker for clinical response to tamoxifen, these lines of evidence
support a possibility that Ki-67 response after short-term preop-
erative tamoxifen treatment could be a useful surrogatemarker for
clinical efficacy of tamoxifen. To prospectively investigate that
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The change in the Ki-67 labeling index in breast cancer tissues after short-term preoperative tamoxifen therapy. A, Of the 279 samples, most of the breast
cancer tissues showed significant decrease of Ki-67 labeling index after short-term tamoxifen treatment (P¼ 1.3� 10�15).B,Ki-67 labeling index of patientswith each
CYP2D6 genotype before and after short-term preoperative tamoxifen treatment.
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CYP2D6 genotypes could be a useful marker for prediction of the
response to tamoxifen treatment, we carried out the association
study of CYP2D6 genotypes with Ki-67 response after preopera-
tive tamoxifen therapy. Although the associationwasnot as strong
as that observed in our previous retrospective studies in which
endpoint were recurrence-free survival (30, 37), CYP2D6
genotypes were significantly associated with the Ki-67 response
(P ¼ 0.045; Fig. 3A), which is the primary endpoint of this
prospective study. In particular, patients with homozygous var-
iant alleles (V/V) showed lower Ki-67 response than those carry-
ing at least one wild-type allele (wt/wt orwt/V; P¼ 0.018; Fig. 3B).
The difference of the significance level in the above studies might
be caused by the difference in study endpoints (30, 37).

As secondary endpoints of this study, we investigated the
association ofCYP2D6 genotypes with pathological response and
hot flushes. Although we found no significant association
between CYP2D6 genotypes and pathological response or hot
flushes, it is almost certain that our experimental design was not
appropriate to evaluate these parameters, probably because the
number of patients was too small, and the administration and
observation periods were too short. Hence, further analysis using
a larger number of patients treated with longer periods of tamox-
ifen is required for verification of the effect ofCYP2D6 variants on
these endpoints.

The pharmacogenomic information is expected to contribute
to establishment of the personalized medicine system in which
each patient is provided a right amount of a right drug. To reduce
themedical cost withmaintaining the quality ofmedical care, it is
of special importance to use effective drugs such as tamoxifen at
the lower cost on the basis of individual germline and/or somatic
genetic information. In this prospective study, we concluded that

the accurate genotyping of CYP2D6 could become an important
predictor for the efficacy of tamoxifen for individual patients with
breast cancer. Because novel genetic variants associated with
efficacy of tamoxifen have been identified (30, 48), integration
of genotypes of CYP2D6 and other associated genes could be the
future approach to improve the ability of physicians to select
optimal hormonal therapy for the treatment of ER-positive breast
cancer and provide better quality of lives to patients with breast
cancer.
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Figure 3.

The relationship between CYP2D6
genotypes and Ki-67 response in 279
patients treated with pre-operative
tamoxifen therapy. A, CYP2D6
genotypes were significantly
associated with the Ki-67 response in
breast cancer tissues with tamoxifen
therapy (P ¼ 0.045). B, The patients
with homozygous variant alleles (V/V)
showed lower Ki-67 response than
those carrying at least one wild-type
allele (wt/V or wt/wt; P ¼ 0.018).
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BRCAness Predicts Resistance to Taxane-
Containing Regimens in Triple Negative Breast
Cancer During Neoadjuvant Chemotherapy*
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Abstract
We investigated BRCAness in the biopsy and surgical specimens from 73 patients with breast cancer, taken
before and after taxane-containing neoadjuvant chemotherapy. All tumors that progressed on taxane-
containing regimens had a poor prognosis; all had BRCAness and most were triple negative. Identifying
BRCAness can help predict the response to taxane-containing regimens.
Background: To provide optimal treatment of heterogeneous triple negative breast cancer (TNBC), we need
biomarkers that can predict the chemotherapy response. Patients and Methods: We retrospectively investigated
BRCAness in 73 patients with breast cancer who had been treated with taxane- and/or anthracycline-based
neoadjuvant chemotherapy (NAC). Using multiplex, ligation-dependent probe amplification on formalin-fixed core
needle biopsy (CNB) specimens before NAC and surgical specimens after NAC. BRCAness status was assessed with
the assessor unaware of the clinical information. Results: We obtained 45 CNB and 60 surgical specimens from the
73 patients. Of the 45 CNB specimens, 17 had BRCAness (38.6% of all subtypes). Of the 23 TNBC CNB specimens,
14 had BRCAness (61% of TNBC cases). The clinical response rates were significantly lower for BRCAness than for
non-BRCAness tumors, both for all tumors (58.8% vs. 89.3%, P ¼ .03) and for TNBC (50% vs. 100%, P ¼ .02). All
tumors that progressed with taxane therapy had BRCAness. Of the patients with TNBC, those with non-BRCAness
cancer had pathologic complete responses significantly more often than did those with BRCAness tumors
(77.8% vs. 14.3%, P ¼ .007). After NAC, the clinical response rates were significant lower for BRCAness than for
non-BRCAness tumors in all subtypes (P ¼ .002) and in TNBC cases (P ¼ .008). After a median follow-up of 26.4
months, 6 patients—all with BRCAness—had developed recurrence. Patients with BRCAness had shorter
progression-free survival than did those with non- BRCAness (P ¼ .049). Conclusion: Identifying BRCAness can help
predict the response to taxane, and changing regimens for BRCAness TNBC might improve patient survival. A larger
prospective study is needed to further clarify this issue.

Clinical Breast Cancer, Vol. 15, No. 1, 80-5 ª 2015 The Authors. Published by Elsevier Inc. All rights reserved.
Keywords: Multiplex ligation-dependent probe amplification, Platinum salts, Predictive marker,

Prognostic marker, Taxane resistance
Introduction
Triple negative breast cancer (TNBC) includes diverse histologic

phenotypes and molecular profiles, with varying responses to
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therapy.1 Approximately one third of patients with high-grade
TNBC respond well to neoadjuvant chemotherapy (NAC) con-
taining anthracycline and taxane and achieve a pathologic complete
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response (pCR), which is reportedly a surrogate marker for overall
survival in TNBC.2,3 However, approximately 20% of patients with
TNBC will develop progression during NAC, especially those
receiving taxane regimens, and have a very poor prognoses.4,5

Diagnostic imaging studies and immunohistochemical and histo-
logic studies cannot distinguish between resistant and sensitive
TNBC tumors. Therefore, quick, accessible, and reproducible
biomarkers are needed to identify the optimal chemotherapeutic
regimens for patients with this heterogeneous disease.

Recent randomized trials have shown that adding carboplatin to
anthracycline and taxane for NAC improves the pCR rates for TNBC;
2 meta-analyses found similar effects from adding platinum agents to
NAC regimens.6-9 However, adding carboplatin to standard NAC
increases the incidence of adverse events, leading to greater rates of
discontinuation and dosemodification.Whether carboplatin should be
added to, or substituted for, standard NAC regimens is unclear; thus,
markers that can predict the response to standard NAC are needed.

“BRCAness” refers to some sporadic cancers that share phenotypic
characteristics with tumors that carry BRCA1/2 mutations (BRCA-
Mut), such as methylation of BRCA1/2 promoters and low BRCA1
gene expression.10 Double-strand DNA breaks (DSBs) are repaired
by homologous recombination, mediated by the products of BRCA1
and BRCA2 and by nonhomologous end-joining. Single-strand
breaks are repaired by the base-excision repair pathway, which is
regulated by poly-ADP ribose polymerase (PARP) 1 and by nucleo-
tide exon repair mechanisms. Therefore, because BRCAMut tumors
cannot repair DSBs induced by agents such as bifunctional alkylators
and platinum salts, they are hypersensitive to DSB-inducing agents
and probably to PARP inhibitors.11-14 Assessment of BRCAness
using array comparative genomic hybridization (aCGH) or multiplex
ligation-dependent probe amplification (MLPA) has recently been
described.15 Patients with BRCAness tumors survive longer when
treated intensively with alkylating agents as adjuvant chemo-
therapy.15 Although germline mutations in BRCA1 and BRCA2
genes have been associated with � 15% of TNBC cases,16,17 MLPA
assessments of BRCA status have indicated that these mutations are
seen in approximately two thirds of TNBC cases.18 The number of
those who will benefit from targeted chemotherapy regimens
and/or PARP inhibitors might be larger when using BRCAness,
rather than BRCA1/2 mutation status, as the determinant.

Emerging preclinical and some clinical studies have indicated that
BRCA-associated tumors tend to be resistant to taxanes.16,17

Mammary tumors of BRCAMutþ mice are resistant to doxoru-
bicin and docetaxel but not to cisplatin.16 An in vitro study has
shown a BRCAMutþ breast cancer cell line to be resistant to tax-
ane.1 BRCAMutþ hormone receptorepositive metastatic breast
cancer has been shown to be less sensitive to taxane.17 However, to
our knowledge, the association between taxane response and
BRCAness has not been previously reported.

The present study investigated whether BRCAness can predict
the response to taxane treatment in patients with breast cancer
treated with NAC.

Patients and Methods
Patients

All the patients who received NAC with either taxane and/or
anthracycline for primary breast cancer from October 2010 to
March 2013 at Showa University Hospital Breast Center were
included in the present retrospective study. Most of these patients
had been in randomized controlled trials comparing the efficacy
and feasibility of docetaxel followed by 5-fluorouracil, epirubicin,
and cyclophosphamide (FEC) every 3 weeks or weekly albumin-
bound paclitaxel (nab-paclitaxel) followed by FEC as NAC for
patients with human epidermal growth factor receptor 2 (HER2)e
negative breast cancer. Before these trials had started, the regimen
administered was docetaxel and cyclophosphamide every 3 weeks.

For HER2þ tumors, the regimen was FEC followed by docetaxel
and trastuzumab. Relevant clinicopathologic information was
collected from our database and medical records. Clinical responses
were determined by ultrasonography and magnetic resonance
imaging using the Response Evaluation Criteria in Solid Tumors,19

with imaging performed before NAC and at the end of the first
and second cycles. The clinical response rate (cRR) was defined as
the sum of the clinical complete and partial responses (PRs). In
patients whose tumors progressed, the regimen was stopped, and
either surgery performed or a second-line regimen substituted.

The patients underwent surgery approximately 1 month after
completing the last NAC cycle. The surgical procedures were
determined according to the diagnostic imaging findings after NAC
completion. Sentinel lymph node biopsy was performed in patients
whose lymph nodes had been clinically negative before NAC.

The institutional review board of our university approved present
the study.

Pathology
The tumor subtypes were routinely determined immunohis-

tochemically before NAC, using core needle biopsy (CNB) speci-
mens. The cancer specimens were defined as HER2þ when HER2
immunohistochemical staining was 3þ or fluorescence in situ hy-
bridization (FISH) showed HER2 gene amplification. Estrogen
receptor (ER) and progesterone receptor (PgR) positivity was
defined as � 1% of tumor cells staining positive for ER or PgR. A
pCR was defined as complete remission of the invasive components
of cancer in the breast.20

MLPA Method
BRCAness was determined by examination of formalin-fixed,

paraffin-embedded (FFPE) CNB specimens taken before
NAC and surgical specimens taken after NAC. DNA was isolated
from the tumor tissue using the QIAamp DNA FFPE Tissue
Kit (Qiagen, Hilden, Germany) after macrodissection. Classifica-
tion of BRCAness was performed using MLPA with the Pro-
bemix P376-B2 BRCA1ness (MRC-Holland, Amsterdam, The
Netherlands), as previously reported by Oonk et al.13 MLPA
was performed at Falco Biosystems (Kyoto, Japan) as a part of
collaborative research and according to the manufacturer’s
instructions. For each sample, the relative copy number ratios for
the 38 target-specific probes, compared with the reference samples
of human genomic DNA (Promega, Madison, WI), were calcu-
lated using the Coffalyser.Net software and were used for the
prediction analysis for microarrays, with the training set generated
by MRC-Holland. Each sample was analyzed twice. The average
scores were used for this analysis. BRCAness status was analyzed
by experienced laboratory scientists who were unaware of the
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Table 1 Relevant Patient and Tumor Characteristics

Variable
All NAC Patients

(n [ 73)
CNB Available
(n [ 45)

Age (years) 42.0 (27-75) 42.3 (27-73)

Tumor size before NAC

T1 10 (13.7) 5 (11.1)

T2 43 (58.9) 28 (62.2)

T3 15 (20.5) 9 (20.0)

T4b 5 (6.8) 3 (6.7)

Histologic type before NAC

IDC 68 (93.2) 40 (88.9)

ILC 2 (2.7) 2 (4.4)

Apocrine 1 (1.4) 1 (2.2)

Mucinous 2 (2.7) 2 (4.4)

Subtype before NAC

Triple negative 26 (35.6) 23 (51.1)

ER�/HER2þ 13 (17.8) 7 (15.6)

ERþ/HER2þ 7 (9.6) 2 (4.4)

ERþ/HER2� 27 (37.0) 13 (28.9)

Regimen

Taxane þ anthracycline 48 (65.8) 32 (72.7)

Taxane 12 (16.4) 10 (22.7)

Taxane þ anthracycline
þ trastuzumab

13 (17.8) 3 (4.5)

Clinical response

CR 7 (9.6) 7 (15.9)

PR 47 (64.4) 28 (61.4)

SD 14 (19.2) 5 (11.4)

PD 5 (6.8) 5 (11.4)

Pathologic response

pCR 11 (15.1) 11 (25.0)

Other 62 (84.9) 34 (75.0)

Pathologic nodal status

N0 46 (61.3) 32 (71.1)

N1-N3 18 (24.7) 8 (17.8)

N4 or greater 9 (12.3) 5 (11.1)

Data presented as mean (range) or n (%).
Abbreviations: CNB ¼ core needle biopsy; CR ¼ complete response; ER ¼ estrogen receptor;
HER2 ¼ human epidermal growth factor receptor 2; IDC ¼ invasive ductal carcinoma; ILC ¼
invasive lobular carcinoma; NAC ¼ neoadjuvant chemotherapy; pCR ¼ pathologic complete
response; PD ¼ progressive disease; PR ¼ partial response; SD ¼ stable disease.
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patients’ clinical information. The cutoff ratio for BRCAness
positivity was 0.4.

BRCA1/2 Germline Mutation
Genetic counseling was recommended for patients suspected of

having BRCA germline mutations, in accordance with the National
Comprehensive Cancer Network guidelines. One half of them
underwent genetic testing. BRCA1/2 mutation analysis was per-
formed at Falco Biosystems (Kyoto, Japan) using the direct
sequencing method on patient blood samples. If this initial analysis
did not detect a mutation, the sample was checked again for
BRCA1/2 genetic rearrangements using MLPA.

Statistical Analysis
Fisher’s exact test was used to assess the differences between the

BRCAness and non-BRCAness groups. Student’s t test was used
to assess the differences between the BRCAness and non-
BRCAness groups for the Ki-67 index. The log-rank test was
used to evaluate the differences in relapse-free survival. The soft-
ware used was EZR on R21 for Fisher’s exact test and SPSS for the
log-rank test.

Results
Of the 73 patients who underwent NAC, surgical specimens

were available from 60 patients and CNB specimens from
45 patients for BRCAness analysis (Table 1). In 13 patients who
had a pCR, BRCAness could not be measured on the surgical
specimens. Also, 28 CNB specimens were not available, because the
CNBs had been performed by the patients’ family doctor. The
patients’ overall mean age at the diagnosis of breast cancer was
42.0 years (range, 27-75 years). Nine patients underwent genetic
testing for BRCA1/2 germline mutation after genetic counseling;
5 patients carrying the BRCA1 germline mutation and 2 with the
BRCA2 mutation were identified among the 73 patients. Of these
5 patients, 4 with the BRCA1 germline mutation and 1 with the
BRCA2 mutation were BRCAness positive.

Of the 45 CNB specimens of all tumor subtypes, 17 (23.3%)
were BRCAness positive. Of the 23 CNB specimens with TNBC,
14 (60.9%) were BRCAness positive. The other 3 BRCAness
tumors without TNBC included 2 HER2-enriched tumors and
1 ERþ tumor. One tumor that was HER2þ before NAC had
changed to TNBC after NAC. Another HER2þ tumor was
immunohistochemically 3þ but had been FISH-negative before
NAC. The tumor tested positive after NAC. The only ERþ tumor
remained ERþ after NAC.

We analyzed the association between BRCAness found in the
CNB specimen and the cRR for taxane-containing regimens
(Table 2). The cRR was significantly lower for BRCAness tumors of
all subtypes (58.8%) than for non-BRCAness tumors (89.3%;
P ¼ .027) and, more strikingly so, for BRCAness TNBC (50%)
than for non-BRCAness TNBC (100%; P ¼ .019). All the
non-BRCAness TNBC cases responded well to taxane regimens.

Five patients experienced progressive disease (PD) during taxane-
containing NAC (Table 3), including 4 with BRCAness TNBC
and 1 with a mucinous ERþ/PgRþ carcinoma. CK5/6 and
epidermal growth factor receptor were not effective in predicting the
response to taxane.
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Patients with non-BRCAness TNBC achieved pCRs significantly
more often (77.8%) than did those with BRCAness TNBC (14.3%;
P ¼ .0066; Table 4). Before NAC, the patients with BRCAness or
non-BRCAness TNBC did not differ significantly in any other
clinicopathologic factor.

Of the 60 surgical specimens taken after NAC, 9 (15.0%) were
BRCAness positive. Analysis of the association between BRCAness
subtype and the cRR after taxane-containing regimens showed that,
for all subtypes, the cRR was significantly lower for BRCAness
tumors (22.2%) than for non-BRCAness tumors (78.4%;
P ¼ .002) and more so for BRCAness TNBC tumors (14.3%) than
for non-BRCAness TNBC tumors (88.9%; P ¼ .008).



Table 4 Relationships Between BRCAness Before, and Path-
ologic Responses to, Neoadjuvant Chemotherapy for
Triple Negative Breast Cancer

Variable
BRCAness
(n [ 14)

Non-BRCAness
(n [ 9) P Value

Average age (years) 46 (27-62) 48 (37-59) NS

Tumor size before NAC NS

T1 1 (7.1) 2 (22.2)

T2 11 (78.6) 7 (77.8)

T3 1 (7.1) 0 (0)

T4b 1 (7.1) 0 (0)

Histologic grade NS

1-2 5 (35.7) 3 (33.3)

3 8 (57.1) 5 (55.6)

ND 1 2

Pathologic response .0066

pCR 2 (14.3) 7 (77.8)

Other 12 (85.7) 2 (22.2)

Pathologic nodal status NS

N0 9 (64.3) 7 (77.8)

Nþ 5 (35.7) 2 (22.2)

Average Ki-67 (%) 66.0 58.1 NS

Recurrence NS

Yes 5 (35.7) 0 (0)

No 9 (64.3) 9 (100)

Data presented as average (range) or n (%).
Abbreviations: NAC ¼ neoadjuvant chemotherapy; ND ¼ not determined; NS ¼ not significant;
pCR ¼ pathologic complete response.

Table 2 Relationships Between BRCAness Before Neo-
adjuvant Chemotherapy and Clinical Responses to
Taxane for All Subtypes and for Triple Negative
Breast Cancer

Clinical
Response

BRCAness
(%)

Non-BRCAness
(%)

P Value
(Fisher’s Exact

Test)

All .027

CRþPR 10 (58.8) 25 (89.3)

SDþPD 7 (41.2) 3 (10.7%)

TNBC .019

CRþPR 7 (50) 9 (100)

SDþPD 7 (50) 0 (0)

Abbreviations: CR ¼ complete response; PD ¼ progressive disease; PR ¼ partial response;
SD ¼ stable disease; TNBC ¼ triple negative breast cancer.
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The median follow-up duration from the initiation of NAC was
26.4 months. Of the 26 patients with TNBC before NAC, 6
developed a recurrence, including 3 with locoregional recurrence
and 3 with distant metastases (1 patient each with brain, lung, or
liver metastases). All 3 locoregional recurrences had developed after
radical mastectomy for BRCAness TNBC. The patients with
BRCAness had worse progression-free survival than those with non-
BRCAness (58% vs. 100%, P ¼ .049).

Figure 1 shows the BRCAness changes in TNBC after NAC. Of
the 14 BRCAness TNBC tumors before NAC, 5 remained
BRCAness positive after NAC. Of these 5 patients, 3 had PD and 2
stable disease; 3 developed a recurrence. Of the 14 BRCAness
TNBCs before NAC, 7 tested negative after NAC. Their responses
to taxane varied from a PR to PD. In contrast, of 9 tumors that were
non-BRCAness before NAC, 7 (77.8%) had achieved a pCR and 2
had a clinical PR.

Discussion
The results of the present study indicate that BRCAness tumors

have a significantly poorer response to taxane regimens than do
non-BRCAness tumors. Originally, BRCAness was identified by
comparing BRCAMut tumors with sporadic TNBC tumors using
the aCGH method. However, MLPA probes are now commercially
available. Adjuvant therapy with high-dose, platinum-based, alky-
lating agents is reportedly more effective for BRCAness tumors
(according to aCGH) than conventional chemotherapy; this has
not been true for non-BRCAness tumors.11 The assessment of
Table 3 Characteristics of Tumors That Developed Progressive Dise

Pt.
No. NAC Response

Germline
Mutation BRCAness ER

1 PD @ Doce 1 cycle (FEC) BRCA2 þ �
2 PD @ Doce 1 cycle NP þ �
3 PD @ Doce 2 cycle (FEC) NP þ �
4 PD @ nabPTX 7 cycle (FEC) BRCA1 þ �
5 PD @ TC 3 cycle NP � þ

Abbreviations: þ ¼ positive; � ¼ negative; Doce ¼ docetaxel; EGFR ¼ epidermal growth factor re
human epidermal growth factor receptor 2; nabPTX ¼ albumin-bound paclitaxel; NAC ¼ neoadjuvant
Pt. No. ¼ patient number; TC ¼ docetaxel, cyclophosphamide.
BRCAness using MLPA and aCGH is reportedly concordant (ac-
curacy 94%) and also predicts similar survival benefits with
intensive alkylating agent chemotherapy.15 However, with con-
ventional dose anthracycline chemotherapy, the prognoses of
BRCAness and non-BRCAness tumors are similar.13 Patients with
BRCAness tumors have substantially better outcomes after adjuvant
DSB-inducing chemotherapy.11 Together with our findings, these
results imply that administering platinum salts according to
BRCAness status in patients with TNBC will be preferable to
administering them to all TNBC patients. Our recommended
treatment strategy is that patients with BRCAness tumors receive
platinum- and anthracycline-based chemotherapy and that patients
with non-BRCAness TNBC receive standard taxane- and
ase During Taxane-Based Neoadjuvant Chemotherapy

PgR HER2 Ki-67 EGFR CK-56
Pathologic
Response

� 1 80-90 þ þ Poor response

� 0 60-70 þ � No response

� 0 60-70 þ � No response

� 0 50-60 � � Poor response

þ 1 5 NP NP No response

ceptor; ER ¼ estrogen receptor; FEC ¼ 5-fluorouracil, epirubicin, cyclophosphamide; HER2 ¼
chemotherapy; NP ¼ not performed; PD ¼ progressive disease; PgR ¼ progesterone receptor;
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Figure 1 Changes in BRCAness Status After Neoadjuvant Chemotherapy in Triple Negative Breast Cancer and Relationship to Clinical
Response

Abbreviations: CR ¼ complete response; NAC ¼ neoadjuvant chemotherapy; ND ¼ no data; NS ¼ not significant.
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anthracycline-based chemotherapy. Adding a PARP inhibitor, for
both patients with BRCA1 germline mutations and those with
BRCAness, might improve survival12 and warrants additional
study.

The ability to predict resistance to taxane treatment by BRCA-
ness status was shown in all our patients, regardless of subtype, but
especially in the TNBC subgroup. The reported rates of BRCAness
assessed using the aCGH and MLPA methods were 18% for all
subtypes and 69% for TNBC.11,22 Approximately two thirds of
TNBC tumors in the present study were BRCAness positive, but
only a few non-TNBC tumors were BRCAness positive, corre-
sponding with the results from previous reports. Therefore, we
recommend assessing BRCAness status only for patients with
TNBC.

The mechanisms for resistance to taxane by BRCAness tumors
have not yet been established. Intact BRCA1 function might play an
important role in the optimal response to taxane-based therapy.23 A
BRCA1-induced increase in the c-Jun N-terminal kinase pathway
causes apoptosis in BRCA1-expressing cells treated with
paclitaxel.24,25

Tumors with low BRCA1 expression, demonstrated by immu-
nohistochemistry, have had shorter times to progression when
treated with taxane-containing regimens.26 However, this finding
has not been confirmed by other investigators, possibly because of
the poor reproducibility of the BRCA1 antibody assays. A homol-
ogous recombination deficiency assay reported in 2013,27 which
performs genome-wide, single-nucleotide polymorphism analysis
using Affymetrix molecular inversion probe arrays of DNA
sequencing, is also effective for selecting likely responders to neo-
adjuvant carboplatin, gemcitabine, and iniparib.

Reportedly, the pCR rate after a NAC regimen of dose-dense
cyclophosphamide and doxorubicin was significantly greater in
BRCA1-mutated tumors (63%) than in non-BRCA1emutated
tumors (33%). The pCR rate also tended to be greater in
BRCAness than in non-BRCAness tumors (35% vs. 21%).22

However, these investigators also reported that the recurrence
rates after adjuvant chemotherapy with anthracycline-
based regimens did not differ between these groups. In our
study, patients with BRCAness tumors treated with taxane
Clinical Breast Cancer February 2015
and/or anthracycline had a poor prognosis, developing both PD
and PRs. These discrepancies in outcomes likely reflect the
different regimens used.

Paluch-Shimon et al28 reported that BRCA1/2-associated TNBC
had a better pCR rate than TNBC in noncarriers (61% vs. 39%;
P ¼ .007) after dose-dense NAC with an anthracycline and a
taxane, opposite the results in our study. They also reported that
the pCR was not associated with the long-term outcome in
BRCA1/2-associated TNBC, unlike non-BRCAeassociated
TNBC, probably owing to enrichment of the cancer stem cells
in BRCA1/2 tumors.28 In our study, all 6 patients with tumor
relapse had BRCAness-positive tumors and no pCR response.
In contrast, patients with a pCR had a better prognosis. Only 7 of
our patients who had BRCA1/2 germline mutations, 4 of whom
(57%) achieved a pCR, and none of whom relapsed. Two of the
patients with BRCA1/2-associated breast cancer who did not
achieve a pCR developed a relapse. In our small series, a pCR
also seemed to be associated with better long-term outcomes in
patients with BRCA1/2-associated breast cancer. The characteristic
differences in terms of chemosensitivity and cancer stem cells
among BRCA1/2-associated TNBC cases and BRCAness cases
should be investigated further.

In the present study, we used a cutoff ratio for BRCAness of 0.4.
However, in the original report, the cutoff point was 0.5.11 The
scores in about 75% of the BRCAness tumors were > 0.7, but
approximately 80% of the non-BRCAness tumors scored < 0.2.
Thus, these 2 categories are easy to differentiate. The score of 1
patient with PD after 2 cycles of docetaxel was 0.42 before NAC
and 0.86 after NAC. In no other patient did the BRCAness status
change from negative to positive after NAC. Therefore, we applied
this cutoff point. A larger scale study is needed to clarify the
appropriate cutoff point.

The present study had some limitations. The first was that it was
a small retrospective analysis. Retrospective validation studies using
NAC cohorts from other hospitals are ongoing. A larger prospective
study is needed to validate our findings. Second, some data
concerning BRCAness before NAC were unavailable, because we
did not perform new biopsies in patients who had been already
diagnosed with breast cancer at other hospitals.
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Conclusion
Identifying the BRCAness status can help predict the response to

taxane, and changing regimens for BRCAness TNBC might
improve patient survival. A larger prospective study is needed to
further clarify this issue.

Clinical Practice Points

� Approximately one fifth of TNBC tumors progress during NAC,
especially those treated with taxane-containing regimens.

� Adding platinum salts to standard NAC regimens significantly
improves the pCR rate in patients with TNBC. Although
whether platinum salts should be added to, or substituted for, the
standard regimen is controversial.

� We found that most patients with non-BRCAness TNBC
achieved a pCR rate using the standard regimen; however,
patients with BRCAness TNBC were more likely to develop PD
and have a worse prognosis.

� Adjuvant therapy with high-dose, platinum-based alkylating
agents is reportedly more effective than conventional chemo-
therapy for BRCAness tumors but not for non-BRCAness
tumors. Therefore, platinum salts for TNBC should be
selected according to the BRCAness status rather than adding it
to the regimens of all patients with TNBC.

� The method we used is clinically feasible and requires only
commercially available MLPA probes.

� In the future, this biomarker might also assist in the selection of
patients with TNBC to receive a PARP inhibitor.
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Objectives:  Gefitinib  is a  potent  epidermal  growth  factor  receptor  (EGFR)  tyrosine  kinase  inhibitor  and
is  a key  drug  for patients  with  EGFR  mutation-positive  advanced  non-small  cell lung cancer  (NSCLC).
The  pharmacokinetics  of orally  administered  gefitinib  varies  greatly  among  patients.  We  prospectively
evaluated  the association  of  pharmacokinetics  and pharmacogenomics  with  the  safety  and  efficacy  of
gefitinib  in  patients  with  EGFR  mutation-positive  advanced  NSCLC.
Patients  and methods:  Pharmacokinetics  was  evaluated  with  samples  of  peripheral  blood  obtained  on
day  1 before  treatment  and  1, 3, 5, 8, and  24  h after  gefitinib  (250  mg per  day)  was  administered  and
on  days  8  and  15  as the  trough  values.  The  plasma  concentration  of gefitinib  was  analyzed  with  high-
performance  liquid  chromatography.  The  genotypes  of ABCG2,  ABCB1,  CYP3A4,  CYP3A5,  and  CYP2D6  genes
were analyzed  with  direct  sequencing.
Results:  The  subjects  were  35 patients  (21  women;  median  age,  72 years;  range,  53  to  90  years)  with stage
IV  adenocarcinoma  harboring  EGFR  mutations.  The  median  peak  plasma  concentration  (Cmax) was 377
(range,  168–781)  ng/mL.  The  median  area  under  the curve  (AUC)  of  the  plasma  concentration  of gefitinib
from  0  to  24  h  was  4893  (range,  698–13991)  ng/mL  h. The  common  adverse  events  were  skin toxicity
(68%  of patients),  diarrhea  (46%),  and  liver  injury  (63%).  One  patient  died  of  drug-induced  interstitial  lung
disease  (ILD).  The  overall  response  rate  was  82.9%  (95%  confidence  interval,  66.4%–93.4%).  The  median

progression-free  survival  time  was  10 months,  and  the median  survival  time  was 25  months.  The phar-
macokinetics  and  pharmacogenomics  were  not  associated  with  significantly  different  toxicities,  response
rates,  or  survival  times  with  gefitinib.  However,  the  AUC and  Cmax were  highest  and  the  trough  value on
day  8  was  the second  highest  in  one  patient  who  died of  drug-induced  ILD.
Conclusion:  Elevated  gefitinib  exposure  might  be associated  with  drug-induced  ILD.

©  2016  Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction
Somatic mutations of the epidermal growth factor receptor
EGFR) gene, EGFR, were first discovered in 2004 as a predictive

arker for treatment with EGFR tyrosine kinase inhibitor (TKI) in

∗ Corresponding author at: Depatment of Respirology, National Hospital Orga-
ization Tokyo National Hospital, 3-1-1 Takeoka Kiyose, Tokyo 204-8585, Japan.
ax: +81 42 494 2168.

E-mail address: thirose-shw@umin.ac.jp (T. Hirose).

ttp://dx.doi.org/10.1016/j.lungcan.2016.01.005
169-5002/© 2016 Elsevier Ireland Ltd. All rights reserved.
patients with advanced non-small cell lung cancer (NSCLC) [1,2].
Phase III trials in patients with EGFR mutation-positive advanced
NSCLC have found that EGFR-TKI is superior to platinum doublet
cytotoxic chemotherapy [3–6]. Thus, for such patients EGFR-TKI is
now globally considered the standard first-line treatment.

Gefitinib is a potent EGFR-TKI that is metabolized in the liver,
mainly by cytochrome P450 (CYP) 3A4/3A5, and, to lesser extent,

by CYP2D6 and CYP1A1. After being metabolized, gefitinib is trans-
ported by the active efflux pumps P-glycoprotein (ATP-binding
cassette [ABC], sub-family B, member 1 [ABCB1]) and breast cancer
resistance protein (BCRP, ABC, sub-family G, member 2 [ABCG2])

dx.doi.org/10.1016/j.lungcan.2016.01.005
http://www.sciencedirect.com/science/journal/01695002
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7–9]. After oral absorption of gefitinib, its pharmacokinetics shows
arge variability among patients [10]. These pharmacokinetics dif-
erences might be attributed to polymorphisms of the genes of
YPs, ABCB1, and ABCG2.

After being administered for treatment, gefitinib causes numer-
us toxicities, the most common of which are skin toxicity,
iarrhea, and liver injury [3,4]. The most severe, yet rare, tox-

city is a drug-induced interstitial lung disease (ILD) [11]. Such
oxicities sometimes cause gefitinib therapy to be discontinued.
he severity of these toxicities is different in each patient. The
ost common toxicities have been suggested, by several previ-

us studies, to be related to the plasma concentration of gefitinib
10,12–14]. However, it remains unclear whether common toxic-
ties are related to the plasma concentration of gefitinib when it
as been administration at a dose of 250 mg  because large studies
ave not been reported [10,14]. Additionally, the relationship of the
lasma concentration of gefitinib to gefitinib-related ILD has not,
o our knowledge, been previously reported.

The association between the toxicity of gefitinib and phar-
acogenomics has been controversial. Polymorphism of ABCG2

s reportedly associated with the occurrence of diarrhea due to
efitinib [15]. On the other hand, other studies have reported no
ssociated between gefitinib-induced toxicities and genetic poly-
orphisms including those of ABCG2 [14,16].
Of patients with EGFR mutation-positive advanced NSCLC,

0%–30% show intrinsic resistance to EGFR-TKI [3,4]. The mecha-
isms of intrinsic resistance are poorly understood, despite various
echanisms for acquired resistance having been identified [17,18].

n one study a ratio of plasma trough levels of gefitinib on day
 and day 3 of administration of gefitinib was reportedly asso-
iated with a progression-free survival (PFS) time; however, the
esults are inconclusive because the study included patients with
dvanced NSCLC either negative or positive for EGFR mutation [19].
ntil now, the relationship between the efficacy of gefitinib and its
harmacokinetics and pharmacogenomics in patients with EGFR
utation-positive advanced NSCLC has been unclear. The pharma-

okinetics and pharmacogenomics might possibly be mechanisms
f the intrinsic resistance to EGFR-TKI.

Therefore, clarifing the association of pharmacokinetics and
harmacogenomics with the toxicity and efficacy of gefitinib is

mportant. In the present study, we aimed to clarify (1) the
ssociation of pharmacokinetics with pharmacogenomics, (2) the
ssociation of pharmacokinetics and pharmacogenomics with tox-
city of gefitinib, and (3) the association of pharmacokinetics and
harmacogenomics with efficacy of gefitinib in patients with EGFR
utation-positive advanced NSCLC.

. Patients and methods

.1. Study participants and treatment

From October 2009 through December 2012, 35 patients
ith EGFR mutation-positive advanced NSCLC were prospectively

nrolled in this study. The eligibility criteria were as follows: his-
ologically or cytologically proven EGFR mutation-positive NSCLC,
nresectable and ineligible for thoracic radiotherapy, stage IIIB or IV
isease, 20 years or older, no prior treatment of EGFR-TKI, Eastern
ooperative Oncology Group performance status of 0–3, a mea-
urable lesion, and adequate bone marrow function (neutrophil
ount of 1500/�l  or more, platelet count of 100,000/�l or more, and
emoglobin level of 8.0 g/dl or more), renal function (serum crea-

inine levels less than 1.5 mg/dl), and hepatic function (total serum
ilirubin level less than 2.0 mg/dl, aspartate aminotransferase and
lanine aminotransferase levels less than or equal to 2.5 times
he upper limits of the normal ranges). Patients were excluded if
er 93 (2016) 69–76

they had ILD, active infections, severe heart disease, uncontrolled
diabetes mellitus, second malignancy, or taken a medicine that
affected CYP3A4, a proton-pump inhibitor, or a histamine H2 recep-
tor antagonists. Gefitinib was  administered orally once daily at a
dose of 250 mg  until disease progressed or severe adverse events
occurred. This study protocol was approved by the Ethics Commit-
tee of Showa University School of Medicine. We  obtained written
informed consent from all patients.

2.2. Pharmacokinetics and pharmacogenomics analysis

The evaluation of pharmacokinetics was performed with sam-
ples of peripheral blood obtained on day 1 before treatment and 1,
3, 5, 8, and 24 h after the first administration of 250 mg  of gefitinib.
Additionally, the samples of peripheral blood were obtained before
administration of gefitinib on days 8 and 15 to determine the trough
value. The samples were centrifuged immediately, and the plasma
was stored at −80◦C until analysis. The plasma concentration of
gefitinib was analyzed with high-performance liquid chromatog-
raphy following the method of Faivre et al [20]. We  determined the
plasma concentration-time profiles from 0 to 24 h on day 1 of the
first administration of gefitinib. The peak plasma concentrations
(Cmax) and the interval required to reach the peak concentration
(Tmax) were obtained directly from the profile. The median area
under curve (AUC) of the plasma concentration of gefitinib from 0
to 24 h was calculated with the linear trapezoidal rule.

Genomic DNA was  extracted from 200 �L of peripheral blood,
which had been stored at −80◦C until analysis. The genotypes
of ABCB1 1236C>T, ABCB1 2677G>T or A, ABCB1 3435C>T, and
ABCG2 421C>A were analyzed with direct sequencing following the
method by Akiyama et al. [21]. The genotypes of CYP3A4 20230G>A,
CYP3A4 15603C>G, CYP3A4 20070T>C, and CYP3A4 20148A>G were
analyzed with direct sequencing following the method by Eiselt
et al. [22]. The genotype of CYP3A5 6986A>G was analyzed with
direct sequencing following the method by Saeki et al. [23]. The
genotype of CYP2D6 *1/*1, 10, or 36 was analyzed with direct
sequencing following the method by Soyama et al. [24].

2.3. Clinical evaluation

The evaluation before treatment with gefitinib included a base-
line history, physical examination, complete blood count with
differential, routine chemistry profiles, chest radiography, com-
puted tomography (CT) of the chest and abdomen, magnetic
resonance imaging or CT of the brain, and a radionucleotide bone
scan or positron-emission tomography. Tumor response was  clas-
sified according to the Response Evaluation Criteria in Solid Tumors
criteria version 1.1. The toxicity of gefitinib was  evaluated accord-
ing to the National Cancer Institute Common Terminology Criteria
for adverse events 4.0.

The association between the pharmacokinetics of gefitinib and
the pharmacogenomics was  prospectively evaluated in patients
with EGFR mutation-positive advanced NSCLC. Also evaluated in
these patients were the associations of pharmacokinetics and
pharmacogenomics with skin toxicity, mucosal toxicity, diarrhea,
nausea, liver injury, and the pulmonary toxicity and efficacy of
gefitinib.

2.4. Statistical methods

Overall survival time was measured from the start of the present
treatment until death or the last follow-up examination. The PFS

time was measured from the start of treatment to the identifiable
time of progression. The Kaplan–Meier method was used to con-
struct survival curves. Survival differences between patients with
lower than median AUC, Cmax, or trough values and higher than
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Table  1
Patient characteristics.

Total number of patients 35
Sex  (M/F) 14/21
Age, years (range) 72 (53–90)
Performance status (0/1/2/3) 5/20/7/3
Stage (IIIB/IV) 0/35
Histologic type
Adenocarcinoma 35
EGFR mutation status

exon 19 deletion 18
exon 21 L858R 16
exon 18 G719A 1

Number of previous chemotherapy regimens (median)
0/1/2 19/14/2

m
t
s
0
a
a
(

3

3

m
T
d
G

was started with corticosteroid pulse therapy (1000 mg of methyl-
prednisolone per day for 3 days) and supplemental oxygen, there

T
A

edian AUC, Cmax, or trough values were compared by means of
he log-rank test. The chi-square test was used to determine the
ignificance of differences between patients with toxicities of grade

 and those with toxicities of grade 1 or higher. Differences with
 p-value <0.05 were considered statistically significant. Statistical
nalyses were performed with the software package Stat View 5.0
SAS Institute Inc., Cary, NC, USA).

. Results

.1. Patient characteristics

The subjects were 35 patients with stage IV adenocarcinoma (14
en and 21 women; mean age, 72 years; age range, 53–90 years;

able 1). The types of EGFR mutations were as follows: exon 19

eletions in 18 patients, exon 21 L858R in 16 patients, and exon 18
719A in 1 patient.

able 2
ssociation between pharmacogenomic analysis and pharmacokinetic data.

Genotype (N = 33) Number % AUC p s

ABCB1 1236C>T
C/C 5 15 5364 

C/T  16 48 5185 

T/T  12 36 5409 0.7

ABCB1 2677G>T or A
G/G 7 21 4694 

G/T  or A 17 52 5096 

T  or A/Tor A 9 27 5990 0.7

ABCB1 3435C>T
C/C 5 15 4694 

C/T  17 52 5945 

T/T  11 33 4381 0.2

ABCG2 421C>A
C/C 18 55 5856 

A/C  11 33 4962 

A/A  4 12 3621 0.9

CYP3A4 20230G>A
G/G 17 52 5453 

G/A  15 46 4872 

A/A  1 3 8180 0.1

CYP3A5 6986A>G
A/A 4 12 6616 

G/A  17 52 5409 

G/G  12 36 4872 0.8

CYP2D6
*1/*1  12 36 4738 

*1/*10  or 36 16 48 5409 

*10  or 36/*10 or 36 5 15 6169 0.1
er 93 (2016) 69–76 71

3.2. Pharmacokinetics and pharmacogenomics analysis

Pharmacokinetics was evaluated in all 35 patients, and phar-
macogenomics was  evaluated in 33 patients. The Cmax was
achieved 5 h after dosing, and the median value was  377 (range,
168–781) ng/mL. The median AUC of the plasma concentration of
gefitinib from 0 to 24 h on day 1 of the administration of gefitinib
was 4893 (range, 698–13991) ng/mL h (Fig. 1). The trough values on
day 8 and 15 were almost identical, and the median trough values
on day 8 and 15 were 431 (range, 140–928) ng/mL and 390 (range,
115–1021) ng/mL, respectively.

The associations of AUC, Cmax, and trough values on day 8
with pharmacogenomics analysis are shown in Table 2. There
were no statistically significant associations between AUC and the
genotypes of ABCG2, ABCB1, CYP3A4, CYP3A5, and CYP2D6. Addition-
ally, there were no statistically significant associations between
Cmax and the genotypes of ABCG2, ABCB1, CYP3A4, CYP3A5, and
CYP2D6. Moreover, there were no statistically significant associ-
ations between the trough values and the genotypes of ABCG2,
ABCB1, CYP3A4, CYP3A5, and CYP2D6.

3.3. Toxicity

The most common adverse events were skin toxicity (69%
of patients), liver injury (63% of patients), and diarrhea (46% of
patients) (Table 3). One patient who died of gefitinib-related ILD
was a 78-year-old woman  who had had no ILD before she received
gefitinib. A CT scan of the chest 1 month after administration of gefi-
tinib showed diffuse ground–glass opacity throughout both lungs.
Although gefitinib was  immediately discontinued and treatment
was no improvement in respiratory function. The patient died of
gefitinib-related ILD 21 days later.

core Cmax p score Trough p score

335 604
398 304

1 380 0.99 429 0.64

335 431
380 440

5 416 0.63 309 0.46

322 492
438 383

7 317 0.16 308 0.20

416 435
375 306

8 241 0.02 243 0.15

416 434
335 296

9 541 0.28 529 0.41

465 434
362 433

8 393 0.43 433 0.77

362 371
380 431

6 443 0.16 612 0.10
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Fig 1. The observed plasma data of concentrations versus time o

Table 3
Toxicity.

National cancer institute-common
terminology criteria grade

Toxicity 1 2 3 4 5 all 3–5 (%)
Skin toxicity 19 5 0 0 0 68 0
Mucosal toxicity 2 1 0 0 0 9 0
Diarrhea 14 2 0 0 0 46 0
Nausea 6 1 0 0 0 20 0
Anorexia 15 1 0 0 0 46 0
Elevation of aminotransferase 12 2 8 0 0 63 23

c
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r
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Although several previous studies have revealed a correla-
Pulmonary toxicity 0 0 0 0 1 3 3
Fatigue 8 2 0 0 0 29 0

The AUC, Cmax, and trough values were not significantly asso-
iated with skin toxicity (Fig. 2A, B), diarrhea (Fig. 2C, D), or liver
njury (Fig. 2E, F) due to gefitinib (trough level data not shown).
owever, the AUC and Cmax were the highest and the trough value
n day 8 was the second highest in the patient who died of gefitinib-
elated ILD, had no homozygous genotype was present (Fig. 2G, H,
).

.4. Treatment response and survival

The response to treatment in the 35 patients was a complete
esponse in 1 patient, a partial response in 28 patients, stable dis-
ase in 2 patients, progressive disease in 2 patients, and unable to be
valuated in 2 patients. The overall response rate was 82.9% (29 of

5 patients; 95% confidence interval: 66.4–93.4%) and the disease
ontrol rate was 88.6% (31 of 35 patients; 95% confidence inter-
al: 73.3–96.8%). Neither the Cmax (p = 0.08), the AUC (p = 0.31), nor
f the first administration of 250 mg of gefitinib are shown.

the trough value on day 8 (p = 0.96) differed significantly between
responders and nonresponders.

Survival was  analyzed when the median follow-up time was
24 months for all 35 patients. At the time of analysis, 4 patients
(11%) were alive and no patients had been lost to follow-up. The
median PFS time was 10 months (range: 0–28 months; Fig. 3A), and
the median survival time was 25 months (range: 2–108 months;
Fig. 3B). The PFS time did not differ significantly between patients
with lower than median AUC (11 months) and patients with higher
than median AUC (9 months) (p = 0.21) (Fig. 3C), between patients
with lower than median Cmax (11 months) and patients with
higher than median Cmax (9 months) (p = 0.28) (Fig. 3D), or between
patients with lower than median trough value on day 8 (12 months)
and patients with higher than median trough value on day 8 (9
months) (p = 0.76) (Fig. 3E).

4. Discussion

To our knowledge, the present study is the first to evalu-
ate the associations of pharmacokinetics and pharmacogenomics
with gefitinib-related ILD and efficacy of gefitinib in patients with
EGFR mutation-positive advanced NSCLC. In the present study
no significant associations was found between the pharmacoki-
netics of gefitinib and pharmacogenomics in patients with EGFR
mutation-positive advanced NSCLC. Furthermore, neither the phar-
macokinetics of gefitinib nor pharmacogenomics was found to be
statistically associated with the toxicity or efficacy of gefitinib.
tion between pharmacokinetics and pharmacogenomics of another
EGFR-TKI, erlotinib, and the development of toxicity, the results
were controversial [25,26]. In one study, ABCG2 polymorphism was
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Fig. 2. (A) The association of AUC with the skin toxicity of gefitinib is shown. There was no significant association of AUC and the skin toxicity of gefitinib (p = 0.62). (B) The
association of Cmax with the skin toxicity of gefitinib is shown. There was  no significant association of Cmax and the skin toxicity of gefitinib (p = 0.29). (C) The association of
AUC  with diarrhea from gefitinib is shown. There was no significant association of AUC and diarrhea from gefitinib (p = 0.77). (D) The association of Cmax with diarrhea from
gefitinib is shown. There was no significant association of Cmax and diarrhea from gefitinib (p = 0.75). (E) The association of AUC with liver injury from gefitinib is shown. There
was  no significant association of AUC and liver injury from gefitinib (p = 0.15). (F) The association of Cmax with liver injury from gefitinib is shown. There was  no significant
association of Cmax and liver injury from gefitinib (p = 0.22). (G) The association of AUC with interstitial lung disease (ILD) from gefitinib is shown. One patient who  died of
gefitinib-related ILD showed the highest AUC of all patients. (H) The association of Cmax with interstitial lung disease (ILD) of gefitinib is shown. One patient who  died of
gefitinib-related ILD showed the highest Cmax of all patients. (I) The association of trough value on day 8 with interstitial lung disease (ILD) of gefitinib is shown. One patient
who  died of gefitinib-related ILD showed the second highest trough value of all patients.
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Fig. 2. 

ound to influence the apparent clearance of erlotinib, whereas
BCB1 and CYP3A5 polymorphism were not [25]. In another study
BCB1 polymorphism was found to be associated with higher

lasma concentration of erlotinib and the risk of toxicity [27].
lthough other previous studies in patients with advanced NSCLC
ave suggested a relationship of the plasma concentration of gefi-
inued).

tinib with skin toxicity, diarrhea, and liver injury, it remains unclear
whether common toxicities are related to the plasma concentration
of gefitinib when it is administered at a dose of 250 mg  [12–14].

Moreover, whether an association exists between genetic poly-
morphisms and the toxicity of gefitinib in patients with advanced
NSCLC is controversial [15,16]. In the present study in patients with
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Kaplan–Meier method according to AUC. There was  no significant difference in PFS time between patients with lower than median AUC (dashed line: 11 months) and patients
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ine:  9 months) (p = 0.28). (E) Progression-free survival (PFS) time estimated with t
ignificant difference in PFS time between patients with lower than median trough 

ine:  9 months) (p = 0.76).

GFR mutation-positive advanced NSCLC, the pharmacokinetics of
efitinib and pharmacogenomics were no found to be significantly
ssociated with the toxicity of gefitinib.

Although rare, ILD is a potentially fatal adverse event. The fre-
uency of EGFR-TKI-related ILD is higher in patients in Japan than

n other countries [11] but the reason for the difference in fre-
uency is unknown. Two large, multi-institutional studies have
ound that ILD has an incidence in Japan of 3.5% to 4.0% [11]. With
espect to erlotinib, a relationship between a high plasma concen-
ration and related ILD has been suggested [25,28]. However, to our
nowledge, no relationship between the plasma concentration of
efitinib and gefitinib-related ILD has been reported. Of the patients
f the present study, the one who died of gefitinib-related ILD had
he highest AUC and Cmax and the second highest trough value on
ay 8 of all patients. The present study suggests that the elevated
efitinib exposure is associated with gefitinib-related ILD. Further
tudies are needed of how pharmacokinetics or pharmacogenomics

s associated with the toxicity of EGFR-TKI.

Of patients with EGFR mutation-positive advanced NSCLC,
ntrinsic resistance to EGFR-TKI is shown by 20% to 30% [3,4].
plan–Meier method according to trough value on day 8. There was no statistically
(dashed line: 12 months) and patients with higher than median trough value (solid

However, the mechanisms of intrinsic resistance have been poorly
understood. A phase III study of erlotinib has demonstrated a cor-
relation between the development of rash of grade 2 or greater
and the efficacy of erlotinib in patients with previously treated
advanced NSCLC [29]; this study suggests that individual variations
in pharmacokinetics might be related to the efficacy of erlotinib.
On the other hand, neither the severity of rash nor the efficacy of
erlotinib has been reported to correlate with exposure to erlotinib
[30]. Furthermore, the response to erlotinib was not higher with
a higher trough level of erlotinb in patients with EGFR mutation-
positive advanced NSCLC; however, the response rate was higher
with a higher trough level in patients with EGFR mutation-negative
advanced NSCLC [25]. Although the association of pharmacokinet-
ics with the efficacy of erlotinib remains controversial, it might
not exist in patients with EGFR mutation-positive advanced NSCLC
because EGFR mutation is the strongest biomarker for the efficacy
of EGFR-TKI [1,2]. Body surface area has been reported to affect the

PFS time of patients with EGFR mutation-positive advanced NSCLC
who are treated with gefitinib; a higher body surface area was
associated with a shorter PFS time [31]. Authors have speculated
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previously treated advanced non-small cell lung cancer, Br. J. Cancer 105
(2011) 938–944.

[31] E. Ichihara, K. Hotta, N. Takigawa, et al., Impact of physical size on gefitinib
efficacy in patients with non-small cell lung cancer harboring EGFR
6 T. Hirose et al. / Lun

bout the association between the efficacy and the blood concen-
ration of gefitinib because physical size has been noted to affect
harmacokinetics of most cytotoxic agents. To our knowledge,
elationships of the pharmacokinetics and pharmacogenomics to
he efficacy of gefitinib in patients with EGFR mutation-positive
dvanced NSCLC have not previously been reported. In the present
tudy, we found no significant association of pharmacokinetics or
harmacogenomics with the efficacy of gefitinib in these patients.

Our study has several limitations. One limitation is that the
umber of patients was too small for the association of pharma-
okinetics and pharmacogenomics with the toxicity and efficacy of
efitinib to be precisely determined. Additionally, gefitinib-related
LD occurred in only 1 patient. Second limitation is that because
ome gene polymorphisms were of low frequency, the association
ight possibly be accidental. Third limitation is blood sampling

ime. Ranson et al. have reported that the steady-state plasma con-
entrations were achieved by day 7 to 10 [13]. Additionally, they
ave reported that the Cmax at steady-state increased by a mean
f 2.5-fold and the AUC at steady-state increased by a mean of 3-
old compared with single administration [13]. Therefore, the Cmax

nd AUC on day 1 of gefitinib administration are less accurately
eflected than at steady-state. However, associations of the trough
alue on day 8 with toxicity and efficacy of gefitinib were almost
dentical to associations of the Cmax and AUC on day 1 with toxicity
nd efficacy of gefitinib.

In conclusion, the present study found no significant associa-
ions of pharmacokinetics and pharmacogenomics with the toxicity
nd efficacy of gefitinib in patients with EGFR mutation-positive
dvanced NSCLC. However, the one patient who died of gefitinib-
elated ILD had the highest AUC and Cmax and the second highest
rough value. Thus, the elevated gefitinib exposure might be associ-
ted with gefitinib-related ILD. Further studies are needed to assess
he association of pharmacokinetics or pharmacogenomics with
he toxicity of EGFR-TKI.
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Abstract. Background/Aim: To investigate bioequivalence
among generic and brand-name irinotecan products. Materials
and Methods: Products of Yakult and Daiichi-Sankyo (brand-
name products), Sandoz, Nippon Kayaku, Taiho, and Sawai
were compared with respect to their composition and antitumor
activity. Results: High-performance liquid chromatography
demonstrated that related substances were within the acceptable
range. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay revealed significant differences in cytotoxicity for
four cancer cell lines among the products. The concentration of
the active compound SN-38 was highest in Yakult’s product
(23.82 ng/ml) and lowest in Daiichi-Sankyo’s product (8.96
ng/ml). MTT assay data were correlated with the SN-38
concentration, suggesting that it influenced differences in
cytocidal activity among products. However, the SN-38
concentration was far lower than that of irinotecan (20 mg/ml),
suggesting a negligible clinical effect. Metabolism of irinotecan
to SN-38 or open-ring forms did not differ significantly among
the products. Conclusion: The generic products showed
equivalent efficacy and safety to the brand-name products.

Generic products are expected to show equivalence to brand-
name products with respect to the dosage form, safety,
efficacy and quality, while reducing medical expenses due to

their lower cost. For oral drugs, equivalence between generic
and brand-name products must be demonstrated by
dissolution and bioequivalence tests. On the other hand,
while quality assurance tests, such as purity tests, are
required for injectable products, bioequivalence tests are not
compulsory. Therefore, only certain companies voluntarily
perform bioequivalence tests of injectable products. For
anticancer agents, excluding some hormonal agents,
bioequivalence studies in healthy volunteers are prohibited.
However, some reports have been published comparing
safety and pharmacokinetics between brand-name and
generic injectable products. For example, the safety and
pharmacokinetics of paclitaxel were reported to be similar
between brand-name and generic products in patients with
cancer (1-4). In contrast, it has been reported that generic
forms of docetaxel, another taxane anticancer agent, cause
more serious febrile neutropenia than the brand-name
product (5). Moreover, cisplatin generics were found to
cause more severe nephropathy and hematological toxicity
than the brand-name product (6-8).

Irinotecan is a DNA topoisomerase I inhibitor derived from
camptothecin that shows broad-spectrum strong antitumor
activity (9). It is a prodrug, and carboxylesterases in the liver
and other tissues convert it to the active metabolite, 7-ethyl-
10-hydroxy-camptothecin (SN-38) (10), which has 1000-fold
stronger pharmacological activity than the parent compound
(11). Irinotecan is a key drug for treating various cancer
types, including colorectal (12), lung (13), gastric cancer (14),
breast (15), cervical (16), and ovarian (17). Generic products
for irinotecan were released in Japan in May 2009. 

Irinotecan is a semisynthetic derivative of camptothecin
extracted from Camptotheca acuminata or Nothapodytes
foetida, which are native to China (18, 19). It has been
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reported that the plant used as a source material differs
among pharmaceutical companies and that levels of
contaminants vary as a consequence (20). Antitumor activity
is also influenced by pH-related lactone ring opening, since
the lactone form shows higher antitumor activity than the
carboxylate form. These features of irinotecan suggest the
potential for safety and pharmacokinetics to differ between
the brand-name and generic products, but there have been no
reports about this issue. 

Accordingly, the present study was performed to
investigate in vitro bioequivalence among the irinotecan
products of various pharmaceutical companies by performing
various tests, including assessment of purity, cytocidal
activity, pH-dependent lactone ring opening, cytotoxicity of
Y3 (a related substance), and formation of active metabolites
by human hepatic microsomes. Our findings suggest that the
brand-name and generic products would be expected to have
equivalent efficacy and safety.

Materials and Methods

Anticancer agents. The reference formulation (brand-name product)
was Campto® (Yakult Honsha,Tokyo, Japan), while the other
products studied were Topotecin® (brand-name product) and four
generic products (Table I). Authentic specimens of the following
potential contaminants were supplied by Yakult Honsha: 3,10-
diethyl-8-[(4-piperidinopiperidino)carbonyloxy]furo [3’,4’:6,7]
indolizino-[1,2-b]quinoline-1,13(3H,11H)-dione (D1); 10-ethyl-2-
methyl-3-propionyl-8-[(4-piperidinopiperidino)carbonyloxy]
indolizino[1,2-b]-quinoline-1(11H)-one (D3); (4S)-4,11-diethyl-
4,12-dihydroxy-9-[(4-piperidinopiperidino)carbonyloxy-1H-
pyrano[3’,4’:6,7]-indolizino[1,2-b]quinoline-3,14(4H,12H)-dione
(Y1); (4S)-4,11-diethyl-4,9,12-trihydroxy-1H-pyrano[3’,4’:6,7]
indolizino[1,2-b]quinoline-3,14(4H,12H)-dione (Y3), and 4-ethyl-
2-[6-(4-ethyl-4-hydroxy-3,8(1H,7H)-dioxopyrano[3,4-c]pyridyl)]-6-
(piperidinopiperidino)-carbonyloxyquinoline-3-carboxylic acid (U1)
(Figure 1).

Cell lines and culture. A small cell lung cancer cell line (PC-6) was
obtained from the Second Department of Internal Medicine of
Nagasaki University (Nagasaki, Japan), a non-small cell lung cancer
cell line (PC-9) was from Kinki University (Higasiosaka-shi, Japan),
and another non-small cell lung cancer cell line (A549) and an

ovarian cancer cell line (NIH:OVCAR-3) were from the Riken Cell
Bank, Tsukuba, Ibaraki, Japan. 

A549 cells were incubated in Dulbecco’s modified Eagle’s
medium (DMEM) (Wako, Osaka, Japan), while PC-6, PC-9, and
NIH:OVCAR-3 cells were incubated in RPMI-1640 medium
(Sigma-Aldrich, Tokyo, Japan). Both media contained 10% fetal
bovine serum and incubation was at 37˚C under 5% CO2. 

Assessment of purity. High-performance liquid chromatography
(HPLC) was performed using a Hitachi Detector L-2400 and a
Hitachi Pump L-2130 (Hitachi, Tokyo, Japan). The detection
wavelength was 254 nm. The analytical column was a Capcell Pak
C18 MG (5 μ, 3.0 Φ×150 mm) from Shiseido (Tokyo, Japan).
Mobile phase A was a mixture of 50 mM formic acid buffer (pH
5.1), acetonitrile and MeOH at 75:10:15 (v/v/v), while mobile phase
B was a mixture of 50 mM formic acid buffer (pH 5.1), acetonitrile
and MeOH at 55:30:15 (v/v/v). Elution was performed at a flow rate
of 1.0 ml/min and a temperature of 50˚C using the following
protocol: gradient elution from A to B (30 min)→A (1 min)→
equilibration (5 min). 

Cytotoxicity test. Small cell lung cancer cells (PC-6), non-small cell
lung cancer cells (PC-9, A549) and ovarian cancer cells
(NIH:OVCAR-3) were used to evaluate cytotoxicity by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Cells in the logarithmic growth phase were suspended in 0.05%
trypsin-EDTA (Nacalai Tesque, Kyoto, Japan) and adjusted to
5.6×103 cells/ml in irinotecan-free medium. This suspension was
inoculated at a volume of 1,800 μl/well (1,000 cells/well) into a 96-
well microplate, and serial dilutions of each product in medium were
added to the wells. After 72 h of incubation, 5 mg/ml MTT (Nacalai
Tesque) was added at 20 μl/well and incubation was continued for 4
h. Then centrifugation (400 × g at 4˚C) was performed for 10 min.
After the medium was discarded, dimethyl sulfoxide was added at a
volume of 200 μg/well, and the absorbance was measured at 570 nm
using a microplate reader (reference wavelength of 650 nm).

Formation of open-ring irinotecan. Irinotecan adopts closed- and
open-ring forms under acidic and basic conditions, respectively
(21). Because opening the lactone ring alters the antitumor activity
of irinotecan, the extent of formation of its open-ring form was
compared among the products. During incubation of each product
in human plasma (pH 7.4±0.05) at 37˚C, samples were collected
over time and deproteinized for analysis by HPLC (fluorescence
detector: excitation at 380 nm and emission at 550 nm). The
concentration of the closed-ring form relative to the total irinotecan
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Table I. List of irinotecan products and manufacturers.

Type of product                                                                         Name                                                                                      Manufacturer

Brand name                                                                 Campto for i.v. infusion                                                                       Yakult Honsha
Generic                                           Irinotecan Hydrochloride Intravenous Infusion [SANDOZ]                                                Sandoz
Generic                                                                 Irinotecan for i.v. infusion [NK]                                                        Nippon Kayaku Co., Ltd
Generic                                                  Irinotecan Hydrochloride i.v. infusion「TAIHO」                                    Taiho Pharmaceutical Co., Ltd.
Generic                                                                       Irinotecan Hydrochloride                                                        Sawai Pharmaceutical Co., Ltd.
Brand name                                                      Topotecin Intravenous Drip Infusion                                                    Daiichi-Sankyo Co., Ltd.



concentration was determined over time, with the concentration of
the closed-ring form at the start of incubation being set at 100%. 

SN-38 formation by human hepatic microsomes. An aliquot (30 μl) of
25 mg/ml human hepatic microsomes (Biopredic, Saint-Grégoire,
France) was solubilized by adding 6 μl of 1% Triton X-100. The
solubilized microsomes were added to 60 μl of NaH2PO4 (0.1 mol/l
pH 7.4) together with 51 μl of water and 3 μl of irinotecan (0.8 mg/ml)
for incubation at 37˚C. Samples were collected after 2, 4, and 6 min
and were immediately added to acetonitrile on ice (0˚C) for
deproteinization. After centrifugation for 5 min at 21,000 × g and 4˚C,
10 μl of the supernatant was injected into the HPLC system by an
autosampler for analysis (fluorescence detector: excitation at 380 nm
and emission at 550 nm). 

Cytotoxicity of Y3 and SN-38. Because the potential contaminant Y3
has a similar structure to SN-38, even a low content of Y3 can
influence a product’s cytocidal activity. Therefore, the cytotoxicity
of Y3 for small-cell lung cancer cell line PC-6 and non-small cell
lung cancer cell line PC-9 was evaluated by the MTT assay and the
Y3 content of each product was measured by HPLC.

Results
Comparison of impurities among the products. When
impurities were measured by HPLC and compared among
the products, peaks of related substances with known
structures (such as D1, D3, Y1, and U1) were detected in
addition to the peaks of irinotecan and SN-38 (Table II).
While the peak area of each related substance varied among
the products, it was always less than 0.2%, which is the
threshold specified by “Impurities in New Drug Products” in

the International Conference on Harmonisation (ICH)
guidelines (22). Peaks of unknown contaminants were also
noted, but the peak area of each contaminant was less than
0.1%. These results suggest that the products were equivalent
with respect to their impurities.

Cytotoxicity. When in vitro cytocidal activity was compared
between the products by the MTT assay (Table III), the 50%
inhibitory concentration (IC50) for PC-6 showed a significant
difference between the reference formulation and three other
products.In addition, the IC50 values for PC9 and
NIH:OVCAR-3 cells were significantly different between the
reference formulation and four or five other products,
respectively. When the SN-38 content was measured in the
impurity test, it was significantly lower in the products of
Sandoz, Sawai, and Daiichi-Sankyo than in the reference
formulation (Table IV). The difference of IC50 against PC-6
cells among the products was significantly related to the SN-38
content (r2=0.813, p<0.05) as it was against PC-9 cells
(r2=0.951, p<0.01), but not A549 cells (r2=0.326, p>0.05) nor
NIH:OVCA R-3 cells (r2=0.123, p>0.05). Yakult’s product had
the highest SN-38 content (23.82±3.55 ng/ml) and the strongest
cytotoxicity, while the product of Daiichi-Sankyo had the lowest
SN-38 content (8.96±0.62 ng/ml) and tended to exhibit weaker
cytotoxicity than the other products against all cell lines.

Open-ring form. When each product was incubated in human
plasma, the decrease in the lactone (closed-ring) form of
irinotecan over time did not significantly differ among the
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Figure 1. Structure of irinotecan and related substances.



products (Figure 2), and the formation rate of the open-ring
form was considered to be equivalent among the products.

Metabolism to SN-38. When the conversion rate of irinotecan
to SN-38 by human hepatic microsomes was investigated,
there were no significant differences among the products
(Table V).

Cytotoxicity of Y3 and SN-38. The IC50 of Y3 for PC-6 and
PC-9 cells was 24-fold and 64-fold higher than that of SN-
38, respectively (Table VI). The Y3 content of each product
was similar to or significantly lower than that of the
reference formulation (Table IV). In addition, the Y3 content
was approximately 45, 20, 11, 8, 23 and 109 times higher
than the SN-38 content in the products of Yakult, Sandoz,
Nippon Kayaku, Taiho, Sawai, and Daiichi-Sankyo,
respectively (Table IV). Even though Y3 was less toxic than
SN-38, these differences in Y3 content might have
influenced the cytotoxicity of the products. In fact, Yakult’s
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Table II. Peak area ratios of irinotecan and contaminants. High-performance liquid chromatography peak area (%) profiles of the reference
formulation and other products are shown. The peak area ratio of each contaminant was <0.2% and was acceptable by International Conference
on Harmonisation guidelines.

                                                                                                                        Product manufacturer

Compound                                Yakult                     Sandoz               Nippon Kayaku                  Taiho                        Sawai                    Daiichi-Sankyo

Irinotecan (closed)                   99.56                       99.52                         99.60                          99.46                        99.52                             99.47
Irinotecan (open)                       0.14                         0.18                           0.20                            0.22                          0.11                               0.14
D1                                              0.05                         0.01                           0.02                            0.01                          0.01                               0.01
D3                                              0.10                         0.08                           0.06                            0.11                          0.09                               0.11
Y1                                              0.04                         0.06                           0.01                            0.06                          0.08                               0.06
U1                                              0.06                         0.02                           0.06                            0.02                          0.05                               0.07
Unknown 1                                 n.d.                          n.d.                            0.01                            0.01                          0.01                               0.04
Unknown 2                                 n.d.                          0.06                           0.01                            0.04                          0.05                               0.01
Other                                          0.05                         0.07                           0.03                            0.07                          0.08                               0.09
Total                                         100.00                     100.00                       100.00                        100.00                      100.00                           100.00

Figure 2. Elimination rate of the lactone form of irinotecan. Each
irinotecan product was incubated in human blood plasma in vitro. The
lactone form was changed to carboxylate form with increasing pH over
time. There were no significant differences between products at each
time point.

Table III. Cytotoxicity of each product. The 50% inhibitory concentration (IC50) of each product was determined by the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide assay. The cytotoxicity of the other products was weaker than that of the Yakult reference formulation.

                                                                                                                               IC50 (μM)

                                                                                                                      Product manufacturer

Cell line                            Yakult                       Sandoz                 Nippon Kayaku                  Taiho                           Sawai                   Daiichi-Sankyo

PC-6                               1.37±0.05                1.86±0.06**                  1.38±0.08                 1.59±0.09**                  1.39±0.05                  2.03±0.07**
PC-9                               7.46±0.68               12.36±0.47**                 8.01±0.51                 9.07±0.48**                9.14±0.29**               16.70±0.56**
A549                              44.99±6.90              77.09±8.89**            64.07±10.21**            75.17±7.95**              61.61±7.63**              72.32±6.89**
NIH:OVCAR-3             16.66±0.71              20.85±1.37**             23.08±3.44**             24.70±2.26**              24.63±0.95**              24.08±2.13**

Data are the mean±SD. **Significantly different at p<0.005 vs. Yakult by Student’s t-test.



product, with the highest content of SN-38 and Y3, had the
strongest cytotoxicity (Table III).

Discussion

In this study, we evaluated the in vitro bioequivalence of
various irinotecan products and we clarified the following
points. Firstly, levels of contaminants differed among the
products, but were always within the acceptable range
specified by the guidelines. Secondly, cytotoxicity differed
significantly among the products, and these differences
probably reflected differences of the SN-38 content. Finally,
there were no significant differences of pH-dependent ring-
opening or metabolism to SN-38. Because irinotecan is a
semisynthetic derivative of camptothecin, each product was
subjected to HPLC to determine the levels of active
ingredients and contaminants, and we also compared
cytotoxicity, metabolism, and pH-dependent ring opening. 

Various contaminants (D1, D3, Y1, U1, etc.) were detected in
addition to irinotecan and its active metabolite SN-38. The
content of each related substance differed among the products,
presumably due to differences in the raw materials and
manufacturing methods, but this was considered to be of no
clinical relevance because the content of each substance was
always within the acceptable range according to the ICH
guidelines. Comparison of pH-dependent irinotecan ring opening
also did not significantly differ among the products. However,
the MTT assay revealed significant differences of cytotoxicity
among the products. Formulations of irinotecan contain trace
levels of various decomposition products and contaminants,

including the active metabolite SN-38, with far stronger
antitumor activity than irinotecan (100 to several thousand times
higher) (23, 24). This study showed that the SN-38 concentration
of each product (8.96-23.82 ng/ml) was far lower than the
irinotecan concentration (20 mg/ml). If irinotecan was partially
metabolized to SN-38 during the MTT assay, the amount of SN-
38 produced would be far higher than the initial content in each
product, which might suggest there was little likelihood of the
differences in the baseline concentration of SN-38 causing the
differences in cytotoxicity among the products. However, there
was no significant difference in the metabolism of irinotecan to
SN-38 by hepatic microsomes among the products and
cytotoxicity in the MTT assay was related to the concentration
of SN-38 in each product, suggesting that the differences in
cytotoxicity among the products were actually related to
differences of the baseline SN-38 concentration. 
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Table IV. SN-38 and Y3 concentration in each product. High-performance liquid chromatography showed that the reference formulation had the
highest concentration of SN-38.

                                                                                                                      Product manufacturer

Compound                        Yakult                       Sandoz                 Nippon Kayaku                  Taiho                           Sawai                   Daiichi-Sankyo

SN-38 (ng/ml) 23.82±3.55 14.59±2.14** 22.91±4.20 21.56±0.57 18.16±0.86* 8.96±0.62**
Y3 (ng/mI) 1069.7±64.7 293.3±91.1** 243.8±74.3** 168.4±45.5** 413.3±67.1** 974.0±166.9

Data are the mean±SD. Significantly different at *p<0.05 and **p<0.005 vs. Yakult by Student’s t-test.

Table V. Formation of SN-38 by human hepatic microsomes. There were no appreciable differences in metabolism to SN-38 among the products by
Student’s t-test.

                                                                                                                      Product manufacturer

                                          Yakult                       Sandoz                 Nippon Kayaku                  Taiho                           Sawai                   Daiichi-Sankyo

ng/min/mgP 1.21±0.14 1.15±0.07 1.33±0.04 1.38±0.06 1.40±0.14 1.40±0.07

Data are the mean±SD.  

Table VI. Cytotoxicity of Y3 and SN-38. The 50% inhibitory
concentration (IC50) values of Y3 and SN-38 were measured by the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay using
cancer cell lines (PC-6 and PC-9). The cytotoxicity of Y3 was much
weaker than that of SN-38.

                                                      Mean IC50±S.E. (nM)
                                                                 Cell line

Compound                             PC-6                               PC-9

SN-38                                 39.7±3.2                         45.2±3.3
Y3                                     933.5±40.2                   2898.4±154.8



We also compared cytotoxicity between SN-38 and Y3, a
related substance with a similar structure to SN-38. Although
the cytotoxicity of Y3 was lower than that of SN-38, the Y3
content of each product was 8-109 times higher, suggesting that
Y3 was likely to influence the results of the MTT assay. In fact,
Yakult’s product, with the highest SN-38 and Y3 content, had
the strongest cytotoxicity and the product of Daiichi-Sankyo
with a Y3 content 109-fold higher than that of SN-38
(8.96±0.62 ng/ml vs. 974.0±166.9 ng/ml) exhibited relatively
strong cytotoxicity against A549 and NIH:OVCAR-3 cells.

However, it must also be considered whether such in vitro
differences among the products could lead to clinical
differences in safety and pharmacokinetics. The concentration
of irinotecan in each product was 20 mg/ml, which was many
times higher than that of SN-38 (8.96-23.82 ng/ml) and Y3
(168.4-1,069.7 ng/ml). Moreover, the area under the plasma
concentration–time curve for plasma SN-38 was found to be
approximately 0.03-0.08 times that of irinotecan in clinical
studies (25-27). The SN-38 concentrations of the products were
much lower than that generated from irinotecan in plasma.
Hence, the differences of SN-38 concentrations of the products
would have little influence on in vivo cytotoxicity, indicating
that each product is considered to be equivalent. The SN-38
concentrations of the generic products were similar to or lower
than that of reference formulation, indicating that there is little
likelihood of the generic products having stronger clinical
cytotoxicity.

In summary, based on the results of the present study, we
concluded that each irinotecan product tested was equivalent
to the reference formulation.

Irinotecan causes various adverse reactions, including
myelosuppression and diarrhea (28, 29). We consider that
bioequivalence should be investigated for injectable drugs with
strong toxicities such as anticancer agents. If possible, clinical
studies should be performed to assess the safety and efficacy
of generic products before their approval. Although large-scale
clinical studies are undoubtedly expensive, in vitro studies such
as the present investigation can provide an indication of
bioequivalence. In the future, it would seem necessary to
conduct further studies to determine whether the differences
among products that we identified influence the efficacy and
adverse reactions of these products in clinical practice. 
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Abstract

Background: Consideration of medical costs as well as effectiveness and adverse events is rapidly been
becoming an important factor in the selection of chemotherapy regimens. However, practical data on the costs
of chemotherapy are scarce. We clinically estimated the medical costs of 6 adjuvant chemotherapy regimens for
colorectal cancer on the basis of clinical and cost-related data and compared their cost-effectiveness by cost-
minimization analyses.

Methods: All patients who received adjuvant chemotherapy for colorectal cancer between April 2012 and May
2015 at four hospitals affiliated with Showa University were studied retrospectively. Clinical and cost data related
to adjuvant chemotherapy were collected from medical records and medical fee receipt data, respectively. Six
adjuvant chemotherapy regimens were studied: capecitabine and oxaliplatin (CapeOX); 5-fluorouracil (5-FU),
ℓ-leucovorin (LV), and oxaliplatin (modified FOLFOX6 [mFOLFOX6]); 5-FU and LV (5-FU/LV); tegafur and uracil
(UFT), and LV (UFT/LV); capecitabine; and tegafur, gimeracil and oteracil (S-1). The regimens were divided into
2 groups according to whether or not they contained oxaliplatin because of the difference in effectiveness.
Cost-minimization analyses, where relative costs of regimens showing equivalent effectiveness were simply
compared, were performed to evaluate the cost-effectiveness of the regimens in each group.

Results: A total of 154 patients with colorectal cancer received adjuvant chemotherapy during the study period.
Fifty-seven patients were treated with CapeOX, 10 with mFOLFOX6, 38 with UFT/LV, 20 with capecitabine, and 29
with S-1. No patient received 5-FU/LV. The total costs of oxaliplatin-containing regimens were significantly higher
than those of oxaliplatin non-containing regimens. The high cost of oxaliplatin, but not the costs of drugs or
various tests for the treatment of adverse events, was the primary reason for the higher costs of the oxaliplatin-
containing regimens. The cost-effectiveness of the oxaliplatin-containing regimens CapeOX and mFOLFOX6 were
comparable. Among the oxaliplatin non-containing regimens, the cost-effectiveness of S-1 and capecitabine was
superior to that of UFT/LV.

Conclusion: Thus, we provided the cost-effectiveness data of 5 adjuvant chemotherapy regimens for colorectal
cancer based on practical clinical and cost data from Japanese patients. The results can be included as a factor in
regimen selection because these results would represent the real world.

Trial registration: This study is a retrospective observational study and does not include any health care
interventions. Therefore, we did not register the protocol of this study.

Keywords: Cost-minimization analysis, Cost-effectiveness, Colorectal cancer, Adjuvant chemotherapy, Regimen selection
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Background
Cancer therapy has rapidly evolved over the past two
decades, contributing to improvements in the survival
and quality of life of cancer patients. However, the
costs of the cancer therapy have also rapidly increased
in parallel to progress in cancer therapy [1]. A previous
study reported that 30.6 % or more of patients with
cancer are complaining about the rising costs of cancer
therapy [2]. Another study found that the frequency of
bankruptcy was 2.65-fold higher among patients with
cancer than those without the disease [3]. Many highly
effective anticancer drugs have recently been devel-
oped and are now used in clinical practice. However,
the costs of these drugs are generally high. For ex-
ample, the cost of one intravenous dose of the cyto-
toxic anticancer drug oxaliplatin is higher than 80,000
yen (800 US dollars, assuming that 100 yen is equiva-
lent to 1 dollar) when the drug is given to a Japanese
patient with an average body surface area (BSA) of
1.69 m2 [4]. As for molecularly targeted drugs, the cost
of one dose of bevacizumab or cetuximab is higher
than 100,000 yen (1000 dollars). In the case of the im-
mune checkpoint inhibitor nivolumab, which was very
recently launched, the cost of a single intravenous dose
of the drug exceeds 1,000,000 yen (10,000 dollars).
Given the remarkable increase in the costs of antican-
cer drug therapies, oncologists can no longer ignore or
blindly accept that costs have no place in medical deci-
sion making [5]. Therefore, it has been widely recom-
mended that costs related to cancer chemotherapy
should be considered in addition to effectiveness and
adverse events in the selection of treatment regimens
[5, 6]. However, cost data on cancer medications in
Japan are extremely limited; patients and oncologists
generally choose treatment regimens on the basis of
only effectiveness and adverse events, without consid-
ering costs.
For patients who have pathological stage II colorectal

cancer with a high risk of recurrence or patients who
have stage III disease, adjuvant chemotherapy is rec-
ommended after potentially curative resection [7]. Six
adjuvant chemotherapy regimens are used to treat
colorectal cancer in Japan: 1) CapeOX, consisting of
capecitabine and oxaliplatin [8]; 2) FOLFOX4, com-
prising 5-fluorouracil (5-FU), ℓ-leucovorin (LV), and
oxaliplatin [9], which is usually replaced by modified
FOLFOX6 (mFOLFOX6), comprising the same agents
as FOLFOX4, in Japan, because mFLOFOX6 is simpler
to handle than FOLFOX4, while the effectiveness and
safety of these regimens are nearly equivalent [10]; 3)
5-FU/LV, consisting of 5-FU plus LV [11]; 4) UFT/LV,
comprising UFT (a fixed combination of tegafur and
uracil) and oral LV [12]; 5) capecitabine [13]; and 6) S-1
(tegafur, gimeracil, and oteracil) [14].

Several economic studies have examined the cost-
effectiveness of adjuvant chemotherapy for colorectal
cancer in Japan [15–17]. The clinical data used in these
studies were derived from international phase 3 trials,
but not based on clinical practice. The cost of a drug or
a test was calculated by multiplying the pre-determined
numbers of drug doses or tests by their respective unit
prices. These methods have the advantage that cost cal-
culation is straightforward and simple. However, the
costs related to adjuvant chemotherapy thus obtained
might differ from those obtained by using patient data
in the real world, because patients’ backgrounds are dif-
ferent between international phase 3 trials and clinical
practice. In clinical practice, subpopulations of patients
with advanced age, comorbidities, organ dysfunctions,
or lower performance status who generally cannot par-
ticipate in international phase 3 trials are given adju-
vant chemotherapy. Given that patients who receive
adjuvant chemotherapy in clinical practice might re-
ceive a lower dose intensity and suffer more severe ad-
verse events than patients enrolled in international
phase 3 trials, considerable differences in the medical
costs from the phase 3-based approach are plausible.
When selecting regimens for patients in clinical prac-
tice, the use of the medical costs reflecting the actual
situation is desirable.
Based on these backgrounds, we calculated the total

costs of 6 regimens of adjuvant chemotherapy for colorec-
tal cancer by using data from Japanese patients treated in
clinical practice. Based on the costs thus obtained, we
compared the cost-effectiveness of these regimens.

Methods
This was a retrospective study of all patients who re-
ceived adjuvant chemotherapy for colorectal cancer in
Showa University Hospital, Showa University Fujigaoka
Hospital, Showa University Koto Toyosu Hospital, or
Showa University Northern Yokohama Hospital be-
tween April 2012 and May 2015. The present study
was approved by the Institutional Review Board of Showa
University (approved number; Showa University Hospital,
1824; Showa University Fujigaoka Hospital, 2015023;
Showa University Koto Toyosu Hospital, 15T7006; Showa
University Northern Yokohama Hospital, 1505-07).

Selection of patients
All patients who received either CapeOX, mFOLFOX6,
5-FU/LV, UFT/LV, capecitabine, or S-1 at the aforemen-
tioned hospitals and completed all scheduled cycles were
studied. Patients were required to undergo potentially
curative resection for colorectal cancer before receiving
adjuvant chemotherapy.
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Chemotherapeutic regimens
CapeOX consisted of a 2-h intravenous infusion of oxali-
platin (130 mg/m2) on day 1 and oral capecitabine
(1000 mg/m2) twice daily on days 1 to 14, repeated every
3 weeks for 8 cycles [8]. mFOLFOX6 consisted of LV
(200 mg/m2) given as a 2-h infusion and oxaliplatin
(85 mg/m2) given as a 2-h infusion, followed by a bolus
infusion of 5-FU (400 mg/m2) and a 46-h continuous
infusion of 5-FU (2400 mg/m2). This regimen was re-
peated every 2 weeks for 12 cycles [10]. Brand-name
oxaliplatin was used in CapeOX and mFOLFOX6. 5-FU/
LV comprised a 2-h infusion of LV (250 mg/m2) and a
bolus infusion of 5-FU (500 mg/m2) given 1 h after start-
ing the LV infusion, repeated weekly for 6 weeks followed
by a 2-week rest [11]. This regimen was given for 3 cycles.
UFT/LV consisted of oral UFT (300 mg/m2) and LV
(75 mg/patient) given 3 times daily on days 1 to 28
followed by a 7-day rest, repeated for 5 cycles [12]. Cape-
citabine was given orally in a dose of 1250 mg/m2 twice
daily on days 1 to 14, followed by a 7-day rest, repeated
for 8 cycles [13]. S-1 was administered orally twice daily
for 28 consecutive days, followed by a 2-week rest. S-1
was given in a fixed dose based on the patient’s BSA
according to the dose recommendations of the manufac-
turer’s package insert in Japan. The dose was 80 mg/day
for patients with a BSA of less than 1.25 m2, 100 mg/day
for those with a BSA of 1.25 to 1.5 m2, and 120 mg/day
for those with a BSA of more than 1.5 m2. This regimen
was given for 4 cycles [14].

Data collection
Patient background data, such as age and disease stage,
as well as data during adjuvant chemotherapy, including
laboratory tests, prescribed drugs, and adverse events,
were collected from the patients’ medical records.
Cost data related to adjuvant chemotherapy were

extracted from medical fee receipt data. Costs for out-
patient visits, laboratory tests, imaging tests for tumor
diagnosis, and prescription fees for administered drugs
were collected. The cost of each administered drug was
calculated by multiplying the drug dose prescribed by its
unit price according to the Japanese National Health
Insurance fee-for-service system in 2014. The summa-
tion of these costs was defined as total cost. Since all hos-
pitals in Showa University have adopted the diagnosis
procedure combination (DPC) system [18], hospitalization
costs were constant regardless of the number of drugs ad-
ministered and laboratory tests performed. When the total
hospitalization costs calculated by the DPC included the
cost of drugs related to adjuvant chemotherapy, the drug
costs were calculated by the method described above
(the drug dose prescribed x its unit price), and the
hospitalization cost was calculated by subtracting the cost
of chemotherapy-related drugs from the hospitalization

cost according to the DPC. This analysis was performed
from the perspective of the health care payer. We
described the unit of all costs by Japanese yen and US
dollars, assuming that 1 US dollar was equivalent to
100 Japanese yen.

Cost-minimization analyses
Cost-minimization analysis is one of methods to evalu-
ate cost-effectiveness of therapeutic options [19], in
which relative costs of therapeutic options showing
equivalent outcomes of interventions are simply com-
pared. We performed cost-minimization analyses for the
oxaliplatin-containing regimens (CapeOX and mFOL-
FOX6) and the oxaliplatin non-containing regimens
(5-FU/LV, UFT/LV, capecitabine, and S-1) because of
the following reasons:
1) Because there was no direct comparison between

CapeOX and mFOLFOX6, we compared the effective-
ness of these regimens based on the following consider-
ations. As demonstrated by 2 international phase 3
trials, 16968 [8] and MOSAIC [9], the effectiveness of
CapeOX and FOLFOX4 was significantly superior to
that of 5-FU/LV and LV5FU2, respectively (Table 1 and
Fig. 1a)). Because the effectiveness of LV5FU2 and 5-
FU/LV [20, 21] and that of FOLFOX4 and mFOLFOX6
were comparable [10] (Table 1), the 3-year disease-free
survival (DFS) rates of both CapeOX and mFOLFOX6
were comparable and approximately 5 % higher than
that of 5-FU/LV. 2) Two international phase 3 trials,
NSABP C-06 [12] and X-ACT [13] (Table 1), showed
that UFT/LV and capecitabine were noninferior to 5-FU/
LV in terms of 5-year overall survival (OS). In addition,
the ACTS-CC international phase 3 trial demonstrated
that S-1 was noninferior to UFT/LV with respect to the 3-
year DFS rate [14] (Table 1 and Fig. 1a)). On the basis of
these results, we assumed that the effectiveness of these 3
regimens was comparable and nearly equivalent to the
effectiveness of 5-FU/LV.

Statistical analyses
Differences in quantitative variables, including cost data,
were tested using the nonparametric Wilcoxon rank-
sum test. Differences in qualitative variables were tested
using the χ2 test. Two-tailed P values of less than 0.05
were considered to indicate statistical significance. All
analyses were carried out with the use of JMP version
12.0 software (SAS Institute, Cary, NC).

Results
Patient characteristics
From April 2012 through May 2015, a total of 154 pa-
tients with colorectal cancer received adjuvant chemo-
therapy in hospitals affiliated with Showa University.
Fifty-seven patients were treated with CapeOX, 10 with
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mFOLFOX6, 38 with UFT/LV, 20 with capecitabine,
and 29 with S-1 (Table 2). No patient was given 5-FU/
LV during the study period. The distributions of gen-
der, age, site of cancer, and performance status were
similar among the 5 regimens. The stage of cancer sig-
nificantly differed among these regimens (P < 0.001).
Ratios of patients with stage III in CapeOX and mFOL-
FOX6 were higher than those in UFT/LV, capecitabine,
and S-1.

Cost analyses
Total costs calculated for each regimen are shown in
Fig. 1b). The costs of oxaliplatin-containing regimens
were approximately 1,860,000 yen (18,600 dollars) for
CapeOX and 1,970,000 yen (19,700 dollars) for mFOL-
FOX6. The total costs of oxaliplatin-containing regi-
mens were significantly higher than those of oxaliplatin
non-containing regimens (P < 0.001) (CapeOX vs. UFT/LV,
P < 0.001; CapeOX vs. capecitabine, P < 0.001; CapeOX vs.

a)

b)

Fig. 1 Comparisons of a) effectiveness and b) total costs among adjuvant chemotherapy regimens for colorectal cancer. a Three-year DFS rates
of CapeOX and FOLFOX4 were superior to that of 5-FU containing regimens [8, 9], whereas those of UFT/LV and capecitabine showed non-
inferiority to 5-FU containing regimens [12, 13] (see Methods session). S-1 was non-inferior to UFT/LV [14] (see Methods session). b The total costs
included anticancer drug costs, hospitalization costs, laboratory and imaging test costs, prescription fees for administered drugs, supportive care
drug costs, and other costs. The total costs of oxaliplatin-containing regimens were significantly higher than those of oxaliplatin non-containing
regimens (P < 0.001). Mean ± standard deviation, n = 57 for CapeOX, n = 10 for mFOLFOX6, n = 38 for UFT/LV, n = 20 for capecitabine, n = 29
for S-1

Table 1 Phase 3 trials of adjuvant chemotherapy for colorectal cancer

Trials Race Regimens Primary endpoint Result of the trials Conclusion of the trials Reference

16968 Whites 5-FU/LV vs. CapeOX 3-Year DFS rate 66.5 vs. 70.9 % Superiority of CapeOX to 5-FU/LV [8]

MOSAIC Whites LV5FU2 vs. FOLFOX4 3-Year DFS rate 65.3 vs. 72.2 % Superiority of FOLFOX4 to LV5FU2 [9]

INT 0089 Whites 5-FU/LV (RPMI) vs. 5-FU/LV
(Mayo)

5-Year OS rate 66.0 vs. 66.0 % Non-inferiority of 5-FU/LV (RPMI) to
5-FU/LV (Mayo)

[20]

GERCOR C96.1 Whites 5-FU/LV (Mayo) vs. LV5FU2 6-Year DFS rate 65.0 vs. 66.0 % Non-inferiority of 5-FU/LV (Mayo) to
LV5FU2

[21]

Japanese FOLFOX4 vs. mFOLFOX6 Response rate 53.7 vs. 46.6 % Non-inferiority of mFOLFOX6 to FOLFOX4 [10]a

NSABP C-06 Whites 5-FU/LV vs. UFT/LV 5-Year OS rate 71.5 vs. 69.6 % Non-inferiority of UFT/LV to 5-FU/LV [12]

X-ACT Whites 5-FU/LV vs. capecitabine 3-Year DFS rate 60.6 vs. 64.2 % Non-inferiority of capecitabine to
5-FU/LV

[13]

ACTS-CC Japanese UFT/LV vs. S-1 3-Year DFS rate 72.5 vs. 75.5 % Non-inferiority of S-1 to UFT/LV [14]

RPMI Roswell Park Memorial Institute regimen
aPhase 2 trial
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S-1, P < 0.001; mFOLFOX6 vs. UFT/LV, P < 0.001; mFOL-
FOX6 vs. capecitabine, P < 0.001; mFOLFOX6 vs. S-1, P <
0.001) (Fig. 1b). The total costs of CapeOX and mFOL-
FOX6 did not differ significantly (P = 0.374).
Among the oxaliplatin non-containing regimens, the

total cost of UFT/LV was significantly higher than that
of capecitabine (P < 0.001). The cost of capecitabine was
significantly higher than that of S-1 (P = 0.003).

Factors causing the higher costs of oxaliplatin-containing
regimens
To address the causes of the higher total costs of
oxaliplatin-containing regimens, the breakdown of the
costs for each regimen was calculated (Fig. 2). The cost
of oxaliplatin in CapeOX was about 1,150,000 yen
(11,500 dollars), which was equivalent to approximately
60 % of the total cost. In the case of mFOLFOX6, the

cost of oxaliplatin was about 900,000 yen (9000 dollars),
which was equivalent to approximately 40 % of the total
cost. The total cost of mFOLFOX6 also included
hospitalization costs (400,000 yen [4000 dollars]), such
as the fee required to prepare a central venous port for
administration of 5-FU, LV, and oxaliplatin. Thus, the
hospitalization costs required for mFOLFOX6 increased
the total cost of this regimen to a level comparable to
the cost of CapeOX. The costs of drugs for supportive
care required to administer CapeOX and mFOLFOX6
were approximately equivalent to 10 % of the total costs.
The breakdown of the costs of supportive care drugs is
shown in Fig. 3. The costs of the drugs prescribed to
treat peripheral sensory neuropathy, which is frequently
associated with oxaliplatin-related chemotherapy, were
approximately 7500 yen (75 dollars) for CapeOX and
4300 yen (43 dollars) for mFOLFOX6, which comprised

Fig. 2 Breakdown of the total costs for each regimen. Supportive care drugs included drugs used as premedication to prevent nausea and vomiting,
drugs used to treat adverse events, and infusion solutions (see Fig. 3)

Table 2 Patient characteristics

CapeOX mFOLFOX6 UFT/LV Capecitabine S-1 P

Gender†

Male/female 32/25 5/5 20/18 10/10 18/11 0.909a

Age‡ 65.0 (79-40) 55.5 (73-41) 67.0 (79-40) 60.0 (78-40) 63.0 (80-42) 0.309b

Tumor type

Colon cancer/rectal cancer† 35/22 9/1 27/11 15/5 17/12 0.372a

Stage†

I / II / III 0/3/54 0/0/10 0/11/27 0/2/18 4/11/14 <0.001a

Performance status†

0/1 57/0 10/0 35/3 18/2 29/0 0.0680a

†Number; ‡Median (range)
aχ2 test; bAnalysis of variance
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only 0.4 and 0.2 % of the total costs of CapeOX and
mFOLFOX6, respectively. We considered the possibility
that a lower frequency of peripheral sensory neuropathy
in the present study than in previous studies led to the
lower cost of prescriptions for this adverse event. The
frequency of peripheral sensory neuropathy of CapeOX
in the present study was lower than the results of previ-
ous study (Table 3). However, in the case of mFOL-
FOX6, the frequency and grade of peripheral sensory
neuropathy in the present study were not necessarily
lower than those of previous studies (Table 3). On the
other hand, the costs of antiemetics were approximately
118,000 yen (1180 dollars) for CapeOX and 116,000
yen (1160 dollars) for mFOLFOX6, accounting for
about 6 % of the total costs. Antiemetics such as aprepi-
tant, azasetron, domperidone, granisetron, metoclopra-
mide, ondansetron, palonosetron, prochlorperazine and
ramosetron were prescribed in CapeOX and mFOLFOX6
regimens. The parentages of patients who used palonose-
tron and aprepitant were 100 and 26 % in CapeOX, and
60 and 40 % in mFOLFOX6, respectively.

Cost-minimization analyses
Because the effectiveness (Methods session and Fig. 1a))
and the total costs (Fig. 1b)) of CapeOX and mFOL-
FOX6 were comparable, the cost-effectiveness of these
regimens was judged to be similar (Table 4). As described
in the Methods session and Fig. 1a), the effectiveness of
the oxaliplatin non-containing regimens was comparable.
Therefore, on the basis of the total costs of these regimens
(Fig. 1b)), the cost-effectiveness of S-1 was superior to that
of UFT/LV, and the cost-effectiveness of capecitabine was
superior to that of UFT/LV, which were caused by the
high cost of LV.

Discussion
The present study compared the cost effectiveness of 5
regimens of adjuvant chemotherapy given to patients
with colorectal cancer. The total costs were calculated
with the use of clinical and cost data obtained from Jap-
anese patients who received each regimen of adjuvant
chemotherapy in clinical practice. This is in contrast to
most previous studies assessing the costs of adjuvant
chemotherapy for colorectal cancer in Japan, which
based the costs of treatment on clinical data obtained
from large phase 3 clinical trials [15–17].
To date, three studies of cost-effectiveness employ-

ing clinical data from phase 3 clinical trials have been
performed: Hisashige et al. [15] analyzed the cost-
effectiveness of UFT by comparing clinical and cost
data between patients who received or did not receive
UFT in the NSAS CC trial [22]. In other Japanese
studies, the cost-effectiveness of 5-FU/LV and capecit-
abine [16] was evaluated with the use of clinical data
from X-ACT trial [13], and that of 5-FU/LV and FOL-
FOX4 [17] was evaluated with the use of data from the

Fig. 3 Breakdown of the costs for drugs prescribed for supportive care in each regimen. Representative therapeutic drugs included in Others for
CapeOX were ELENTAL®, KRESTIN®, levofloxacin, loxoprofen, and Posterisan® forte

Table 3 Comparison of the frequency of peripheral sensory
neuropathy between present study and phase 3 trials

Regimen Grade Present study Phase 3 trials

CapeOX All Grade 54.4 % 78.0 %a

≥ Grade 3 1.80 % 11.0 %a

mFOLFOX6 All Grade 90.0 % 92.0 %b

≥ Grade 3 40.0 % 12.5 %b

Grade of neuropathy was evaluated according to the Common Terminology
Criteria for Adverse Events version 3.0.
aData from reference [8]; bResult of FOLFOX4 [9]. Effectiveness and safety of
mFOLFOX6 were comparable to those of FOLFOX4 [10].
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MOSAIC trial [9]. We compared the costs required for
the following 3 categories between the present study and
previous studies based on large international phase 3 tri-
als: 1) anticancer drugs, 2) drugs used for supportive care,
and 3) laboratory tests. 1) The previously estimated cost
of 1 year of treatment with UFT (about 393,700 yen [3937
dollars]) [15] was generally similar to the cost calculated
by us (i.e., about 360,200 yen [3602 dollars], equivalent to
twice the cost of 6 months’ treatment with UFT in our
study). However, the cost of capecitabine calculated in
a previous study (540,000 yen [5400 dollars]) [16] was
higher than that estimated by us (about 420,500 yen
[4205 dollars]). The reason for the higher cost of cape-
citabine in the previous study is considered to be the
difference in relative dose intensity (RDI) of capecita-
bine between the two studies. The previous study used
a theoretical RDI of 100.0 %, whereas our study used
the clinically observed RDI of 75.4 %. The cost of cape-
citabine estimated by Shiroiwa et al. [16] would have
been about 407,200 yen (4072 dollars) if an RDI of
75.4 % had been adopted, which is nearly comparable
to our estimated cost. 2) The costs of agents prescribed
for supportive care in previous studies of UFT and cap-
ecitabine [15, 16] were about 300 yen (3 dollars) and
7000 yen (70 dollars), respectively, while those in the
present study were about 8400 yen (84 dollars) for
UFT/LV and about 17,500 yen (175 dollars) for capecit-
abine, demonstrating clearly higher costs for supportive
care in our study. The primary reason first considered
for the higher supportive care costs in our study was a
higher incidence of adverse events in the present study
than in previous studies. However, the incidence of bili-
rubin increase in the NSAS CC trial was 60.0 % [22], as
compared with 10.5 % in the present study. The inci-
dence of hand-foot syndrome associated with capecita-
bine regimens was 60.0 % in the X-ACT trial [13] and
30.0 % in our study. Thus, the incidences of adverse events
were not necessarily higher in our study as compared with
previous phase 3 trials. As shown in Fig. 3, patients given
UFT/LV were mainly prescribed drugs to manage gastro-
intestinal symptoms, such as proton pump inhibitors
and histamine-2 blockers. In patients who received cap-
ecitabine, Chinese herbal drugs such as Juzentaihoto
and Hochuekkito were predominantly prescribed. The
costs of these drugs might have contributed to the higher
costs for supportive care drugs in our study. 3) The

estimated cost of laboratory tests for UFT regimens in a
previous study (about 180,100 yen [1801 dollars]) [15] was
approximately 3 times higher than that calculated in our
practical study (about 65,500 yen [655 dollars]). On the
other hand, the laboratory test costs in patients who re-
ceived FOLFOX4 regimens in a previously reported study
(76,800 yen [768 dollars]) [17] was lower than that in our
present study (about 106,500 yen [1065 dollars]). These
findings indicate that the costs of 1) anticancer drugs, 2)
drugs prescribed for supportive care, and 3) laboratory
tests calculated on the basis of clinical data from phase 3
trials differ from those calculated on the basis of data from
actual clinical practice. Because the costs calculated from
patient data in clinical practice would precisely represent
the actual situation, cost-effectiveness data thus obtained
can be used for regimen selection.
In Japan, a system of the public health insurance for

the entire nation has been adopted. Patients have to
pay for medical costs according to their age and in-
come. The cost borne by the patient ranges from 10.0
to 30.0 % of total medical costs. In addition, the pa-
tient’s financial burden is maintained below specified
limits under the high-cost medical care benefit system.
The specified limits are determined by the patient’s in-
come. If this system is applied, the costs for adjuvant
chemotherapy that would be actually paid by the pa-
tient could be lower. Data from Showa University Hos-
pital indicate when the public health insurance was
applied to a patient, the cost of oxaliplatin-containing
regimens was approximately 550,000 yen (5500 dollars),
and that of UFT/LV was 263,000 yen (2630 dollars).
The difference was 287,000 yen (2870 dollars). How-
ever, when the specified limits were applied, the cost of
oxaliplatin-containing regimens was approximately
448,000 yen (4480 dollars), and that of UFT/LV was
approximately 262,000 yen (2620 dollars), leading to a
difference of 186,000 yen (1860 dollars). Thus, the speci-
fied limits might lower the medical costs of oxaliplatin-
containing regimens to a greater extent than the costs of
UFT/LV, although the specified limits system is not neces-
sarily applicable to all patients because application of this
system depends on the income of each patient. It is plaus-
ible that patients who derive an economic benefit tend to
select oxaliplatin-containing regimens over other regi-
mens. The medical costs are supplemented with taxes
from Japanese citizens. To maintain the patient’s financial

Table 4 Cost-minimization analyses

Regimen Comparison of cost Comparison of effectiveness Cost-minimization analyses

CapeOX vs. mFOLFOX6 Comparable Comparable Comparable

UFT/LV vs. S-1 Higher in UFT/LV than S-1 Comparable S-1 superior to UFT/LV

UFT/LV vs. capecitabine Higher in UFT/LV than capecitabine Comparable Capecitabine superior to UFT/LV
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burden below specified limits, Japanese citizens have to
pay higher taxes. This is an important issue to be dis-
cussed by health care payer.
An analysis of patient characteristics showed the stage

of cancer significantly differed among the regimens
(Table 2). However, the total costs of the CapeOX, UFT/
LV, and S-1 regimens did not differ significantly between
stage II and stage III. (P = 0.668, P = 0.711, and P = 0.743,
respectively). Therefore, there might be no relation be-
tween the stage of cancer and total costs.
Our study had several limitations. 1) Direct comparisons

of effectiveness are not available for some of the regimens.
For example, no phase 3 trials have compared effective-
ness between CapeOX and mFOLFOX6 or between UFT/
LV and capecitabine. We therefore compared the effect-
iveness of CapeOX and mFOLFOX6 by the indirect
comparisons of independent phase 3 trials (see Methods
session). 2) The phase 3 trials that we referred to when
comparing the effectiveness of the regimens were not
necessarily performed in Japan. Theoretically, the effect-
iveness of the regimens should have been compared on
the basis of data from phase 3 trials performed in Japan;
however, we used data from clinical trials performed in
whites because suitable Japanese trials were unavailable. It
is well known that the survival advantage of a specific
regimen in Japanese trials is generally better than that in
clinical trials performed in other countries. For example,
trials conducted in only Japanese patients tend to have
better 3-year DFS rates and 5-year OS rates than those
performed in whites [23]. One of the reasons is thought to
be the better operation quality in Japan. For example, the
extent of lymph-node resection during cancer surgery is
greater in Japan than in other countries. 3) Some of the
phase 3 trials that we referred to when comparing the ef-
fectiveness of the regimens included patients with stage
III, but others included those with stage II and stage III.
The effectiveness of these phase 3 trials might be affected
by the difference in stage of patients enrolled. Taken to-
gether, our comparisons of the effectiveness of different
regimens might have been biased by such factors.

Conclusions
Costs of oxaliplatin-containing regimens were significantly
higher than those of oxaliplatin non-containing regimens,
but the cost-effectiveness of the oxaliplatin-containing regi-
mens CapeOX and mFOLFOX6 were judged to be com-
parable. Among the oxaliplatin non-containing regimens,
the cost-effectiveness of S-1 and capecitabine were super-
ior to that of UFT/LV. Costs based on clinical data from
phase 3 trials were shown to differ from costs based on
data from actual clinical practice. Because costs based on
patient data in clinical practice would more precisely repre-
sent the actual situation, the resulting cost-effectiveness
data can be used for regimen selection.
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Abstract. There is currently no standard method for the 
detection of Kirsten rat sarcoma viral oncogene homolog 
(KRAS) mutation status in colorectal tumors. In the present 
study, we compared the KRAS mutation detection ability of 
four methods: direct sequencing, Scorpion-ARMS assaying, 
pyrosequencing and multi-analyte profiling (Luminex 
xMAP). We evaluated 73 cases of metastatic colorectal cancer 
(mCRC) resistant to irinotecan, oxaliplatin and fluoropy-
rimidine that were enrolled in an all-case study of cetuximab. 
The KRAS mutation detection capacity of the four analytical 
methods was compared using DNA samples extracted from 
tumor tissue, and the detection success rate and concordance 
of the detection results were evaluated. KRAS mutations were 
detected by direct sequencing, Scorpion-ARMS assays, pyro-
sequencing and Luminex xMAP at success rates of 93.2%, 
97.3%, 95.9% and 94.5%, respectively. The concordance rates 
of the detection results by Scorpion-ARMS, pyrosequencing 
and Luminex xMAP with those of direct sequencing were 
0.897, 0.923 and 0.900 (κ statistics), respectively. The direct 
sequencing method could not determine KRAS mutation 
status in five DNA samples. Of these, Scorpion-ARMS, 
pyrosequencing and Luminex xMAP successfully detected 
three, two and one KRAS mutation statuses, respectively. 
Three cases demonstrated inconsistent results, whereby 
Luminex xMAP detected mutated KRAS in two samples 

while wild-type KRAS was detected by the other methods. 
In the remaining case, direct sequencing detected wild-type 
KRAS, which was identified as mutated KRAS by the other 
methods. In conclusion, we confirmed that Scorpion‑ARMS, 
pyrosequencing and Luminex xMAP were equally reliable in 
detecting KRAS mutation status in mCRC. However, in rare 
cases, the KRAS status was differentially diagnosed using 
these methods. 

Introduction

Cetuximab is a monoclonal antibody that targets the 
extracellular domain of the epidermal growth factor receptor 
(EGFR), and is an essential treatment option in patients with 
metastatic colorectal cancer (mCRC). Numerous researchers 
have reported that anti-EGFR agents have extremely poor 
antitumor effects in chemotherapy for mCRC with mutated 
Kirsten rat sarcoma viral oncogene homolog (KRAS) (1-5), 
providing clear evidence that administration of anti-EGFR 
agents is recommended only for mCRC with wild-type KRAS. 
However, although a number of methods may be used for 
KRAS mutation testing with varying sensitivity and specificity 
levels, no standard method has yet been recommended for 
clinical practice. Therefore, the use of these detection assays is 
somewhat erratic worldwide.

In Japan, cetuximab was administered for ~18 months 
following its launch in September 2009 without determination 
of KRAS mutation status, since the above-mentioned analyt-
ical methods were not covered by health insurance. The direct 
sequencing method (6) was covered in April 2010, followed 
by multi‑analyte profiling (Luminex xMAP) technology (7) 
in March 2011 and Scorpion-ARMS assays (8) in May 2011. 
Pyrosequencing analysis methods (9) have also been evalu-
ated and are already on the market in other countries. All four 
methods use the polymerase chain reaction (PCR) method 
but have different assay techniques. A number of sequencing- 
and PCR-based methods for detecting KRAS mutations 
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are currently in clinical use, although it is not clear which 
technique offers the best performance in terms of sensitivity, 
specificity, reproducibility and success rates (10). The aim 
of this retrospective study was to compare the analytical 
performances of the four methods (direct sequencing, Scor-
pion-ARMS assaying, pyrosequencing and Luminex xMAP) 
using extracted DNA from formalin‑fixed paraffin‑embedded 
(FFPE) tissues, and to clarify whether there are cases in 
which mutant KRAS status results differ among the examined 
methods.

Materials and methods

Patients. The eligibility criteria of patients enrolled in this 
study were as follows: Cases aged 20 years or over and less than 
80 years who had been enrolled in an all-case study of cetux-
imab conducted between September 2008 and January 2010 
following the Good Post-marketing Study Practice (GPSP) of 
the Japanese Pharmaceutical Affairs Act; diagnosis of mCRC 
with histological findings of primary colorectal adenocarci-
noma; Eastern Cooperative Oncology Group performance 
status (ECOG PS) of grade 0-2; clinically unresponsive or 
intolerant to irinotecan, oxaliplatin and fluoropyrimidine; 
treated with cetuximab alone or cetuximab plus irinotecan; 
appropriate and usable FFPE sections available, consisting of 
ten undyed 10-µm-thick sections and two 4-µm-thick sections 
for hematoxylin and eosin (HE) staining. Cetuximab was 
administered to all subjects once a week according to the 
package insert. The initial dosage was 400 mg/m2 and other 
dosages were 250 mg/m2.

Four institutions in Japan participated in this study: Saitama 
Medical University International Medical Center (Hidaka, 
Saitama, Japan), the National Defense Medical College 
Hospital (Tokorozawa, Saitama, Japan), Kyorin University 
Hospital (Mitaka, Tokyo, Japan) and Showa University Hospital 
(Shinagawa, Tokyo, Japan). The protocol was reviewed and 
approved by the independent ethics committee or the institu-
tional review board of each participating institution, and the 
study was conducted according to the Declaration of Helsinki 
alongside local ethical and legal requirements. The study 
was conducted between 1 July 2010 and 30 September 2011. 
Specific study termination criteria were not determined in 
advance, but a simple guideline was implemented to immedi-
ately halt the study should an ethically serious problem occur 
during the course of the study, such as in the event of a subject's 
personal information being compromised.

Pathological assessment and DNA extraction. All FFPE 
tissue blocks from the primary CRC site were prepared at each 
institution. First, 10 undyed 10-µm-thick serial sections were 
prepared from each FFPE tissue block, and two 4-µm-thick 
sections for HE staining were removed from either side of each 
prepared 10-µm-thick section. Then, microscopic examination 
was conducted at the Department of Diagnostic Pathology, 
Saitama Medical University International Medical Center, 
Japan. Pathologists marked areas where tumor tissue accounted 
for more than 50% of the prepared slides, and confirmed the 
results by observing tumor areas on two HE-stained sections 
sandwiching the marked slide between them. Following this, 
DNA extraction was performed after manual microdissection 

from five of the ten 10‑µm‑thick serial sections and without 
manual microdissection from the latter five, according to the 
manufacturer's instructions for DNA extraction using the 
QIAamp DNA FFPE tissue kit (Qiagen, Venlo, Netherlands). 
DNA concentrations were measured using a NanoDrop 
ND 1000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA).

Mutation testing methods. DNA extracted from serial sections 
by manual microdissection was used for direct sequencing. 
Based on the manufacturer's instructions, DNA extracted 
from serial sections by manual microdissection was used 
for Luminex xMAP, and DNA extracted without manual 
microdissection was used for Scorpion-ARMS assays and pyro-
sequencing. The four detection assays were conducted at the 
same institution under the same conditions. Direct sequencing 
for exon 2 of the KRAS gene was carried out using PCR and 2X 
bidirectional direct sequencing following previously described 
protocols (11,12). Tumor DNA for exon 3 was amplified using 
the following primers: forward, 5'-CAC TGT AAT AAT CCA 
GAC TGTG-3' and reverse, 5'-CCC ACC TAT AAT GGT GAA 
TATC-3'. Sequencing reactions were performed in direct and 
reverse directions, and electro pherograms were reviewed 
manually to detect any genetic alterations. All variants were 
confirmed by resequencing of independent PCR products. In 
the study, analyses were carried out using home-brew primers 
and the following in vitro research use only reagents: Expand 
High Fidelity PCR system (Roche Diagnostics, Basel, Switzer-
land), BigDye terminator Cycle Sequencing Ready Reaction 
(Life Technologies, Carlsbad, CA, USA) and BigDye XTermi-
nator purification kit (Life Technologies). The other tests were 
performed according to each measurement manual. In this 
study, Scorpion-ARMS assays, pyrosequencing and Luminex 
xMAP were carried out using a TheraScreen kit (Qiagen), a 
KRAS Pyro kit (Qiagen) and a MEBGEN KRAS™ mutation 
detection kit (Medical and Biological Laboratories, Nagoya, 
Aichi, Japan) as in vitro diagnostic tests, respectively.

Statistical analyses. The significance of the concordance 
of mutation detection by the different methods for the two 
categories (wild type and mutated type) was assessed by 
κ statistics. We classified the κ values according to Landis 
and Koch (13): <0.00, poor; 0.00-0.20, slight; 0.21-0.40, fair; 
0.41-0.60, moderate; 0.61-0.80, substantial; and 0.81-1.00, 
almost perfect.

Results

In this study, we recruited and analyzed 73 mCRC patients. 
All subjects had been enrolled in an all-case study of 
cetuximab, the results of which enabled us to calculate their 
progression-free survival (PFS) and overall survival (OS). 
Among these, 69 patients completed the study and could be 
followed up until mortality, while four cases dropped out. Of 
these 73 cases, 42 cases received cetuximab alone and 31 cases 
received cetuximab plus irinotecan. Patient characteristics are 
detailed in Table I. The objective response rate of cetuximab 
for all subjects was 15%. The median PFS and OS were 77 and 
228 days, respectively. The median PFS of wild-type KRAS 
cases detected by direct sequencing was 112 days and that of 
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mutated KRAS cases was 53 days [log-rank, P=0.001; hazard 
ratio (HR), 0.416; 95% confidence interval (CI), 0.244‑0.718]. 
The median OS of wild-type KRAS cases detected by direct 
sequencing was 318 days and that of mutated KRAS cases was 
196 days (log-rank, P=0.0149; HR, 0.523; 95% CI, 0.307-0.897).

The median concentrations of extracted DNA after and 
without manual microdissection were 119.5 ng/µl (range, 
2.8-358.9 ng/µl) and 130.1 ng/µl (range, 2.1-500.4 ng/µl), 
respectively. The success rates of detection by direct sequencing, 
Scorpion-ARMS, pyrosequencing and Luminex xMAP were 
93.2, 97.3, 95.9 and 94.5%, respectively. With respect to KRAS 
mutation, direct sequencing, Scorpion-ARMS, pyrosequencing 
and Luminex xMAP detected mutated KRAS in 28 (38.4%), 
29 (39.7%), 29 (39.7%) and 31 (42.5%) subjects, respectively 
(Table II). All mutation sites in cases detected as mutated 
KRAS by the four methods were in complete accordance with 
each method.

Pairwise concordances between each method for KRAS 
status are shown in Table III. The concordance rates of 
direct sequencing with Scorpion-ARMS, pyrosequencing 
and Luminex xMAP were 0.897, 0.923 and 0.900 as the 
κ values, respectively. The κ value of Scorpion-ARMS 
with pyrosequencing and Luminex xMAP, and that of 
pyrosequencing with Luminex xMAP were sufficient to 
demonstrate good concordances.

The direct sequencing method could not detect KRAS 
mutations in five cases (Table IV). There was one case (case 3) 
in which KRAS mutation status was determined by all four 
methods. Notably, the remaining four cases were diagnosed as 
wild-type KRAS by all three methods. Scorpion-ARMS failed 
to detect two cases, pyrosequencing three and Luminex xMAP 
four. The cases that could not be detected by Scorpion-ARMS, 
pyrosequencing and Luminex xMAP were all included in the 
five cases that were undetectable by direct sequencing. Among 
those, Scorpion-ARMS, pyrosequencing and Luminex xMAP 
successfully detected three, two and one cases, respectively. 
All of these cases had wild-type KRAS. One case (case 2) 
was detected only by Scorpion-ARMS and had a PFS and 
OS of 383 days and 740 days, respectively, while another case 
(case 4) was detected only by Luminex xMAP, with a PFS and 
OS of 61 and 147 days, respectively.

There were three cases for which the KRAS mutation 
status was inconsistently detected by the different methods 
(Table V). In two of these three cases, only Luminex xMAP 
detected mutated KRAS (G12D for case 1 and G12S for 
case 2), whereas the other three methods detected wild-type 
KRAS. These two cases appeared to be clinically respon-
sive to cetuximab therapy in terms of disease control and 
survival. The remaining case (case 3) with poor prognosis 
was diagnosed as mutated KRAS (G12C) by the other three 
methods, although direct sequencing revealed a wild-type 
KRAS status.

Discussion

Retrospective analyses of pivotal clinical trials for 
the anti-EGFR monoclonal antibodies cetuximab and 
panitumumab have revealed that patients with CRC-containing 
activating mutations in the downstream KRAS gene do not 
benefit from these therapies (14,15). The association between 
defined mutations and response to therapy provides a clear 
opportunity to increase response rates and reduce the like-
lihood of treating patients who are unlikely to respond to 
certain drugs, which is costly and unnecessarily exposes them 
to potential adverse effects. Therefore, mutant KRAS has been 
demonstrated to be a strong negative predictive biomarker 
to indicate whether a CRC patient is likely to respond to 
anti-EGFR treatment, and administration of cetuximab is 
recommended only for patients with a wild-type KRAS tumor. 
In addition, a previous study demonstrated that cetuximab is 
ineffective for tumors harboring any RAS mutations except in 
exon 2 of KRAS (16).

A number of sequencing- and PCR-based methods to detect 
KRAS mutations are currently in clinical use. At present, there 
are numerous ways of testing for KRAS mutations, and there 
have been comparative studies and analyses of the sensitivity 
of these assays in the clinical setting (16-19). However, it is 
not clear which technique offers the best performance in 
terms of sensitivity, specificity, reproducibility and success 
rates. We confirmed the high performance of more sensitive 
methods including Scorpion-ARMS, Luminex xMAP and 
pyrosequencing in analyzing KRAS mutation status in DNA 
extracted from FFPE tissues compared with the detection 
sensitivity of 20% by direct sequencing. Additionally, to our 
knowledge, this is the first study to report rare cases in which 

Table I. Characteristics of eligible patients.

Characteristic No. of patients (n=73)

Age (range) 65 (39-80) 
Gender
  Male 58 (79%)
  Female 15 (21%)
ECOG performance status
  0 41 (56%)
  1 29 (40%)
  2 3 (4%)
No. of previous chemotherapy
regimens
    2 40 (55%)
    3 21 (29%)
  ≥4 12 (16%)
Objective response rate
  CR 0
  PR 11 (15%)
  SD 24 (33%)
  PD 35 (48%)
  NE 3 (4%)
Median progression-free survival 77 (8-682)
(range), days
Median overall survival (range), days 228 (25-1058)

ECOG, Eastern Cooperative Oncology Group; CR, complete 
response; PR, partial response; SD, stable disease; PD, progression 
disease; NE, not evaluated.
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the status of KRAS was differentially diagnosed by the more 
sensitive methods.

All subjects in the study were enrolled in an all-case 
study of cetuximab following the GPSP of the Japanese 
Pharmaceutical Affairs Act, and the effects of cetuximab 
administration and prognoses of these patients were already 

described in specified studies, which enabled us to expect a 
small selection bias. Mutant KRAS is observed in ~35-45% of 
CRC (1,5,14,15,20-22), and codon 12 and 13 are two hotspots 
that account for ~95% of all mutation types (5,23,24); 
our results were within this range. Moreover, the results 
of KRAS analysis by direct sequencing demonstrated 

Table II. KRAS mutation statuses detected by each analytical method (n=73).

Parameter Direct sequencing Scorpion-ARMS Pyrosequencing Luminex xMAP

Detected cases (%)  68 (93.2%) 71 (97.3%) 70 (95.9%) 69 (94.5%)
Wild-type KRAS (%) 40 (54.8%) 42 (57.5%) 41 (56.2%) 38 (52.1%)
Mutated KRAS (%) 28 (38.4%) 29 (39.7%) 29 (39.7%) 31 (42.5%)
Undetectable cases (%) 5 (6.8%) 2 (2.7%) 3 (4.1%) 4 (5.5%)

KRAS, Kirsten rat sarcoma viral oncogene homolog.

Table IV. Detection capability of each analytical method for undetectable cases.

 Direct Scorpion-  Luminex DNA (ng/µl) DNA (ng/µl)  PFS OS
Case sequencing ARMS Pyrosequencing xMAP without MD with MD ORR (days) (days)

1 NE Wild Wild NE 95.6 100.5 SD 83 157
2 NE Wild NE NE 39.0 57.7 SD 383 740
3 NE NE NE NE 26.6 56.2 PR 116 317
4 NE NE NE Wild 2.1 4.3 SD 61 147
5 NE Wild Wild NE 93.5 126.5 PD 17 95

NE, not evaluated; Wild, wild-type KRAS; ORR, objective response rate; PFS, progression-free survival; OS, overall survival; PR, partial 
response; SD, stable disease; PD, progression disease; MD, manual microdissection.

Table III. Pairwise concordance between methods of KRAS mutation detection.

Method Scorpion-ARMS Pyrosequencing Luminex xMAP

Direct sequencing W M NE W M NE W M NE
  W 39   1 0 39 1 0 37   3 0
  M   0 28 0   0 28 0   0 28 0
  NE   3   0 2   2 0 3   1   0 4
 κ=0.89672 κ=0.92347 κ=0.90004
Scorpion-ARMS
  W    41 0 1 37   2 3
  M      0 29 0   0 29 0
  NE      0 0 2   1   0 1
  κ=0.97355 κ=0.84502
Pyrosequencing
  W       37   2 2
  M         0 29 0
  NE         1   0 2
 κ=0.87238

KRAS, Kirsten rat sarcoma viral oncogene homolog; W, wild-type KRAS; M, mutated KRAS; NE, not evaluated.
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significant prolongation of PFS and OS in wild‑type KRAS 
cases compared with mutated KRAS cases, consistent with the 
published data (4,25).

In this study, we evaluated the differences between four 
PCR-based analytical methods using the same DNA samples. 
The success rates in KRAS status detection ranged from 93.2% 
to 97.3% by the four methods (Table II) without statistical 
significance due to the small sample size. However, among 
the five cases in which the KRAS mutation was not detected 
by direct sequencing, the mutation status in four of these 
cases was detectable by the other more sensitive methods 
(Table IV). This might be simply explained by the differences 
in sensitivities to detect KRAS mutation status between direct 
sequencing and the other three methods. It has already been 
reported that direct sequencing has poor sensitivity for low 
levels of mutation (26). Thus, the direct sequencing method 
should not be applied to detect KRAS mutation status in clin-
ical practice. The detection sensitivity by direct sequencing, 
Scorpion-ARMS, Pyrosequencing and Luminex xMAP is 
~20%, 1%, 5-10% and 5-10%, respectively. Three cases were 
diagnosed as wild-type KRAS by Scorpion-ARMS among 
four cases in which the KRAS status could not be determined 
by Luminex xMAP. We were able to diagnose KRAS status 
by Scorpion-ARMS in one case among three in which KRAS 
status was not determined by pyrosequencing. These results 
may reflect the higher sensitivity in detecting KRAS mutation 
status in Scorpion-ARMS compared with pyro sequencing and 
Luminex xMAP.

Scorpion-ARMS is a real-time PCR-based assay 
that combines the amplified refractory mutation system 
(ARMS) with Scorpion probes (seven probes for seven 
different mutations in KRAS), eliminating the require-
ment for post-PCR confirmation by direct sequencing. 
Until recently, this was considered to be the most sensitive 
method, with a sensitivity of 1% compared with the other 
three methods (27). In this study, the concordance rates of 
Scorpion-ARMS with pyrosequencing and Luminex xMAP 
were κ=0.974 and κ=0.845, respectively. Since we classified 
the κ values according to the Landis and Koch methods (13), 
as previously mentioned, the comparison of κ values has no 
statistical significance if the values were over 0.80 in our 
analysis. Pairwise analysis results were almost perfect among 
the three sensitive methods, inferring that these methods are 
equally useful and reliable.

The median concentrations of extracted DNA with and 
without manual microdissection were 119.5 and 130.1 ng/µl, 

respectively. All analytical methods accurately detected DNA 
samples prepared at a concentration of 100 ng/µl or more. It is 
considered that while detectability depends on DNA concen-
trations of 100 ng/µl or more, it is reliant on the quality of 
DNA when the concentration is less than 100 ng/µl. Research 
has demonstrated that DNA quality is influenced by the 
concentration of formic acid used to fix tissues and the fixation 
time (28,29). In this study, among the five cases in which KRAS 
status could not detected by direct sequencing, there was one 
case (case 3) that could not be determined by all three sensitive 
methods (Table IV). This was due to the low concentration 
of extracted DNA. It was therefore notable that one case with 
2.1 ng/µl DNA obtained without manual microdissection was 
diagnosed as wild-type KRAS only by Luminex xMAP and 
not by the other two sensitive methods. We do not have any 
explanation for this observed result. It may be that the fixation 
time was longer in the undetectable cases, or that the DNA 
sample contained excess fragmentation. However, we were 
unable to investigate these aspects due to the retrospective 
nature of this study.

There were three cases in which the status of KRAS was 
differentially diagnosed by the examined methods (Table V). 
One case (case 3) was judged to be KRAS-mutant (G12C) by 
the three sensitive methods, although the KRAS status was 
diagnosed as wild type by direct sequencing; this discordance 
is likely due to the levels of sensitivity. Two cases were judged 
to have KRAS mutations (G12D for case 1 and G12S for 
case 2) by Luminex xMAP, although Scorpion-ARMS and 
pyrosequencing diagnosed these cases to be wild type. These 
two cases clinically responded to cetuximab-alone therapy. 
Although patients with G13D mutations are reported to benefit 
more from cetuximab than patients with tumors harboring 
KRAS codon 12 mutations (30), these cases had mutations 
of G12D or G12S. If clinicians took account of the results of 
Luminex xMAP and did not use cetuximab, positive outcomes 
were not achieved. We assumed the KRAS status of these 
two cases to be wild type. These conflicting results might be 
explained by non‑specific reactions of the primer probe used 
in Luminex xMAP.

Certain limitations exist in our study. One is the 
retrospective nature of the study, including the small number 
of patients treated by cetuximab alone or the combination 
therapy with irinotecan. Second, more sensitive and specific 
methods than those used in our study, including the BEAMing 
method (31) and WAVEbased Surveyor Scan kits (32), are 
available to detect KRAS mutation status. However, it was 

Table V. Details of inconsistent results.

 Direct Scorpion- Pyro- Luminex- Mutation DNA (ng/µl) DNA (ng/µl)  PFS OS
Case sequencing ARMS sequencing xMAP site without MD with MD ORR (days) (days)

1 Wild Wild Wild Mutant G12D   78.3   68.7 PR 287 344
2 Wild Wild Wild Mutant G12S 217.5 215.5 SD 108 208
3 Wild Mutanta Mutanta Mutanta G12C 138.7 182.5 PD   42   90

aAll cases had KRAS G12C mutation. Wild, wild-type KRAS; mutant, mutated KRAS; ORR, objective response rate; PFS, progression-free 
survival; OS, overall survival; PR, partial response; SD, stable disease; PD, progression disease; MD, manual microdissection.
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technically difficult to apply these in this study. Third, our 
data were limited to KRAS mutations in exon 2, while we are 
now at the point where there is technology available to detect 
all RAS mutations beyond KRAS mutations. At the same time, 
considering those false results on exon 2 mutations, it is neces-
sary to bear in mind that similar false-positive or false-negative 
test results may also be obtained for other mutation sites.

In conclusion, all three sensitive methods (Scor-
pion-ARMS, pyrosequencing and Luminex xMAP) were 
equally useful and reliable in detecting KRAS mutation 
status, with high success and concordance rates between 
each method. However, there were rare incidences in which 
the KRAS status was differentially diagnosed by the three 
methods, even though the same DNA samples were used. 
Further large prospective studies are necessary to clarify the 
clinical factors responsible for the discordant KRAS results 
between the different methods.
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